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ABSTRACT: Concentrations and fluxes of C, N, and P were measured in dwarf and fringe mangrove
wetlands along the Taylor River, Florida, USA from 1996 to 1998. Data from these studies revealed
considerable spatial and temporal variability. Concentrations of C, N, and P in the dwarf wetland
showed seasonal trends, while water source was better at explaining concentrations in the fringe wet-
land. The total and dissolved organic carbon (TOC and DOC), total nitrogen (TN), and total phospho-
rus (TP) content of both wetlands was higher during the wet season or when water was flowing to the
south (Everglades source). Concentrations of nitrate plus nitrite (NO, "), ammonium (NH,*), and solu-
ble reactive phosphorus (SRP) in the fringe wetland were all highest during the dry season or northerly
flow (bay source). Nutrient concentrations most effectively explained patterns of flux in both wetlands.
Increased wetland uptake of a given constituent was usually a function of its availability in the water
column. However, the release of NO, from the dwarf wetland was related to the NH,* concentration,
suggesting a nitrification signal. Nitrogen flux in the dwarf wetland was also related to surface water
salinity and temperature. Our findings indicate that freshwater Everglades marshes are an important
source of dissolved organic matter to these wetlands, while Florida Bay may be a source of dissolved
inorganic nutrients. Our data also suggest that temperature, salinity, and nutrient concentrations (as
driven by season and water source) influence patterns of materials flux in this mangrove wetland.
Applying long-term water quality data to the relationships we extracted from these flux data, we
estimated that TN and TP were imported by the dwarf wetland 87 + 10 and 48 + 17 % of the year,
respectively. With Everglades restoration, modifications in freshwater delivery may have considerable
effects on the exchanges of nutrients and organic matter in these transitional mangrove wetlands.
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INTRODUCTION these tropical and subtropical estuarine systems. More

than 20 yr ago, it was suggested that local hydrologic

Studies of materials exchange in tidal mangrove
wetlands are becoming more prevalent in the estuar-
ine literature. As a result, we are gaining a better
understanding of the environmental factors that regu-
late the exchanges of mangrove-derived matter in

*Email: sedavis@tamu.edu

and geomorphologic factors largely governed the flux
of organic matter in estuarine wetlands (Odum et al.
1979). This was later supported by evidence from
outwelling studies, demonstrating that mangrove
wetlands exported organic matter in relation to tidal
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energy (Twilley 1985; review by Lee 1995). While stud-
ies such as these have revealed the importance of tide
to the fate and transport of organic matter (i.e. carbon),
little work has been done to further our understanding
of exchanges of ecologically important nutrients such
as nitrogen and phosphorus, especially in micro- to
non-tidal, seasonally flushed mangrove systems. For
the most part, the ecological role of these types of
mangrove systems has been overlooked.

Nitrogen and phosphorus may enter mangrove sys-
tems via a number of different pathways (Boto 1982,
Liebezeit 1985). Of these, precipitation, upland runoff,
and tides are among the most important. In many man-
grove wetlands, these sources of inorganic and organic
nutrients are often intermittent as a function of sea-
sonal transition, producing intra-annual patterns of
nutrient concentrations and, sometimes, flux (Twilley
1985, Rivera-Monroy et al. 1995, Ohowa et al. 1997).
Furthermore, in some non-mangrove estuarine sys-
tems, the direction and magnitude of nutrient flux has
been shown to correspond to nutrient concentrations in
the water column (Wolaver & Spurrier 1988, Whiting
et al. 1989, Childers et al. 1993). Given that, an under-
standing of the factors that regulate nutrient concen-
trations in mangrove wetlands may also yield valuable
insights into how these estuarine systems transform
and exchange materials.

Water temperature and salinity are 2 of the most
important factors controlling the global and local distri-
butions of mangrove ecosystems along the world's
shorelines (Kuenzler 1974, Odum et al. 1982, McMillan
& Sherrod 1986, Duke 1992). This control is manifest in
the influence of these factors on the zonation and pro-
ductivity of various mangrove species (Lugo & Sne-
daker 1974, Cintrén et al. 1978, Ball 1988, Clough
1992). In tropical and subtropical areas, water temper-
atures are generally a function of season or time of
year, reflecting changes in air temperature and light
intensity. Salinity is usually an indicator of a combina-
tion of season, water source, or physical position within
an estuary. Fluctuations in either of these factors can
have profound effects on forest and benthic produc-
tivity in mangrove wetlands (Alongi 1988, Alongi &
Sasekumar 1992, Clough 1992). Therefore, seasonal
changes in salinity and temperature may affect the
availability, uptake, or release of a given constituent in
a mangrove wetland. Relationships of this type have
already been documented in temperate salt-marsh sys-
tems. For instance, investigators at North Inlet, South
Carolina, USA, found increased phosphorus uptake by
a Spartina marsh at higher salinities and water tem-
peratures (Wolaver & Spurrier 1988). Although the
direct effects of these parameters on phosphorus ex-
change were not tested, these types of relationships
suggested testable hypotheses. Quantifying relation-

ships such as these can also lead to a better under-
standing of nutrient dynamics in estuarine wetlands,
aiding in the development of dynamic budgets or other
system-level models that account for organic or
inorganic materials.

