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Biogeochemistry of Nitrogen Across
the Everglades Landscape

P. W. INGLETT,! V. H. RIVERA-MONROY,? and J. R. WOZNIAK?
1Soil and Water Science Department, University of Florida, Gainesville, FL, USA
2Department of Oceanography and Coastal Sciences, Louisiana State University,
Baton Rouge, LA, USA
3Texas Research Institute for Environmental Studies, Sam Houston State University,
Huntsville, TX, USA

Compared to phosphorus (P), nitrogen (N) bas received little atten-
tion across the Everglades landscape. Despite this lack of attention,
N plays important roles in many Everglades systems, including be-
ing a significant pollutant in Florida Bay and the Gulf of Mexico,
the limiting nutrient in bighly P-impacted areas, and an impor-
tant substrate for microbial metabolism. Storage and transport of
N throughout the Everglades is dominated by organic forms, in-
cluding peat soils and dissolved organic N in the water column.
In general, N sources are bighest in the northern areas; however,
atmospheric deposition and active N, fixation by the periphyton
components are a significant N source throughout most systems.
Many of the processes involved in the wetland N cycle remain un-
measured for most of the Everglades systems. In particular, the lack
of in situ rates for N, fixation and denitrification prevent the con-
struction of system-level budgets, especially for the Southern man-
grove systems where N export into Flovida Bay is critical. There is
also the potential for several novel N processes (e.g., Anammox)
with an as yet undetermined importance for nitrogen cycling and
Sunction of the Everglades ecosystem. Phosphorus loading alters
the N cycle by stimulating organic N mineralization with resulting
Slux of ammonium and DON, and at elevated P concentrations,
by increasing rates of N fixation and N assimilation. Restoration
of hydrology bas a potential for significantly impacting N cycling
in the Everglades both in terms of affecting N transport, but also by
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altering aerobic-anaerobic transitions at the soil-water interface or
in areas with seasonal drawdowns (e.g., marl prairies). Based on
the authors’ understanding of N processes, much movre research is
necessary to adequately predict potential impacts from hydrologic
restoration, as well as the function of Everglades systems as sinks,
sources, and transformers of N in the South Florida landscape.

KEYWORDS: wetlands, nitrogen fixation, denitrification, 15N,
mineralization, nitrification

1. INTRODUCTION

Without question phosphorus (P) is the element regulating productivity in
the vast majority of the natural Everglades ecosystem. Consequently, P has
received most of the attention in studies and in the literature. Despite this fact,
other macroelements such carbon (C), nitrogen (N), and sulfur (S) also play
key roles in processes of the Everglades system. Most coastal marine systems
are N-limited, and therefore N is significant as a limiting element in the marine
portion of the Everglades (i.e., mangrove systems and Florida Bay; e.g.,
Glibert et al., 2004). Likewise, in the P-enriched portions of the Everglades,
N can become a limit to productivity (McCormick and O’Dell, 1996). For
these reasons, an understanding of N dynamics is crucial to understanding
not only the impacts to Florida Bay, but perhaps the spread of P impacts in
the Northern Everglades systems as well.

The N cycle is complex with a variety of potential inputs/sources (nat-
ural and anthropogenic), a variety of forms, associated transformations, and
losses. This review is designed to introduce these biogeochemical processes
affecting N cycling, and discuss their importance to the various hydrologic
units of the Everglades. Hydrologic connections in the Everglades can be
considered within the river continuum concept, where upstream ecosys-
tem processes effect downstream systems. For this reason, this review is
also organized according to the flow paths of the major Everglades sys-
tems, namely (a) the upstream systems including Lake Okeechobee and the
Everglades Agricultural Area (EAA); (b) the Northern Marshes including Wa-
ter Conservation Areas (WCAs) 1, 2, and 3; (¢) the Southern Marshes of Ev-
erglades National Park (ENP) consisting of Shark River and Taylor Sloughs;
and (d) the downstream Mangrove systems at the interface with the Gulf of
Mexico and Florida Bay (Figure 1).

2 NITROGEN CONTENTS AND PATTERNS

The diversity of habitats and the large extent of the Everglades system results
in a wide range of N forms and concentrations (Figure 2). Water column con-
centrations are generally in the range of 2-3 mg L™! of total N (TN). However,
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Fiorida Bay

FIGURE 1. Overview of systems used to describe nitrogen processes in this review. (a) Lake
Okeechobee and the Everglades Agricultural Area; (b) Water Conservation Areas (WCAs) 1,
2, and 3, and Northern Marshes; (¢) Southern Marshes of Everglades National Park (ENP)
including Shark River Slough (SRS) and Taylor Slough (TS); (d) Mangrove Ecotone wetlands
of Everglades National Park. (This figure is available in color online).

farming practices in the EAA can influence the forms and concentrations of
N, with values of water TN ranging from 1.8 to 77 mg N L™! being reported
for canals draining various fields (Capone et al., 1995). Throughout the ma-
jority of the rest of the Everglades system, there is little NH} or NOj in
the water column with most dissolved N existing as organic N forms (Rud-
nick et al., 1999). Particulates have been shown to contribute less than 10%
of the TN content of surface water (Noe et al., 2007). Pore water concen-
trations are, on average, approximately two-fold higher than surface water
both for NH/, as well as dissolved organic N (DON; Qualls and Richardson,
2003).

Like most wetlands, soil TN concentrations are dominated by organic N
forms. Concentrations range from <1% in marl soils and mangroves at the
mouth of Shark River Slough (SRS; Chen and Twilley, 1999) to >4% being
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FIGURE 2. Concentrations of total N and molar TN: TP ratios of water and soils in various
Everglades systems. ENP = Everglades National Park; TS = Taylor Slough; SRS = Shark River
Slough. Based data obtained from Amador and Jones (1993), DeBusk et al. (1994), Diaz et al.
(1994), Newman et al. (1997), Penton and Newman (2007), Reddy and DeLaune (2008), Rubio
and Childers (2006), Rudnick et al. (1999), South Florida Ecosystems Report (2009), Wright
et al. (2009), and Ye et al. (2009). (This figure is available in color online).