In this synthesis, we sought to determine the rela-
tionships among various environmental parameters
(chemical, physical, and hydrological) and nutrient
dynamics in 2 southern Everglades mangrove forests.
Specifically, we examined how factors such as season,
water source, salinity, and temperature controlled the
concentration and flux patterns of carbon, nitrogen,
and phosphorus in dwarf and fringe mangrove wet-
lands of the Taylor River, Everglades National Park,
observed by Davis et al. (2001a,b). Given the lack of a
strong tidal signature and the contrasting seasonal
hydrology of the southern Everglades mangrove zone
(wet vs dry), we anticipated that each of these parame-
ters would be helpful in explaining temporal patterns
of concentrations and fluxes that we have observed in
these wetlands.

The Taylor Slough region of Everglades National
Park is currently undergoing hydrologic restoration in
the form of a systematic, long-term increase in fresh-
water delivery. Therefore, an understanding of the
relationship between the concentration and flux of
materials, as well as the factors that govern water qual-
ity signatures, is needed in order to assess the long-
term effects of restoration on the southern Everglades
mangrove zone and adjacent Florida Bay estuary.
Addressing this need, we sought to use long-term
water quality data collected near each site to make
predictions of nutrient flux based on the relationships
we found in this synthesis.

MATERIALS AND METHODS

Site description. From August 1996 to August 1998,
we conducted quarterly studies of mangrove water-
column nutrient exchange in dwarf and fringe wet-
lands along the Taylor River, Everglades National Park
(Fig. 1; Davis et al. 2001a,b). Both wetlands were
dominated by Rhizophora mangle L., with a stunted
(<1.5 m), low productivity form at the dwarf sites and a
taller (<10 m), more productive form at the fringe sites
(Coronado-Molina 2000). A non-tidal dwarf mangrove
site was located in an area of the Taylor River where
water levels and current velocities tend to be low (<0.5
and <0.01 m s?, respectively). On the other hand, the
fringe mangrove site was established along the vege-
tated banks of the lower Taylor River where depths can
exceed 2 m and current velocities range from 0 to
>0.5 m st (see Davis et al. 2001a,b for detailed site
descriptions).
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The lower Taylor River is micro-tidal with
a tidal range of <0.05 m. Therefore, the
movement of water, salt, and materials
throughout this system is determined
mainly by the interactions of direct precipi-
tation, upland runoff, and wind. Generally
speaking, low salinity (0 to 10%.) predomi-
nates throughout the Taylor River for much
of the wet season (June to November).
However, as the dry season (December to
May) progresses, salinity can often exceed
30%o, reflecting salinity patterns in Little
Madeira Bay (Fig. 1). Given its proximity to
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land typically has a higher mean salinity
than the dwarf wetland, and responds more
rapidly to increases in salinity during the
dry season. Alternatively, the dwarf wet-
land typically has a lower mean salinity, ex-
hibiting wet season decreases in salinity Dwarf
before the fringe site (Fig. 2). Mangrove

Wet season sources of water, nutrients,
and organic matter to these wetlands are
primarily through precipitation and upland
runoff from the freshwater Everglades
marshes, whereas Florida Bay (via Little
Madeira Bay) is a major source during the
dry season. These different sources can
have profound impacts on the salinity, or-
ganic, and inorganic nutrient content of the
surface water in this area of the southern

Little Madeira Ba

]

Dwarf Mangrove/Sawgrass
Transition

Fringe Sites

| _—
/

Basin and Fringe Buttonwood
Mangrove Ridge

Little Madeira Bay

Fig. 1. The southern Everglades region of Everglades National Park (upper

o B . right) is shown relative to the state of Florida (upper left). The enlarged area
Everglades. In addition, during the transi- of the Taylor Slough (bottom left) highlights the Taylor River and the transi-
tion from the wet season to the dry season, tion of mangrove communities from the freshwater end of the estuarine

wind events associated with frontal pas-  zone to Little
sages can significantly affect salinity and
water flux through the Taylor River (Sutula
1999). Water temperature in both wetlands
is also variable throughout the year as a re-
sult of air temperature, light intensity, and
precipitation.

Field and analytical methods. Eight quarterly sam-
plings of mangrove island enclosures (Davis et al.
2001a) and in-channel flumes (Davis et al. 2001b)
were made over 4 wet season and 4 dry season peri-
ods from August 1996 to August 1998 (Fig. 2). These
techniques were used to determine wetland water-
column exchanges of carbon, nitrogen and phospho-
rus at both mangrove sites. Additional water samples
were also collected in these studies to determine
ambient concentrations of each of the constituents of
interest.