reported in peats of WCA-3A (Craft and Richardson, 1993). Extractable N
levels are much higher in eutrophic marshes of the north (73 mg N kg™ soil;
Newman et al., 1997) as compared to levels in southern marl soils (29 mg N
kg~! soil; Li and Norland, 2001). Extractable N is mostly NH;r in the flooded
soils, while in drained or seasonally dry areas, NO3 can be highly significant
(Hanlon et al., 1997).
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Following surficial leaching, most plant litter of the Everglades have
extremely high C:N ratios resulting in slow initial decomposition and high
rates of N immobilization during the first year (S. E. Davis et al., 2003; DeBusk
and Reddy, 2005; Newman et al., 2001). Typical C:N ratios of the peat range
from (11-14 for WCA-2A and WCA-3A; Craft and Richardson, 1993; ~25
molar for SRS mangroves; Chen and Twilley, 1999). The DOC:DON ratio
is reasonably consistent throughout systems (Qualls and Richardson, 2003),
but there is a significant decrease progressing from north (22) to south (16).
Phosphorus limitation means that N:P ratios are also very high throughout
most of the systems except where P loading has occurred (26-80 for WCA-
2A and WCA-3A; Craft and Richardson, 1993) or for mangrove soils as they
approach the salinity interface with Florida Bay (<20; Chen and Twilley,
1999). Perhaps the most striking range of N:P ratios are found in the tree
islands, where relatively low N content (~2% DW) combine with very high
levels of TP (>2% DW), resulting in N-limited conditions in the tree island
hammock (molar TN:TP < 1; Ross et al., 2006).

3 NITROGEN CYCLE PROCESSES

The N cycle is quite complex especially when compared to that of P. The
presence of numerous N forms, ranging from particulate and dissolved or-
ganic (PON and DON), to dissolved inorganic (NO3, NH?/) and gaseous
(N, N,O, NH3) species combined with the diversity of processes regulating
transformations, makes the N cycle one of the most difficult to determine and
quantify in wetlands (Figure 3). Here, we will briefly review these processes
beginning with the N inputs.

N, NH, No/NO ()
Volatilization
Nitrogen'
Fixation Photolysis
' Mineralization

PON «—~ B.ON *=> DON <=» NH‘ Nitrification Nl°3

o HO‘-

FIGURE 3. Schematic diagram of nitrogen cycle processes in wetland systems. From Reddy
and DeLaune (2008). PON = particulate organic N; DON = dissolved organic N. (This figure
is available in color online).
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3.1 Atmospheric Deposition

Nitrogen can enter wetlands through a variety of pathways including at-
mospheric deposition, biological N, fixation, or through surface or ground
water inputs. Atmospheric deposition is highly variable and can contribute
anywhere from ~0.005 ¢ N m~2 yr~! in remote areas to >2 g N m~2 yr~!
in areas near urbanized centers (Galloway et al., 2004). Deposition rates
monitored at the National Atmospheric Deposition Program (NADP) sta-
tion in Everglades National Park (ENP) have recorded an average inorganic
N deposition of 0.25 g N m~2 yr~! since 1981 and an average of 0.33 g
N m~2 yr~! for the last decade. This deposition consists of slightly more
NO; (60%) than NH (40%), and exhibits a very slight increasing trend
(0.005 g N m~2 yr~ 1) over the period (NADP). Sutula et al. (2001) used a fac-
tor of 1.45, reported by Hendry et al. (1981), to estimate bulk TN deposition
including organic forms. Using this factor yields a present estimate of 0.48
and 0.15 g N m~? yr~! of total- and organic-N deposition, respectively. This
input can be highly significant, particularly in the dry season where in the
Southern marshes and mangroves it can be twice the surface water input of
N (Sutula et al., 2001).

3.2 Biological N, Fixation

The process of biological N, fixation converts atmospheric N, gas into bi-
ologically available NH4-N, and thus is a source of N to ecosystems. This
process is carried out solely by prokaryotes having the nitrogenase enzyme
including bacteria, cyanobacteria, and Archaea. These include phototrophic
and chemotrophic as well as autotrophic and heterotrophic organisms. Sys-
tem components that may contribute to N, fixation within the Everglades
system include extensive amounts of standing and surface detritus, soils,
and the abundant algal forms in the surface soils and in the water column.
In particular, Everglades cyanobacterial mats exhibited a strong seasonality
in nitrogenase activity and were estimated to add up to >100 mg N m~2
d~! to low P areas of WCA-2A (Figure 4; Inglett et al., 2004). Comparatively
much lower rates were observed in soils where presumably NH?/ levels are
sufficiently high to suppress nitrogenase activity. High rates of nitrogenase
have also been found with surface litter of macrophytes (Inglett et al., 2004;
Pelegri et al., 1997) while lower, but significant rates were observed in water
(Inglett et al., 2004).

These high rates are similar to other systems, where cyanobacterial
mats have been shown to exhibit rates of N, fixation as high as >200 mg N
m~2d~! (Howarth et al., 1988). Such high rates of fixation help contribute to
the high productivity of these mats and other conspicuous periphytic forms.
N,-fixing organisms usually dominate in systems limited by N; therefore, it
is somewhat puzzling why cyanobacteria in the form of periphyton mats
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FIGURE 4. Seasonal (A) and spatial (B) Patterns of nitrogenase activity as acetylene reduction
(AR) for floating periphyton mats in Water Conservation Area 2A of the Everglades. OC =
organic carbon. From the study of Inglett et al. (2004, 2009).

would be prevalent in an ecosystem so dramatically limited by P. In many
other aquatic systems, P is shown to be a primary determinant of observed
N, fixation rates, and in impacted areas of the Everglades, high levels of P
and low TN:TP ratios easily explain high rates of N, fixation (Figure 4; Inglett
et al., 2004, 2009).

Perhaps one explanation of high N, fixation rates in the natural olig-
otrophic areas of the Everglades could be associated with the high carbon
flux in the systems including plant detritus, peat soils, and exudates by the
periphyton communities. In litter decomposition, P appears to have little
effect on N, fixation and rather seems to depend more on stage of litter
decomposition rather than N:P ratio or species of mangrove litter (Pelegri
et al., 1997; Pelegri and Twilley, 1998). These results indicate that changes
in microbial colonization or C:N during decomposition stages are perhaps
a more important determining factor, however, in their study of P loading
to mesocosms, Newman et al. (2001) also found that N accumulation in de-
composing litter was enhanced at P loads greater than 1.6 g m™2 y~!. Both
of these studies indicate that N availability is integral to the decomposition
process in the Everglades.
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3.3 Mineralization

The dominance of macrophytes and peat soils throughout the Everglades
system indicates that mineralization of organic N will be a significant source
of N. Products of mineralization include soluble organic N compounds and
NH?/, and the production of these begins immediately upon senescence
through the action of aerial decay and leaching (S. E. Davis et al., 2003).
These leaching products are highly dependent on plant species both in terms
of the quantity of N leached as well as its composition. For example, the
TN content of Everglades plant species was shown to range from 0.7 to 19%
dry weight and corresponding ranges in mass ratios of C:N and N:P of 23-60
and 10-20, respectively (Osborne et al., 2007). Similarly, leachates from these
different plant materials vary in their concentration of total N (0.9-6.6 g per
kg), mass C:N (10-52), and N:P (2-15; Osborne et al., 2007).

Consistent with other wetland systems, higher levels of N mineraliza-
tion are found in recently deposited litter and detrital floc material than in
the highly decomposed underlying peat (White and Reddy, 2000). Drain-
ing of peat soils results in higher levels of N mineralization, particularly for
the decomposed peat (Martin et al., 1997). This observation is similar to
that of other organic-based systems where high amounts of labile N forms
are protected under anaerobic conditions. P additions stimulating microbial
communities also result in N release from Everglades soils (Inglett et al.,
2007; Newman et al., 2001; White and Reddy, 2000). This N is released as
both NHZ (Inglett et al., 2007; Newman et al., 2001) and DON (Inglett et al.,
2007). Concentrations of 1.0 mg P L™! were sufficient to enhance potentially
mineralizable N rates in bottle studies (White and Reddy, 2003), while ex-
periments using P additions to mesocosms demonstrated a net flux of NH;
after only one month from soils receiving P that loading rates as low as
0.4 g P m~2 y~ L. Elevated levels of P combined with increased macrophyte
productivity result in threefold higher levels of potentially mineralizable N
in areas affected by canal inflows (White and Reddy, 2003). Yet, at extreme
levels of P loading, higher rates of N immobilization and assimilation can
result in lower levels of N release (Inglett et al., 2007). A graphical summary
of the impact of P loading on N mineralization and N limitation is presented
in Figure 5.

3.4 Photolysis

Dissolved ON is a major component of transportable N throughout the Ev-
erglades (Jones et al., 2005; Qualls and Richardson, 2003) approaching 95%
of the total water column N. The composition of this DON is derived mostly
from leaching of soluble components (proteins) for macrophytes, periphy-
ton, and soils, with a small component derived from bacterial biomass (Jones
et al., 2005, 2006; Maie et al., 2006). Despite being considered chemically
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FIGURE 5. Idealized diagram depicting response of nitrogen flux processes to phosphorus
(P) loading in Everglades systems. (This figure is available in color online).

fresh, much of this DON is considered recalcitrant with only a small portion
of this DON considered bioavailable (Jaffé et al., 2005; Maie et al., 2006). In
addition to enzymatic processes, another mechanism that can hydrolyze or-
ganic N molecules is photolysis by exposure to sunlight (UV and PAR; Qualls
and Richardson, 2003). There is a differential in mineralization of C relative
to N photolysis, which is higher for C (20.5% in 21 days’ exposure, 1% d=)
than N (7% in 21 days’ exposure, 0.3% d~1). Exposure to UV light during
surface water transport from the northern Everglades systems to the south is
a potentially a dominant mechanism to reduce levels of DON (Figure 2).

3.5 Ammonia Volatilization

The product of mineralization is NH/, which is a biologically available form
of N. In high-pH conditions (e.g., >8.5), chemical speciation increasingly
favors the gaseous ammonia form, which can volatilize from the water col-
umn. High-pH regions can occur in several parts of the Everglades system
including shallow water areas with extensive algal photosynthesis or in areas
dominated by SAV beds. In areas of high periphyton productivity, pH can
be highly variable and during the day often exceed 10. Such extremes may
be a reason why floodwater NH/ levels are generally low.

3.6 Ammonium Oxidation

The process of nitrification converts NH/ into NO3. In the Everglades, this
process is very poorly understood, but likely follows theory similar to other
wetland systems. Accordingly, areas where NH; encounters oxidized zones
are the locations for nitrifying microorganisms, including locations within the
water column and surfaces (plant stems, epiphyton), the soil water interface,
and plant oxidized rhizospheres. It is also likely that there is a tight coupling
between this process supplying NO3 and denitrification converting the NO3
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into N, gas. To date, only one study has explored rates of nitrification in
Everglades soils (White and Reddy, 2003). In this study, potential rates of
nitrification were measured for WCA-2A soils in 2-day incubations using
stirred reactors. Rates were highest in the detritus (average of 28.5 mg N
kg™! d™Y) and surface soils (12.8 mg N kg~ d™!) and were significantly
correlated with levels of extractable NH; .

More recently, organisms have been identified in Everglades soils which
are capable of anaerobically oxidizing NH; using nitrite (the Annamox pro-
cess; Penton et al., 2000). The product of the Annamox reaction is N, gas
making this process similar in biogeochemical function to denitrification
and raising the question of the importance of this process to N budgets. An-
namox bacteria appear to be autotrophic, and the presence of organic matter
slows the overall process. Another important requirement for the Anammox
process is the presence of NO;, a seldom-measured transient compound
of the nitrification, denitrification, and dissimilatory reduction of nitrate to
ammonium (DNRA) pathways. Nitrite accumulation is possible, however,
and several conditions may be adequate for NO; accumulation leading to
Anammox activity including (a) a lack of suitable organic substrates or high
concentrations of NO3 relative to organic C leading to incomplete denitri-
fication; (b) low pH and low oxygen relative to NH] can result in partial
ammonium; and (c) at high pH, free ammonia (NH3) can inhibit Nitrobacter
spp., which are responsible for the oxidation of NO, (Anthonsieu et al,,
1976; Smith et al., 1997).

These scenarios have been reported in the aquatic environment (Her-
bert, 1982; Smith et al., 1997) with higher than expected NO; levels (100-200
mg N 171 being found in some European watersheds receiving nitrogenous
pollution (Kelso et al., 1997; Smith et al., 1995). In one study, NO; accumu-
lation in six Irish rivers was found to coincide with NOj declines via DNRA
activity in areas with high organic matter contents (Kelso et al., 1999). All
of these studies suggest NO, may be much more abundant than previously
thought, and all of these conditions may be found in Everglades systems,
either as intrinsic or transient conditions. Therefore, it is likely that NO;
levels may be sufficient to support Anammox in more aquatic ecosystems
than previously thought.

3.7 Denitrification and Dissimilatory NO; Reduction

This aspect of the Everglades N cycle is perhaps the most poorly studied
given its significance to the overall N cycle and budgets of N within the
Everglades system. The dominance of peat soils with ample carbon and
anaerobic conditions suggests a high capacity for denitrification in the Ever-
glades as a whole. Therefore, as in most anaerobic systems, NO3 availability
is generally the limiting factor. In eutrophic areas, macrophyte shading and
net heterotrophic conditions in the water column limit the production of
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NO3 (White and Reddy, 2003), therefore significant rates are likely only ob-
served in areas receiving the small amounts of NOj through direct canal
inputs. It is likely a much more complex situation in the natural Everglades
systems where oxygen levels in the water column can be high leading to
higher rates of nitrification, with subsequent denitrification of NO3 by dif-
fusing into anaerobic soil or at night when low oxygen levels can extend
into the water column. Furthermore, denitrification has been observed to be
an active component of cyanobacterial mats with shifting periods of oxy-
gen production and consumption (Joye and Paerl, 1993, 1994), so it is also
likely that simultaneous nitrification and denitrification processes would be
occurring in areas of thick periphyton accumulation.