Portions of all water samples were filtered (Whatman
GF/F) and analyzed for soluble reactive phosphorus
(SRP), ammonium (NH "), and nitrate plus nitrite
(NOy) on a 4-channel auto-analyzer (Alpkem model

Madeira Bay. Approximate locations of the dwarf and fringe

mangrove wetlands are indicated and illustrated in the lower right corner.
In these illustrations, the dark shaded areas represent shallow ponds, light
shaded areas represent mangrove forest, and thick black lines represent the

channel of the Taylor River

RFA 300). These samples were also analyzed for
dissolved organic carbon (DOC) using a hot platinum
catalyst, direct injection analyzer (Shimadzu model
TOC-5000). Unfiltered water samples were analyzed
for total phosphorus (TP) using the dry ashing, acid-
hydrolysis technique (Solorzano & Sharp 1980); for
total nitrogen (TN) using an Antec 7000N total nitro-
gen analyzer; and for total organic carbon (TOC) using
the same method listed above for DOC.

For each flux method (enclosure or flume), sampling
was conducted at hourly intervals for approximately
6 h and repeated on consecutive days. Measurements
of salinity, water temperature, and current (speed and
direction) were taken at the same hourly intervals
(Davis et al. 2001a,b). Calculated net areal fluxes indi-
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Fig. 2. Plot of mean surface water temperature and salinity
during each sampling of the dwarf (light) and fringe (dark)
mangrove sites along the Taylor River. In South Florida,
August and November are typically wet season months and
January and November are dry season months

cated release from the wetland (negative flux), uptake
by the wetland (positive flux), or no net flux.
Statistical analyses. We utilized a number of simple
statistical procedures to determine relationships be-
tween the various chemical and physical components
measured in these mangrove wetlands. An alpha level
of 0.05 was used to determine significance for each sta-
tistical procedure. In order to discern the relationships
among the various water quality parameters, we gen-
erated a correlation matrix of temperature, salinity,
and constituent concentrations for each site. Using
Fisher's r to z transformation, we were able to generate
p-values and distinguish significant correlations. Next,
we used 1-factor ANOVA tests to deter-
mine significant season effects (wet vs
dry) on the concentration and flux of
each constituent at both sites. These

variables in various regression analyses to explore the
relationships between these variables and wetland
water-column fluxes in each wetland. For all signifi-
cant flux regressions, we calculated an import/export
switch (after Childers et al. 1993) as a prediction of the
point along the x-axis (temperature, salinity, or con-
centration) at which flux in either mangrove wetland
shifted from import to export, or vice versa. We also
generated 95 % confidence intervals for each regres-
sion to set error bounds on our flux estimates.
Long-term water quality data. A fundamental goal
of this analysis was to apply long-term water quality
data to our statistical relationships in order to make
predictions of nitrogen or phosphorus flux in dwarf
and fringe mangrove wetlands of the Taylor River.
Since 1996, we have been monitoring daily concentra-
tions of salinity, TN, and TP in the Taylor River. Ini-
tially, we collected a single 1 1 sample of water each
day near the mouth (fringe mangrove; from August
1996), and at the upstream end of the river (dwarf
mangrove; from May 1998). These samples were a
mixture of 4 x 250 ml subsamples collected every 6 h.
This protocol was later changed, in October 1998, to 4
x 250 ml sub-samples collected at 18 h intervals over
a period of 3 d. These intervals—00:00 h Day 1,
18:00 h Day 1, 12:00 h Day 2, and 06:00 h Day 3—
represent the full range of light and temperature con-
ditions exhibited throughout the day, yet integrate
water quality over a period of 3 d. Therefore, we used
the integrated concentrations for each parameter
(salinity, [TN], and [TP]) as the mean concentration
for each day of the 3 d interval. For each significant
regression relationship involving TN flux or TP flux,
we used these monitoring data as independent vari-
ables to estimate daily fluxes in either wetland. In
order to maintain continuity in our predictions of flux,
we selected a common timeframe of water quality
data for both sites (June 1998 to December 1999).

Table 1. Matrix showing significant (p < 0.05) correlations between various
water quality parameters (n = 180 for each) measured at the dwarf mangrove

site of the Taylor River, Everglades National Park (Sal. = surface water salinity;

same procedures were also used to test
for the effect of water source (as direc-
tion of flow; north vs south) on concen-

Temp. = surface water temperature; SRP = soluble reactive phosphorus; TP =
total phosphorus; TOC = total organic carbon; DOC = dissolved organic carbon;

TN = total nitrogen)

tration and flux at the fringe site. Direc-
tion of flow or water source was not Sal. Temp. [NO,] [NH,7] [SRP] [TP] [TOC] [DOC]
considered at the dwarf site, where cur-
. Temp.
rent was rarely detectable. For each sig- (NO,) _0.573
nificant ANOVA, we used Fisher's pair- (NH,*) -0.606 -0.631  0.588
wise least significant differences tests (SRP) 0.377 -0.427
(PLSD) to determine significant differ- (TP) 0.436 -0.477 -0.549  0.916
ences between treatment means (TOC)  -0.383  0.631 —0.445
. ) . (DOCQ) 0.504 -0.413 -0.581 0.916

Finally, we used temperature, salin- (TN)  -0.477 0.430 0.826 0.634

ity, and concentrations as independent
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RESULTS

Mean surface water temperature at

Table 2. Matrix showing significant (p < 0.05) correlations between various
water quality parameters (n = 180 for each) measured at the fringe mangrove
site of the Taylor River, Everglades National Park (see Table 1 for abbreviations)

both sites was essentially the same dur-

ing each sampling (Fig. 2). However, Sal. Temp. [NOs] [NH,] [SRP] [TP] [TOC] [DOC]
mean salinity was consistently lower at Temp.  0.424

the dwarf site, especially when river- [NO,] ~0.485

wide salinity reached mesohaline lev- [NH4*] -0.328 -0.653  0.375

els (Fig. 2). The direction of flow at our [SRP]

fringe mangrove site varied within and {?())]C] _8;22 gézg :8;22 :8:22

between samplings, reflecting the in- [DOC] 0.337 —-0.320 —0.401 0.840
fluence of rapid changes in wind speed [TN] 0.383 -0.459 0.796 0.714
and direction and seasonal variability

in upland runoff from freshwater Ever-

glades marshes. As a result, southerly flow (upland
influence) was not always observed during wet season
samplings. Similarly, northerly flow (bay influence)
was not always observed during dry season samplings.
The shifting of flow, independent of season, that we
observed allowed us to differentiate these as separate
factors controlling the concentration and flux of mate-
rials in the fringe mangrove wetland.

Correlation results (temperature, salinity, and C, N,
and P concentrations)

We found a number of significant correlations among
the various parameters measured in the water column
of these mangrove wetlands. In many cases, the dwarf
and fringe wetlands exhibited the same kinds of rela-
tionships. For example, [TOC], [DOC], and [TN] were
all strongly and positively correlated with one another
in both wetlands (Tables 1 & 2). Similarly, both dis-
solved inorganic nitrogen (DIN) constituents were pos-
itively correlated with each other (Tables 1 & 2). [DIN]
was negatively correlated with temperature, while
[TOC], [DOC], and [TN] were all positively correlated
with temperature in both wetlands (Tables 1 & 2).
[TOC] was negatively related to salinity in the dwarf
and fringe wetlands, and [TP] was positively related to
salinity in each. [TP] also correlated negatively with
[NO,] and [NH,*] in both sites (Tables 1 & 2). [DIN]
showed no positive correlation with TN at either site,
reflecting the low inorganic content of the TN fraction
(Davis et al. 2001a,b).

Differences between our Taylor River sites were also
revealed in this correlation matrix analysis. These dif-
ferences were mainly attributed to one or both phos-
phorus constituents (TP or SRP). [TP] in the dwarf wet-
land was negatively correlated with [TOC] and [DOC],
while [SRP] was only negatively related to [DOC] in
this wetland (Table 1). Dwarf mangrove [TP] and [SRP]
also had a strong, positive correlation with each other
even though SRP is typically less than 25% of the TP

fraction. Both [TP] and [SRP] in the dwarf mangrove
wetland were positively correlated with salinity
(Table 1). These relationships were not observed in the
fringe wetland. In fact, [SRP] did not correlate with any
other parameter measured in the fringe mangrove.
However, fringe [TP] was positively correlated with
temperature (Table 2). There was also a clear, negative
correlation between DIN and the organic content of
the water at the fringe mangrove site, a characteristic
not observed at the dwarf mangrove site (Tables 1 & 2).

ANOVA results (concentrations and fluxes of
C, N, and P)

Analysis of variance was used to determine the
effect of season and water source on nutrient concen-
tration and flux at the 2 mangrove sites of the Taylor
River. In the dwarf wetland, season appeared to only
affect the organic content of the surface water, as
[TOC], [DOC], and [TN] showed significant differ-
ences between the wet and dry season samplings in
this wetland. In each case, concentrations of these
constituents were all significantly higher during the
wet season (Fig. 3). Fluxes in the dwarf wetland also
appeared to be affected by differences between the
wet season and dry season. Fluxes of NO,” measured
at the dwarf site were generally from the wetland to
the water column (export; Davis et al. 2001a). How-
ever, our analyses indicated that exports were signifi-
cantly greater during the dry season (Fig. 4). Fluxes
of TP also showed a weak season effect, with more
TP uptake occurring during the dry season samplings
(Fig. 4).