Recent advances in our understanding of the N cycle have identified a
renewed importance of a number of processes affecting the fate of NO3™ (Bur-
gin and Hamilton, 2007). In highly reducing conditions with excess carbon
relative to N, NO3 may be converted to NH] through the process of dissimi-
latory NO3' reduction to NH; (DNRA). This process has been little studied in
Everglades environments, but because there are many highly reducing peat
environments, it is plausible that this DNRA could be a significant fate of
NOj . Alternatively, it may also be true that with few mechanisms contribut-
ing to NO3 production in continuously anaerobic areas, DNRA may be of
limited importance in the fate of NO3 in the Everglades.

There are also other pathways that may result in the reduction of NO3
in areas closer to the zones of nitrification. For example, the presence of
methane as well as significant inputs of sulfur does not exclude the possibility
of alternate pathways of denitrification using electron donors other than
organic matter. In particular, the presence of methane in peat soils could
be leading to the conversion of NO3 to N, coupled with the oxidation of
methane as it diffuses through the aerobic/anaerobic interface at the soil
surface or through periphytic growths and floating mats. It is also possible
that eutrophic areas generate significant quantities of sulfide, which may
diffuse into areas where NOj is present and serve as the electron donor
for the reduction process. Once again, these pathways have been largely
unexplored in the Everglades systems.

4 HYDROLOGIC UNITS
4.1 Okeechobee/Everglades Agricultural Area

The primary systems serving as the headwaters for the Everglades water-
shed are Lake Okeechobee and its basin and the EAA. Inputs and outputs
of nutrients to the systems can have a direct effect on downstream systems
via their export of nutrients. Similar to that observed for P, the Okeechobee
basin is a significant source of N to downstream systems. The primary form
of this N is that of organic N derived from leaching of rangelands, connected



Downloaded by [McGill University Library] at 06:06 10 January 2012

198 P. W. Inglett et al.

wetland systems in the flow path, and Lake Okeechobee itself. The concen-
tration of N leaving Lake Okeechobee is approximately 0.9 mg L™}, with the
predominant N form being DON. In Lake Okeechobee, elevated levels of P
can also lead to blooms of N, fixing cyanobacteria which result in increased
N levels for export (Philips et al., 1997). However, the proportion of N in
Lake Okeechobee produced by this mechanism remains limited based on
the measured outflow loads of N (Zhang et al., 2009).

The EAA can also be a significant source of N from oxidation of
peat/histosols (Capone et al., 1995; Hanlon et al., 1997). In particular,
drained soils produced soluble N ranging from 217 to 509 kg N ha™! yr~!
while flooded soils release approximately one third less. Flooded conditions
result in less N loss due to a reduction of the NO3 component in these
drainage waters (less than 3% of the TN; Martin et al., 1993). The lack of
nitrification under flooded conditions and the denitrification of any available
NOj explain this observation. Overall, different management approaches
(e.g., for vegetables, sugarcane, rice, flooded fallow) and the variety of the
EAA soils leads to a wide range of concentrations in TN (1.83-77.04 mg L™b,
NH; (<0.02-6.02 mg L™, and NOj (<0.04-32.01 mg L™") in canal drainage
waters (Capone et al., 1995). Average values of TN, NH, and NO;J in canal
drainage waters are 5.0, 0.41, and 1.0, respectively (Capone et al., 1995).
Based on these concentrations, it is apparent that the dominant form of N in
these drainage waters is organic, with levels of 5.0 mg L™! DON in shallow
EAA pore water, 1.8 mg L™! DON in ditches, ~1.5 mg L™! DON in canals
leaving the EAA having been observed (Qualls and Richardson, 2003).

4.2 Stormwater Treatment Areas

The primary function of the STAs is to remove P and therefore N cycling is
of secondary importance. Like other systems receiving P loading, the STA
systems become progressively more N-limited as they accumulate P. In this
way, the uptake of P and accumulation in the soil is regulated by N avail-
ability, which should cause the stoichiometric limit to plant growth and soil
P accretion. This theory is supported by N:P ratios of the plants in these
areas (indicating N limitation; White et al., 2004) and in other P-impacted
Everglades systems, where N and P accumulation rates are closely correlated
(Craft and Richardson, 2008; Reddy et al., 1998). Biological N, fixation, es-
pecially that associated with macrophyte litter, has not been measured but
should be enhanced based on findings by Inglett et al. (2008) for high-P
areas of WCA-2A.

Nitrogen loading from canals is primarily in the form of DON with only
small amounts of NH} and NOj3. The small amount of NO3 present in
the canal waters is essentially completely removed by denitrification in the
highly eutrophic areas near the canal discharges. In these areas denitrifica-
tion is limited by the availability of NO3', which is only produced in aerobic
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areas such as the water column or oxidized rhizospheres of wetland macro-
phytes (White and Reddy, 1999, 2003). The high productivity of these areas
combined with the shading of dense macrophytes results in poor oxygena-
tion of the water column, and therefore NO3 production is highly limited
in the STA areas. High levels of P in these areas fuel the rapid turnover of
macrophyte detritus resulting in production of NH} and DON compounds
(White and Reddy, 2000).

In periphton- or SAV-dominated STAs, water-column oxygen production
is enhanced leading to greater potential formation of NOj. In areas with
intense productivity by periphyton or SAV, pH values may frequently rise
above 8.5 and in many cases approach 9 (pers. obs.). Under these high-pH
conditions NHJ is quickly converted to ammonia gas, which can be lost
from the system through volatilization. To date, there has been no study
demonstrating the importance of this process, which would likely be limited
by the availability of NH] in the water column. Lowering of water column
N levels by ammonia volatilization could have an impact on the ability
of periphytic or SAV-based treatments to remove P as N is required for
production of the biomass to sequester P in organic forms.

4.3 Water Conservation Areas/Northern Marshes

The WCAs have had a history similar to that of the STAs, where canal water
was discharged for the purpose of nutrient removal and water storage prior
to water being discharged into Everglades National Park. The nutrient and
vegetation changes in these areas are well documented (see other articles in
this volume), with an overall accumulation of P near the discharge areas and
a shift from the native sawgrass and sloughs to monotypic stands of cattail.
In the areas with high P loading it has been observed that a shift from P to
N limitation occurs. This is evident in the low N:P ratios of water column
nutrients. Algal growth assays also indicate that N limitation is prevalent in
areas near the discharges (McCormick and O’Dell, 1996).