Neither season nor the direction of flow explained
flux variability in the more lotic, fringe wetland. Only
concentrations revealed any effect of these 2 factors at
this site. Furthermore, these factors indicated differ-
ences in the dynamics of inorganic and organic matter
in the lower Taylor River. Ammonium concentrations
were significantly greater and total phosphorus con-
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Fig. 3. Box-and-whisker plots of concentration distributions from the dwarf (light) and fringe (dark) mangrove sites showing significant
(ANOVA; p < 0.05) effects of season and direction of flow. Post-hoc results (Fisher's pairwise least significant differences tests, PLSD) are
indicated at the top of each plot. The middle line of each plot is the median of the distribution. The notches represent the 95 % CI about the
median. The bottom and top lines of each box are the 25th and 75th percentiles and the bottom and top lines of the whiskers indicate the 10th
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Fig. 4. Box-and-whisker plots of flux distributions from the dwarf mangrove sites
showing significant (ANOVA; p < 0.05) effects of season. Post-hoc results
(Fisher's pairwise least significant differences tests, PLSD) are indicated at the
top of each plot. The middle line of each plot is the median of the distribution.
The notches represent the 95 % CI about the median. The bottom and top lines of
each box are the 25th and 75th percentiles and the bottom and top lines of the
whiskers indicate the 10th and 90th percentiles, respectively. Anything above
the zero line (positive) indicates uptake by the wetland, and anything below the
zero line (negative) indicates release from the wetland

centrations were significantly lower
during the dry season samplings in the
fringe mangrove wetland (Fig. 3). The
NO, and SRP content of the water in
this wetland was significantly higher
when water was flowing from Florida
Bay into the mangrove zone (northerly
flow; Fig. 3). On the other hand, most
other constituents, including TN, TP,
TOC, and DOC, had concentrations
that were significantly higher during
periods of southerly flow (Fig. 3).

Regression results (fluxes)

We found a number of significant
regressions that suggested a relation-



Davis et al.: Concentration and flux of materials in mangrove wetlands 91

ship between one of the independent variables we
considered and nutrient flux (see Fig. 5 for examples of
flux relationships observed in each mangrove wet-
land). However, many of these regressions yielded low
r? values (<0.4), resulting in relatively weak predictive
power (Table 3).

Of the relationships we found, most involved a
nitrogen species and were limited to the dwarf man-
grove wetland (Table 3). Total nitrogen flux in the
dwarf wetland showed a negative linear relationship
with salinity, with a predicted import/export (I/E)
switch at around 27 %. (Table 3). Ammonium flux at
the same site exhibited similar associations with
salinity and temperature, shifting between import
and export at approximately 13%. and 31°C, respec-
tively (Table 3). On the other hand, flux of NO, at
the dwarf site was positively related with tempera-
ture. However, the predicted I/E switch (35°C) from
this model was greater than any water temperature
measured during these flux studies, and reflected the
consistent export of NO,  measured in this system
(Davis et al. 2001a). Nitrate plus nitrite flux in the
dwarf mangrove wetland also appeared to be con-
trolled by the availability of NH," in the water col-
umn, as NO,~ import shifted to export at concentra-
tions above 1.1 pM NH,* (Table 3). Total nitrogen flux
in the dwarf mangrove exhibited a positive, linear
relationship with its concentrations, as increased TN
availability led to increased uptake by the wetland
(Table 3). We found a similar, logarithmic relation-
ship with TP flux in the dwarf wetland, with import
occurring above 0.31 uM TP (Table 3, Fig. 5).

In the fringe wetland, the fluxes of both DIN con-
stituents were positively related to their respective
concentrations (Table 3). This wetland showed a clear
trend of DIN export when concentrations were low,
then shifted to uptake at higher concentrations
(Table 3; see NO, flux graph in Fig. 5).
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Fig. 5. Examples of regression plots and statistical output

showing the relationship between concentrations and fluxes

in dwarf and fringe mangrove wetlands along the Taylor

River. The point where the predicted line crosses the zero line
is the import/export (I/E) switch

Table 3. Significant regression models of nutrient flux vs salinity, temperature, and concentration in dwarf and fringe mangrove
wetlands. The slope, y-intercept, and import/export (I/E) switch from each significant model are provided. Slopes and I/E
switches for each are clarified

Parameter Factor Wetland r? p-value Slope Intercept I/E switch Clarification

NH,* flux Salinity Dwarf 0.35 0.002 -1.32 16.9 12.8 %o Salinity < I/E = NH,* uptake

TN flux Salinity Dwarf 0.30 0.015 -11.07 294.8 26.6 %o Salinity < I/E = TN uptake

NOy flux Temperature Dwarf 0.26 0.016 3.27 -113.2 34.6°C Temperature > I/E = NO,™ uptake
NH,* flux Temperature Dwarf 0.36 0.002 -2.28 69.6 30.6°C Temperature < I/E = NH,* uptake
NO, flux [NH,"] Dwarf 031  0.007 -16.37 17.8 1.1 uM [NH,*] > I/E = NO, release