Increased N limitation reduces primary production. This is evidenced by
low N:P ratios of plants (see review by Noe et al., 2001) and most recently
through the use of natural abundance >N as an indicator of plant N demand
(Inglett et al., 2009). Thus, following addition of P, N availability is a signif-
icant regulator of cattail expansion. Rates of N, fixation by cyanobacteria in
the water column as well as microbes in the soil are increased in these areas
(Inglett et al., 2004). This elevated N; fixation combined with accelerated de-
composition through microbial activity results in a high gradient of NH and
dissolved organic N concentrations between shallow pore water (6 mg L™
and floodwater (3.5 mg L™Y) in these areas (Qualls and Richardson, 2003).
For this reason, there is a significant flux of excess N from P-impacted areas.

As already mentioned, in nonimpacted areas of the WCAs, high rates
of N, fixation can be observed (Inglett et al., 2004). Thus, there are two
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potential sources of N to the low-P areas, namely N, fixation and surface
water inputs of N primarily in the form of DON. Very little is understood
about the dynamics and interaction of the periphyton community and surface
water N. The high rates of N fixation imply a high demand for N in these
communities while the large quantities of DON suggest a low bioavailability
of this N source. Both NO; and NH are considered available forms of N
in the water column. Studies using the stable isotope °N are able to trace
the fate of N within systems, however to date, only one study attempting to
trace N through system components has been conducted in the WCAs. In
this study by Inglett et al. (Inglett et al., manuscript in prep) added “NH;
was used to track N uptake, conversion, and fate in a low-P slough system
of WCA-2A. Among the key findings of this study were a very rapid uptake
of NH/ from the water column (0.47 mg N m~% h™') and very high biomass
specific uptake rates by the floating periphyton mats (0.99 mg N g~ dw
h™"). There was also a very high rate of conversion of NH] into the water
column DON with up to 27% of the added N being transformed after three
hours. Two pathways may be responsible for the appearance of >N in the
DON pool including bacterial immobilization onto DOM or active uptake and
excretion of organic compounds (e.g., amino acids) by algal communities
(Myklestad, 1995).

After one month of the dosing study, Inglett et al. recovered approxi-
mately 40% of the added N indicating both a significant accumulation rate for
N in these systems and a potentially low rate of N loss through denitrifica-
tion. Qualls and Richardson (2003) concluded that surface water inputs of N
to WCA-2A were balanced by the outputs requiring that much of the N being
fixed into this system should be accumulated and not balanced by denitrifica-
tion. Using isotopic markers (137CS, 21°Pb), Craft and Richardson (2008) indi-
cated a range of N accumulation rates within the Everglades system from <2
to >14 ¢ N m~2 y~!. The lowest rates recorded were in the Loxahatchee Na-
tional Wildlife Refuge (WCA-1) while the highest rates were observed in the
P enriched areas of WCA-2A. These findings suggest that soil N accumulation
in the WCA-2A has increased in response to the long-term nutrient loading
from the agricultural drainage as a result of higher peat accretion rates and
incorporation of nutrients into the peat. In the summary by Craft and Richard-
son (2008), higher rates of N accumulation were also observed in the south-
ern, deeper water areas of WCA-3A indicating that the effect of hydroperiod
may have a significant effect on N accumulation rates, but this could also
be occurring through the accumulation of organic matter or with processes
surrounding the flow-dependent transport of flocculent material (floc).

4.4 Southern Marshes/Everglades National Park

Located between the WCAs to the north and the mangrove ecotone to the
south, are the freshwater sloughs and marshes of the southern Everglades.
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This region includes the ridge and slough ecosystem of Shark River Slough
(SRS), which is located within the boundaries of the Everglades National Park
(ENP), as well as the marl-based wet prairies of Taylor Slough (TS) and the C-
111 Basin/ENP Panhandle. Much like in the freshwater marshes to the north,
P remains the limiting nutrient in the southern Everglades (Noe et al., 2001).
However, there is a gradual transition to more N-limited systems occurring
further downstream towards Florida Bay where P derived from the Gulf of
Mexico is much more abundant (Childers et al., 2006). Despite the fact that
P is limiting in the southern Everglades, N remains in constant flux, cycling
throughout the various ecosystem components (Wozniak et al., 2008).

Like the marshes of the northern systems, the flow of water across the
southern Everglades landscape is dictated by the dominant hydrological in-
puts to the region. These points of freshwater inflow also represent potential
sources of N to southern Everglades sloughs and marshes primarily through
the addition of DON compounds (Rudnick et al., 1996). In addition to be-
ing a source of N, hydrology also plays a vital role in shaping ecosystem
structure and function, and is essential in defining the rate of N processing
and the eventual export. Periphyton is a key component of the N cycle in
the southern systems as well. Although no values of N, fixation have been
reported, the dominance of cyanobacterial communities again suggests that
high rates may be possible in southern marshes. Unlike the peat-dominated
SRS, TS and the C-111 Basin are dominated by calcium carbonate rich marl
soils. This difference is primarily driven by the fact that TS and C-111 have
lower water levels than the long-hydroperiod, deeper sloughs of SRS. These
marl systems undergo a seasonally pulsed dry-down period that is directly
associated with decreased rainfall during the dry season (Ewe et al., 2007).
Drawdowns and dryouts in these marshes would lead to a periodic cycle
of reduced periphyton productivity and result in aerobic events (increasing
rates of mineralization and nitrification), and thus, are key to effecting the
fate of N in these systems. Despite this potential, however, little is known
about importance of these processes.

Calcareous periphyton mats are capable of withstanding these periods
of dry-down, showing resilience upon rehydration (Gottlieb et al., 2005;
Thomas et al., 2006). In addition to the dominant macrophyte (sawgrass)
cyanobacterial mats are of critical importance to both primary production
(Iwaniec et al., 2006) and the N cycle. Mean TN for periphyton mats in the C-
111 are 7.71 mg N g~! dry wt and periphyton molar N:P is 78; in Taylor Slough
periphyton TN equals 9.05 mg N g~! dry wt (Iwaniec et al., 2006). The high
productivity of these mats (similar to the periphyton of the northern systems)
makes it is clear that periphyton mats are a vital ecosystem component with
an important role in the initial uptake of canal-borne inorganic N (Wozniak
et al., 2008). For example, Rudnick et al. (1999) observed that no change
in TN occurs over a transect from canal discharge into Taylor Slough, but a
decrease in the DIN fraction from 26% to less than 5%.
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FIGURE 6. Box-model depictions of isotope dosing experiment of Wozniak (2006) in the
sawgrass dominated zones of C-111 marsh (see text for discussion). Values in boxes represent
storages of N (g N m~2) while values above each arrow refer to calculated rates (mg N m—2
y~D for recovery of added label after 21 days. Individual rate values refer to rates in response
to addition of 0 (top value), 6.66 (middle value), and 66.6 mg P m~2 (bottom value).

Also, Wozniak et al. (2008) conducted a similar isotope dosing study to
that of Inglett et al. In this study, Wozniak et al. (Manuscript in prep 2008).
added NO3 and traced it into ecosystem components (Figure 6). The major
conclusion of this isotope tracing study was similar to that of Inglett et al. (In-
glett et al., Manuscript in prep) where periphyton exhibited a high potential
for DIN uptake (ranging from 11.0 to 20.9 mg N m~2 y~! at sites along both
the canal-marsh and mangrove interfaces; Wozniak, 2006). Uptake rates were
highest for periphyton at the mangrove ecotone while the effect of added
P (up to 66.6 mg P m~2) was inconsistent, having no clear effect on uptake
rate at the canal-marsh site and reducing uptake at the mangrove interface.
Another interesting finding of the study by Wozniak (2006) was a very high
incorporation of added N into consumers grazing on periphyton biomass.
The long term effect of P additions were mixed, however, with no clear ef-
fect on periphyton N uptake and a lower overall recovery of added N in the
consumers, soil, and macrophyte components after 21 days (Figure 6). The
reduction of N recovery may reflect the increase in N availability resulting
from increase microbial turnover of N following initial P addition.

Recent mass balance studies show that hydrologic import to Taylor
Slough was within the range of estimated sediment P burial, while N sed-
iment burial exceeded estimated hydrologic N import (Sutula et al., 2001).
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These N flux discrepancies were attributed to N, fixation and denitrification.
However, the rates of these important processes were assumed, and other N
transformations that may also be important have not been quantified. The N
budget of these systems is particularly important in light of potential shifts in
vegetation communities associated with increased freshwater delivery, and
thus altering upstream N and P fluxes. It is clear that these freshwater sloughs
and marshes can no longer be considered as passive conduits for N, provid-
ing the uninterrupted passage for N to downstream coastal systems. Rather,
the freshwater ecosystems of the southern Everglades must be viewed as
vital components of the greater Everglades landscape, which have a signifi-
cant influence in determining the degree of processing, transformation and
ultimate fate of N to downstream ecosystems.

4.5 Mangrove Fringe

Mangrove forests border the Florida Coastal Everglades and influence the net
exchange of organic and inorganic material between these systems. Although
mangroves wetlands cover a large expanse of the Southern Everglades there
is limited information about the role of these wetlands as sinks, sources or
transformers of N (Chen and Twilley, 1999; Koch and Snedaker, 1997; Pelegri
et al., 1998). Despite the potential of mangrove sediments for the removal
of N from surface waters (Rivera-Monroy et al., 1995; Rivera-Monroy and
Twilley, 1996), there is no complete data set for constructing N budgets
(Figure 7) or to assess the effect of P enrichment on N cycling in mangroves
of the Florida Everglades ecosystem.

Organic N concentrations in water flowing from the higher wetlands
decreases in the mangrove zone where some of the reductions are indeed
higher than expected due to conservative mixing indicating net removal of
TN (Rudnick et al., 1999). Concentrations of N inputs to Shark River Slough
are about two times higher than Taylor Slough (Rudnick et al., 1999). A
distinct seasonality (wet vs. dry seasons) in nutrient concentrations indi-
cates that the main source of N into the mangrove forest is advecting water
masses from the Gulf of Mexico (Rivera-Monroy et al., 2007). Nitrate and
NH/ concentrations typically range from 0.0 to 0.05 and from 0 to 0.07 mg
L™, respectively, while mean TN concentrations are approximately 0.53 mg
L~! (Rivera-Monroy et al., 2007). DIN concentrations in water flowing down
the Taylor Slough from the upper wetlands increase in the mangrove tidal
creeks and Florida Bay to about 0.10 mg L™! (Rudnick et al., 1999).

Nutrient fluxes within the mangrove ecotone have been quantified on
a smaller scale (<20 m?) where S. E. Davis et al. (2001b) showed that in a
dwarf mangrove wetland in Taylor Slough there was consistent uptake of
NH] (0.09-0.44 mg m~% h™") and of TN (1.37-7.03 mg m~% h™!), whereas
NO3 (0.1-1.95 mg m™* h™!) was released off to the water column. Fluxes
were studied in the same area using the flume technique along Taylor River.
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FIGURE 7. Summarized budget depiction of nitrogen inputs and outputs (mg N m~2 y=})
using available data for the mangroves of Taylor and Shark Rivers. Based on the work of
Pelegri et al. (1997), Rudnick et al. (1999), Sutula et al. (2001, 2003), and Rivera-Monroy et al.
(2007).

No net annual import or export was found and direction and magnitude of
nutrient fluxes between the mangrove wetland and the water column was
correlated with wind, precipitation, and upland runoff (S. E. Davis et al.,
2001a; S. M. Davis, 2004). Fluxes of TN from the Taylor creek mangrove
ecotone into Florida Bay are significant (26.8 x 10° g yr~1), but the similarity
between this N input and that derived from atmospheric deposition has led
to the hypothesis that hydrological restoration of the Everglades is unlikely to
affect the Florida Bay via increased N loading from the Everglades (Rudnick
et al., 1999).

Nitrogen fixation represents the new source of N to the system. It has
been recognized that N, fixation accounts for 15-64% of N immobilization
during decomposition of mangrove leaf litter on the forest floor (van der
Valk and Attiwill 1984; Woitchik et al., 1997). In spite of this, there are few
studies that have assessed the contribution of this N source to the Everglades
mangrove forests (Pelegri et al., 1997; Pelegri and Twilley, 1998; Table 2).
Pelegri et al. (1997) estimated rates of N, fixation on leaf litter, sediments,
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and pneumatophores in two mangrove sites located along a fertility gradient
in the Shark River Slough. Overall rates of ethylene production ranged from
0 to 539 nmol C,Hy; g dry wt™! h™! with higher rates (7.3-539 nmol C,Hy
g dry wt™! h™1) observed in aged litter. Based on these rates, Pelegri et al.
(1997) estimated that N, fixation could account for 45 to 100% of the total N
immobilized in leaf litter (1-8 mg N dry wt™! N enrichment). However, N,
fixation only could supply at about 7% (8.3 mg N m—2 d~!) of the N required
(53 mg N m—2 d™Y) for mangrove growth into this forest.