TN flux [TN] Dwarf 0.35 0.008 9.04 -330.1 36.5 pM [TN] > I/E = TN uptake

TP flux?® [TP] Dwarf 0.48 0.003 a @ 0.31 pM [TP] > I/E = TP uptake

NO, flux [NO,] Fringe  0.65 0.0001 1.28 -1.4 1.1 pM [NO4] > I/E = NO,™ uptake

NH,* flux [NH,*] Fringe  0.71 0.001 1.06 -3.7 3.5 1M [NH,*] > I/E = NH,* uptake
4Significant non-linear (logarithmic) regression with the equation: TP flux = 6.849 + 5.948 x In(TP concentration)
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DISCUSSION

We attempted to explain carbon, nitrogen, and phos-
phorus dynamics in 2 mangrove wetlands using a vari-
ety of factors including season, salinity, temperature,
water source, and constituent concentrations. These
factors were believed to be important since much of the
southern Everglades mangrove zone is essentially non-
tidal, receives seasonal inputs from the freshwater
Everglades (wet season) and Florida Bay (dry season),
and is subject to frequent shifts in flow due to wind forc-
ing. Past studies in an assortment of estuarine wetlands
have used similar approaches to interpret observed
temporal variations in concentration and flux data.

Factors related to C, N, and P concentrations

We found little effect of season on inorganic nutrient
concentrations in the mangrove wetlands of the Taylor
River, with only one constituent (NH,*) showing any
effect of season. Similar observations have been made
in coastal wetlands of the arid tropics, where daily con-
centration ranges for many inorganic nutrients are
often as great as annual ranges (Guerrero et al. 1988,
Ovalle et al. 1990). Mangrove systems with low ter-
restrial inputs also seem to lack significant seasonal
variability in inorganic constituents (e.g. Coral Creek,
Australia; Boto & Wellington 1988). Still, season
appears to be important in driving inorganic nutrient
concentration patterns in other estuarine mangrove
and salt marsh systems (Rivera- Wolaver et al. 1983,
Wolaver et al. 1988, Wolaver & Spurrier 1988, Rivera-
Monroy et al. 1995, Ohowa et al. 1997).

Water source was somewhat better at explaining
inorganic nutrient concentrations at our fringe man-
grove site. We found that both [NO, | and [SRP] at this
site were higher during periods of northerly flow, sug-
gesting the bay was a source of these nutrients (Fig. 3).
Ovalle et al. (1990) observed similar patterns for DIN
and SRP in a mangrove creek in Brazil. However, their
findings were related to the direction of the tidal cur-
rent rather than the persistent movement of water in a
single direction, as is usually the case in the Taylor
River. Due to the differences in hydrology between our
sites, water source was only considered for the fringe
mangrove. It is possible, however, that a factor as
robust as this may explain more of the inorganic
nutrient variability in the dwarf mangrove.

Season and water source were more powerful at
explaining the variability in TOC, DOC, TN, and TP
concentrations in the Taylor River mangrove wetlands,
with significantly higher concentrations measured dur-
ing the wet season or when water was flowing south
(Fig. 3). Twilley (1985) and Rivera-Monroy et al. (1995)

made similar observations in different mangrove wet-
lands for DOC and DON, respectively. At Bly Creek
(South Carolina, USA), Wolaver et al. (1988) was able
to relate high DON concentrations to freshwater inputs
from a small blackwater stream. Particulate phospho-
rus (PP) concentrations in this same temperate salt
marsh were highest in the summer months and corre-
lated well with rainfall, among other factors (Wolaver
& Spurrier 1988). In contrast, Coral Creek, a system
with little upland influence, exhibited no seasonal pat-
terns for DOC, DON, or DOP (Boto & Wellington 1988).
These patterns—including our findings—illustrate
the importance of both season and water source in
governing temporal and spatial patterns of particulate
and dissolved organic materials.

Salinity and water temperature can also be important
in regulating water column concentrations of a number
of different materials. In this analysis, both TOC (both
sites) and TN (dwarf site only) were negatively related
to salinity, reflecting the strong association of these
constituents to a freshwater, upland source. Data from
Twilley (1985) suggest a similar correlation between
DOC and salinity at Rookery Bay, Florida. On the other
hand, TP concentrations were positively related to
salinity at both the Taylor River sites. This was not in
agreement with the effects shown by [TP] for both sea-
son and water source (see Fig. 3), which suggested an
upland source of this constituent. These confounding
results are likely attributable to the subtle differences
between the various factors considered in this analysis
(i.e. salinity, season, and water source) as well as the
weak season (p = 0.0485) and water source (p = 0.03)
effects exhibited in TP concentrations.

Correlation analyses also allowed us to assess the
relationships among the different parameters we mea-
sured such as TOC, DOC, and TN, which were all
tightly coupled to one another (Tables 1 & 2). Using a
similar approach in Coral Creek, Boto & Wellington
(1988) found a lack of correlation among dissolved
organic constituents (DOC, DON, and DOP) and con-
cluded that DOM in their system was low in N and P.
Although the mean DOC concentration for Coral
Creek (~1.2 mM) was similar to the annual average for
the Taylor River (1.1 mM), total dissolved nitrogen in
this tidal waterway (TDN; ~4.5 nM) was over an order
of magnitude less than the Taylor River's TN concen-
trations (mean = 64 pM), the bulk of which was dis-
solved. In addition, molar ratios of C:N in Coral Creek
varied widely (18 to 35), as concentrations of C and N
fluctuated independent of one another (Boto & Wel-
lington 1988). The mangrove wetlands along the Tay-
lor River exhibited a much narrower annual range of
C:N (16 to 19), again reflecting the common source of
these materials (i.e. freshwater Everglades). The tight
coupling of TOC, DOC, and TN also suggests that
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nitrogen may be an important component of DOM in
southern Everglades mangrove wetlands. Recent geo-
chemical evidence indicates that freshwater Ever-
glades wetlands are sources of protein-rich organic
material to overlying water, corroborating this notion
(R. Jaffé unpubl. data).

Factors related to the fluxes of organic and
inorganic materials

The export of organic matter in mangrove wetlands
is a function of tidal energy (Twilley 1985, Lee 1995),
yet this has only been rigorously tested in mangrove
systems with strong tidal signatures. Odum et al.
(1979) concluded that, as a result of south Florida sea-
sons, estuarine wetlands in this region probably export
particulate organic matter during the wet season and
import it during the dry season. Such seasonal effects
have been shown for particulate and organic nitrogen
export in both tropical and temperate estuarine sys-
tems (Whiting et al. 1989, Rivera-Monroy et al. 1995).
In our analysis, we found a relationship between sea-
son and flux for only 2 constituents (NO,™ and TP) at a
single site (dwarf). As a result, our findings can neither
support nor refute Odum et al.'s (1979) statement
regarding seasonal fluxes.

We were able to explain some of the fluxes (espe-
cially N species) in the dwarf mangrove wetland using
salinity and temperature. However, these variables
alone did not account for all of the variability (note r?
values in Table 3). The dwarf mangrove wetland con-
sistently imported TN and NH,* (uptake; Davis et al.
2001a), yetregression analyses indicated a switch from
import to export when salinity exceeded 12.8 and
26.6%o0, respectively (Table 3). Similarly, uptake of
NH,* in the dwarf wetland approached zero as water
temperature increased to ~31°C (Fig. 2). Davis et al.
(2001a) found that NH,* export rarely occurs at this
dwarf mangrove site, and data from this analysis sug-
gests that these exports may be limited to the warmest
days of the year.

In Chesapeake Bay, Boynton & Kemp (1985) found
that benthic fluxes of nitrate correlated well with salin-
ity. In most cases, nitrate uptake increased with salin-
ity at their sites (Boynton & Kemp 1985). In Tomales
Bay (California), Chambers et al. (1995) demonstrated
that phosphorus release from suspended particulate
matter increased relative to salinity. Although the ini-
tial (8 h) release was likely an abiotic process, long-
term release (8 to 72 h) was probably biotically medi-
ated (Chambers et al. 1995). Work by Wolaver &
Spurrier (1988) showed that both salinity and water
temperature were equally effective at explaining the
flux of SRP in Bly Creek.

Changes in water and soil temperature can drasti-
cally alter microbial respiration in wetlands (Abdollahi
& Nedwell 1979, Gordon et al. 1986, Mazda et al.
1990), leading to changes in soil pH and redox poten-
tial (Eh). These changes affect concentration gradients
between sediment and water column, thus regulating
diffusive fluxes (DeLaune et al. 1981). Fluctuations in
salinity can also regulate the flux of materials through
a sequence of biotic and abiotic processes. Variation in
salinity has been shown to affect the decomposition
rate of mangrove leaves (Steinke et al. 1993, Davis
1999), the rate of phosphorus release from estuarine
sediments (Clavero et al. 1990, Chambers et al. 1995)
and the flocculation/sedimentation of phosphorus with
various organic and inorganic particles (Sholkovitz
1976, Forsgren et al. 1996). Therefore, the flux rela-
tionships we observed in the dwarf mangrove likely
reflect a complex interaction of chemical, physical, and
biological processes that are driven by changes in
temperature and salinity.

Of all the variables we considered, nutrient concen-
trations were the most powerful at predicting the flux of
materials, especially for nitrogen. Total phosphorus up-
take in the dwarf forest occurred as TP availability in-
creased. Davis et al. (2001a) were unable to measure
consistent fluxes of SRP. However, we assume SRP was
also taken up by the wetland as it became available. Dis-
solved inorganic nitrogen uptake in the fringe wetland
increased as water column [NO, | and [NH,*] increased
beyond about 0.9 and 3.5 pM, respectively. Whiting et al.
(1989) observed the same relationships between DIN
flux and concentration in Bly Creek. In addition, the
approximated I/E switches for these constituents in
Bly Creek were similar to ours at about 0.5 pM for NO,~
and approximately 3 pM for NH,* (Whiting et al. 1989).
The flux of NO; in the dwarf mangrove wetland was
more related to [NH,*], reflecting the nitrification signal
observed by Davis et al. (2001a).