There is presently no published information on in situ denitrification
rates in the mangrove ecotone region. However, recent studies along Taylor
and Shark River using the isotope pairing technique (Nielsen 1992; Steingru-
ber et al., 2001) and N flux method (Mulvaney and Boast, 1986; Mulvaney
and Kurtz, 1982) indicate that denitrification rates were similar between river-
ine and scrub mangrove regions (Rivera-Monroy et al., 2007). Rates ranged
from 0.01-0.35 mg N m~2 h™! (in May 2007). The highest denitrification rate
(0.20 mg N m~2 h™) in SRS was registered after enriching cores with added
NOj . This particular study also included estimates from a tree island ecosys-
tem where the lowest denitrification rates were recorded (<0.07 mg N m~2
y~ 1), apparently due to the high demand for inorganic N in highly organic
sediments. When inorganic enrichment was increased in cores collected in
May 2008 in one site in Taylor river, denitrification rates doubled, reaching up
to 1.05 mg N m~2 d~!. These results show a high potential for N, production,
but overall denitrification rates are very low in the mangrove ecotone due to
low NO;3 availability in pore waters and water column throughout the year.

Sediment N and P accumulation rates for freshwater and estuarine
mangrove wetlands have been reported for Taylor Slough in southern
Everglades (Sutula et al., 2001). Estimates were calculated based on a
1.5-year study of seasonal and annual water and nutrient budgets of the
Taylor Slough/C-111 basin wetlands. N burial rates for freshwater wetlands
(1.32-2.97 g m~2 yr~1) were consistently lower when compared to mangrove
forests (3.60-7.20 g m~2 yr~1). Unpublished results show greater nutrient
accumulation rates along the Shark River and Taylor Slough mangroves
(5.1-25.0 g m~2 yr~1) than those reported by Sutula et al. (2001) in the same
area. These higher rates are within the range of values reported for wetlands
in the northern Everglades (2.01-14.1 g m™2 yr~!; Craft and Richardson,
1993; Reddy et al., 1993).

5 RESEARCH NEEDS
5.1 N Cycle Processes

The presence of extreme P limitation generally leads to the supposition
that apart from organic matter accumulation, the only significant fate of N
throughout the Everglades system is to pass through or be transformed rather
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than accumulate (Qualls and Richardson, 2003). However, high uptake po-
tential for N (Inglett et al., Manuscript in prep) Wozniak et al., 2008) with
rapid production of DON (Inglett et al., Manuscript in prep) in both the
northern and the southern marshes indicate that N cycling is highly signifi-
cant to the functioning of the periphyton as well as the Ridge-Slough system.
In this regard, N movement is not just a function of in/out balance, but rather
is a function of N processes related to biotic uptake, excretion, and decom-
position. Much of the N cycling through the Everglades occurs in the form of
DON, but processes of mineralization, nitrification, and denitrification affect
N fate as well. The studies of isotope dosing and tracing have indicated that
available N forms are rapidly taken up with a subsequent rapid conversion
to DON. The exact pathways and processes responsible for this conversion
are unidentified, and moreover the ecological role of this is unexplained.

Most of the DON is not available for biotic uptake (Jaffé et al., 2004),
and exposure to UV light has been shown to mineralize more N from
this pool than enzymatic processes (Qualls and Richardson, 2003). Recal-
citrance/lability of this DON is undoubtedly tied to its source. Therefore
differences between algal and macrophyte as well as between individual
types of macrophytes (e.g., Typha vs. Cladium) could be a significant deter-
minant of N fate. For this reason, shifts in macrophyte species composition
and abundance may have important implications for N fate, especially for
downstream systems. Ultimately, the processing of N within the mangrove
systems directly determine the export of N to Florida Bay, and it has been
shown that organic N forms may pose an elevated threat for cyanobacterial
bloom formation in these areas. Presently it is unknown how the cycling of
N in the northern marshes may indirectly affect this process.

The Everglades is a highly diverse and unique ecosystem, and our un-
derstanding of its processes are still limited. The functioning of many of the
intricate components and biotic communities gives rise to the higher-order
functions of the Everglades ecosystem. The presence of cyanobacterial N
fixing communities and the role of N in decomposition indicate that N pro-
cesses are integral to the functioning of the ecosystem. Very little has been
studied in this regard, and combined with our recently discovered impor-
tance of alternate N-cycle processes, there is a great potential for increasing
our understanding in this area. Pathways utilizing alternate electron donors
for denitrification is a potentially promising example. In particular, the abun-
dance of methane in the systems indicates there may be a high potential
for its use in denitrification. Also, identification of the presence of anaerobic
NH] oxidizing bacteria in soils of WCA-2A also indicates a potential for the
Anammox pathway in the Everglades.

5.2 Role of Hydrology in the Everglades N Cycle

The abundance of peat and organic N forms in the Everglades soils highlights
the concern for hydrologic management to prevent exposure of these soils
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and subsequent enhanced decomposition and microbial oxidation releasing
stored N to downstream Everglades systems. This has been well studied
in the EAA to the north, but also has significant implications for N cycling
in southern systems such as marl prairies and tree Islands, where hydro-
logic connection was shown to be a major factor contributing to nutrient
sequestration (in particular N) and controlling litter decomposition (Troxler
and Childers, 2009). Hydrology also has implications for the functioning of
cyanobacterial mat communities throughout the Everglades system (Gottlieb
et al., 2005). For example, it is unclear how water depth affects balance of
net phototrophy or heterotrophy in periphyton (floc or benthic mats), and
thus it is also unclear what effect water depth has on its potential for N
uptake or the functions of N, fixation, nitrification, and denitrification. The
effect of other environmental variables (e.g., temperature, light, fire) on the
function of these periphyton and surficial floc communities as am N sink or
source is presently undetermined.