The concentration/flux relationships we found sug-
gest that either: (1) uptake increases as materials
become available—as was exhibited by TN, TP
(dwarf) NO,~, and NH,* (fringe); or (2) transformation
increases as reactants become available—as was
exhibited by the relationship between [NH,*] and
NOy~ (dwarf). Diffusive gradients are often important
in driving wetland-water column fluxes. However,
NO,™ export in the dwarf mangrove occurred in the
absence of such a gradient, as porewater concentra-
tions in the lower Taylor Slough often match water col-
umn concentrations (Oehm 1998). The opposite rela-
tionships exhibited by NO,™ flux and concentration at
each site might reflect a difference in the way in which
these systems process nitrogen. Flux data support this,
as NO,~ was mainly released by the dwarf system and
taken up by the fringe system (Davis et al. 2001a,b).
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Applying monitoring data to flux relationships

Using 1.5 yr of continuous water quality data col-
lected near our site, we estimated the daily flux of N
and P in the dwarf mangrove wetland from significant
regressions for TN (vs salinity and vs [TN]) and TP (vs
concentration). Based on I/E switches and 95% confi-
dence intervals calculated for each relationship, TN
was imported by the dwarf mangrove wetland approx-
imately 87 + 10% of the time, regardless of the inde-

pendent variable (salinity or [TN]; Fig. 6). However,
the predicted periods for export were quite different
between salinity and [TN]. The time interval for TN
export predicted using salinity was between April and
June 1999—the transition between the dry and wet
season. However, TN export predicted from [TN]
occurred later in the wet season of 1999 (Fig. 6). It is
worth noting that the relationship of TN flux with [TN]
(p = 0.008; r? = 0.35) was somewhat stronger than it was
with salinity (p = 0.015; 2 = 0.3; Table 3). The I/E
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Fig. 6. Long-term salinity, concentrations of total nitrogen (TN), and
total phosphorus (TP) data collected in the dwarf mangrove zone of
the upper Taylor River from June 1998 through December 1999.
Dashed lines illustrate import/export (I/E) switches predicted from
regression relationships established for TN and TP flux. Shaded
areas indicate 95% confidence intervals for the I/E switch of each
regression and arrows indicate direction in which nutrient uptake
was predicted to have occurred in the dwarf mangrove wetland

switch for both of these relationships was nearly
2 standard deviations from the water quality
means during this time frame (6.5 £ 10.7 %o;
60.8 £ 16.6 pM TN; Table 3), indicating the
infrequency of values at or beyond these
thresholds in the dwarf mangrove wetland.

Predictions of TP flux revealed import by the
dwarf wetland only 48 + 17 % of the time, as
concentrations were less than 0.3 pM nearly as
often as they were above this I/E switch (Fig. 6).
In fact, the mean TP concentration (0.33 pM)
from June 1998 to December 1999 was nearly
identical to the estimated I/E switch (0.3 nM) for
the dwarf mangrove wetland. This suggests
that this particular wetland may be balanced in
terms of total phosphorus exchange, and any
increase or decrease in water column concen-
trations of TP in the dwarf mangrove may act to
offset this balance. However, further intensive
evaluation of the factors controlling the avail-
ability and fluxes of both of these constituents
needs to be done in order to draw more reliable
conclusions for the mangrove wetlands of the
southern Everglades.

SUMMARY

We identified a number of factors that were
useful in explaining the variability observed in
the concentrations and fluxes of materials in the
Taylor River mangrove wetlands. Season and
water source were effective at explaining con-
centrations at both sites, especially for TOC,
DOC, TN, and TP. With the exception of TP,
these constituents were all likely derived from
the same upland source. Dissolved inorganic
nutrients, on the other hand, appeared to be
derived via in situ transformation processes or

from Florida Bay. Fluxes of materials, especially
nitrogen species, were explainable by water
temperature, salinity, and nutrient concentra-
tions. However, calculated r* values for these
relationships were often weak, suggesting these
factors alone do not account for the fluxes of
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materials we measured. Instead, they likely act in con-
cert with other physical, chemical or biological factors
to shape nutrient flux patterns in estuarine wetlands
such those we considered.

Our findings indicate that the processes controlling
nutrient and organic matter dynamics in the southern
Everglades mangrove zone are sensitive to the regular,
intra-annual variability in the factors we considered.
Thus, we would expect these same processes to be
sensitive to long-term alterations in freshwater deliv-
ery as a result of Everglades restoration. Freshwater
flow through these estuarine wetlands into northeast
Florida Bay is expected to increase with the advance-
ment of Everglades restoration. The immediate effects
of restoration will likely be changes in intra- and inter-
annual water quality (salinity, nutrients, etc.) patterns.
We expect these changes will affect ecological pro-
cessing of materials in these estuarine wetlands, pos-
sibly leading to changes in wetland-water column
exchanges as well as exchanges with adjacent systems
(e.g. FW Everglades and Florida Bay).
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