Floc (i.e., flocculent material) is found in the deeper water sloughs and
long-hydroperiod marshes and is low-density detrital organic material found
directly above the soil and comprises sloughed periphyton material, detritus
from vegetation, and microorganisms (Neto et al., 2006). Due to decreased
hydrological flow and compartmentalization over past decades, deeper water
habitats of the ridge and slough landscape have begun to fill in with soil,
resulting in a system that is more uniform both topographically with similar
vegetation assemblages (Leonard et al., 2006). Of particular interest is the
importance of floc in the processing and transport of N. However, to date
little work has been done at the ecosystem scale to gauge N processing
(Wozniak et al., 2008), the role that floc plays in site-specific N cycling, or
the landscape scale potential for downstream transport of floc-N

5.3 N Cycling in the Mangrove Ecotone at the Landscape Level

Although there is limited information on N cycling in the mangrove ecotone,
it is possible to identify some general trends in the Shark and Taylor River
regions (Figure 7). Sutula et al. (2001, 2003) estimated a net annual net import
of 649 £ 263 mg N m~2 yr~!; they hypothesized that this residual should be
equal to the sum of denitrification and burial minus N, fixation (assuming
no change in plant and faunal biomass). This annual import needs to be
revised as more information is obtained from in situ experiments, particularly
since the budget of Sutula et al. (2001) was constructed using dentrification
and fixation rates from other areas. In contrast to the TS region, there is
not enough information on fluxes to estimate an N budget for SRS region.
Lack of information on groundwater, surface water intertidal exchange, and
water flow fluxes at the mangrove ecotone boundary upstream limit the
construction of N budgets for this region. As hydrologic restoration activities
are implemented at the Northeast Shark Slough over the next three years, it
is critical to perform field studies to assess potential eutrophication risk in
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the Shark River estuary and adjacent coastal systems (e.g., Ponce de Leon
Bay).

6 IMPLICATIONS FOR RESTORATION
6.1 Hydrologic Restoration

Presently, of particular interest in the southern Everglades is the significant
amount of hydrological restoration underway. The two major hydrological
restoration efforts include the deconstruction of the L-29 levee with the
raising of Tamiami Road (Tamiami Bridge Project) and the construction of the
C-111 Spreader Canal. The Comprehensive Everglades Restoration Program
(CERP) will result in a considerably increase the total flow of freshwater
through the southern Everglades and increase the degree of hydrological
connectivity across the marsh landscape.

This increase in freshwater inflows has the potential to impact the N
cycle via changes in N delivery (N-loading) and the physical processing of N
(flow-mediated processing). The Tamiami Bridge project and the construc-
tion of the C-111 Spreader Canal will have pronounced influences on the
movement of water from WCA 3A to SRS; however, the potential of nutrient
enrichment and increase N loading to SRS is possible. How this hydrological
restoration will impact the N cycling of SRS and more downstream coastal
ecosystems (i.e., the mangrove ecotone) is unknown. Work done in the
C-111 basin after the removal of the southern levee indicates that restora-
tion of hydrology will have significant impacts on N cycling. These include
near-canal effects on nutrient concentrations (i.e., elevated N concentration;
Parker, 2000; Wozniak et al., 2008), tree island structure, and nutrient dy-
namics (Troxler et al., 2005). While increasing hydrological connectivity and
water flow is often considered to be a positive restoration step, the effects
of elevated water levels have the potential to decrease macrophyte growth,
specifically in sawgrass (Childers et al., 2006). The C-111 spreader canal also
has the potential to disrupt the wet/dry seasonality of the system unless
regulated.

6.2 Habitat Restoration

Restoration of impacted areas is a key component of managing the Ever-
glades ecosystem. The N cycle plays a key role in this process both as a
limiting nutrient with an impact from P (contributing to the expansion of
cattails), and as a limiting nutrient during reestablishment of vegetation fol-
lowing soil removal to eradicate Brazilian pepper (Inglett and Reddy, 20006).
Other ecological drivers such as hydrology and fire undoubtedly play an in-
tegral role in affecting N. Hydrology and fire are already major consideration
of the Everglades restoration scheme, but in addition, determining the forms,
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availability, and sources of N should also be a major focal point of our study
in the Everglades system.

One technique presently being explored in the highly eutrophic areas
is to remove the cattails allowing light to penetrate into the water column
(Cattail Habitat Improvement Project; http://www.stwmd.gov/portal/page/
portal/xrepository/ sfwmd_repository_pdf/cattailhabitatimprovementproject.
pdf). The goal of this opening of the canopy is primarily to stimulate au-
totrophic processes and allow a more complete food web to develop. This
approach also has implications for N cycling in these highly impacted areas.
The addition of light will increase greatly the production of oxygen in the
water column leading to enhanced rates of nitrification with the subsequent
likelihood of denitrifying this NO3 once it is produced. Increased autotrophic
growth of cyanobacteria should lead to enhanced rates of N, fixation. Also,
the exposure to UV light should result in an enhanced photodegradation
of DON compounds. Because the process of N, fixation and denitrification
could potentially cancel one another, it is uncertain what the net effect of
cattail habitat improvement approach will have on the N budget of these
impacted areas.

6.3 Nutrients

It is well known that P has had a major impact on the N cycle in the
Everglades. As discussed in this review, in low-nutrient areas, elevated P en-
hances decomposition and release of N forms from the peat soil. In contrast,
in areas where excess P has been accumulated, N availability and poten-
tially increasing P accumulation. For this reason, N availability and cycling
in STAs should be explored to better understand P retention in these newly
accreted soils. Between these two extremes of P availability, there is a zone
of stimulated N mineralization but in the absence of elevated N demand. This
situation leads to a zone of impact where enhanced N mineralization results
in a leading front of increased N flux (as NH] and DON) from the soils into
the water column. The fate of this N is unknown, however throughout most
of the Everglades this likely has little negative effect. Only in the regions im-
mediately upstream from the mangrove systems does this pose a significant
concern.

7 SUMMARY

It is clear that there is a distinct need for addition research on N-cycle
dynamics in the Everglades. Many aspects of the cycle including system
components, processes and pathways, and rates for use in constructing N
budgets are poorly understood. Little is known about the specific role pe-
riphyton mats play in the process of N fixation in marl wet prairies, how
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near-canal marshes may act to buffer downstream ecosystems from potential
N-loading events, or the specifics of how these marshes internally process
N to determine subsequent N fate. The need to further our understanding
of N dynamics is further highlighted by the potential for large-scale impacts
by restoration (primarily hydrological modifications) across the Everglades
landscape.

It is vital to collect baseline data on N processes prior to restoration
efforts so that the effects of increased freshwater flows can be identified.
System managers will also need to consider relationships of the ecological
role of N-cycle processes to function and health of the natural Everglades
system. Natural and managed events such as hurricanes, droughts, and fires
will have to be considered in light of effects on the biotic and abiotic system
components and their consequences for the input, transformation, and export
of N. This will require a keen awareness of water quality in more northern
Everglades’ marshes, as well as the role that N plays in the restoration of
highly impacted areas. Furthermore, our understanding of N dynamics is also
of critical value in determining how the marshes, sloughs, and tree islands
of northern areas operate collectively to determine the natural function of
the Everglades to process N prior to its export to the mangroves and Florida
Bay to the south.
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