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Abstract: We estimated the net exchange of nitrogen and phosphorus species using core incuba-
tions under light and dark conditions in estuarine lakes that are the aquatic interface between the
freshwater Everglades and marine Florida Bay. These lakes and adjacent shallow water Florida Bay
environments are sites where the restoration of hydrological flows will likely have the largest impact
on salinity. Sediment respiration, measured by oxygen uptake, averaged (±S.D.) −2400 ± 1300,
−300 ± 1000, and 1900 ± 1400 µmol m−2 h−1 for dark incubations, light incubations, and gross
photosynthesis estimates, respectively, with dark incubations consistent with oxygen uptake mea-
sured by microelectrode profiles. Although most fluxes of soluble reactive phosphorus, nitrate,
and N2–N were low under both light and dark incubation conditions, we observed a number of
very high efflux events of NH4

+ during dark incubations. A significant decrease in NH4
+flux was

observed in the light. The largest differences between light and dark effluxes of NH4
+ occurred in

lakes during periods of low coverage of the aquatic macrophyte Chara hornemannii Wallman, with
NH4

+ effluxes > 200 µmol m−2 h−1. Increasing freshwater flow from the Everglades is expected to
expand lower salinity environments suitable for Chara, and therefore, diminish the sediment NH4

+

effluxes that may fuel algal blooms.

Keywords: nutrient fluxes; Everglades; sediment; Chara; water management

1. Introduction

The land–sea interface in coastal ecosystems faces numerous challenges including
eutrophication, shoreline alteration due to development, sea-level rise-driven erosion of
shorelines and wetlands, and changes in the hydrological connection between land and
watersheds. Changes to the hydrology of coastal ecosystems alters water residence times,
the timing and amount of nutrient input, rates of nutrient biogeochemical cycling, and the
balance between benthic and water column primary production. Benthic biogeochemical
processes respond to changes in salinity, temperature, pH, and organic matter loading [1–4],
altering the rate, direction, and nature of nitrogen (N) and phosphorus (P) flux to the
water column.

The intention of water management operational and restoration plans over the past
decade in south Florida has been the restoration and improvement of the quantity, timing,
and distribution of freshwater flow through the Everglades to Florida Bay, without com-
promising the regional water quality. The enhancement of water flows into the southern
Everglades is a major part of the Comprehensive Everglades Restoration Plan (CERP). The
net balance of N and P within these aquatic ecosystems is a function of freshwater inputs
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from the Everglades, saline inputs from Florida Bay, and internal cycling. The restoration
of freshwater flows into the coastal ecosystem can have myriad beneficial effects such
as improved habitat for submerged aquatic vegetation [5], though the deleterious effects
of increased nutrient inputs are a concern to both freshwater and downstream estuarine
environments [6–8].

The mangrove-lined, saline lakes adjacent to Florida Bay serve as the marine terminus
of the Everglades ecosystem and have experienced large changes in freshwater flow from
the Everglades [9]. Increased flow has impacted nutrient loading, salinity, the biomass,
and species composition of submerged aquatic vegetation, as well as algal blooms in some
lakes [5]. Increased freshwater flows through these lakes may increase nutrient transport
to the Bay and potentially stimulate microalgal blooms in the Bay. The internal sources
and feedbacks of these elevated nutrients have not been assessed, but could be in part,
due to benthic nutrient exchange with the water column. An understanding of internal
nutrient cycling processes is necessary to identify the environmental controls of algal and
submerged aquatic vegetation (SAV) communities.

Understanding the sediment biogeochemical response to hydrological shifts is nec-
essary to determine the internal sources of N and P which may be important regulators
of microalgal [10] and macrophyte [11] production. In Florida Bay, the regeneration of
sediment N through remineralization is ~10 fold higher than N that is regenerated in the
water column [12]. In addition, N cycling in sulfidic sub-tropical sediments often results in
the dominance of NH4

+ effluxes [13], the most favorable form of N for algal nutrition. The
strong adsorption of P to the carbonate sediments in the Bay makes this an important P
sink [14], however, high inputs of reactive P from the Gulf of Mexico [15], the watershed [7]
and sediments [16] are important sources of P to the system. Sediment fluxes of N and P
may stimulate water column algal blooms and assemblages [17] as well as stimulate the
growth of toxic benthic algae [18].

The goal of this research was to determine whether changes in salinity and/or sub-
merged aquatic vegetation (SAV) coverage changed the net exchange of N and P across
the sediment–water interface. We measured the sediment–water exchange of nutrients
and dissolved gases, as well as pore water chemistry and solid phase chemical composi-
tion to quantify the range of nutrient recycling in six mangrove lakes and two adjacent
estuarine embayments.

2. Materials and Methods

The study area (Figure 1) consisted of many of the same lakes and estuarine envi-
ronments described by Frankovich et al. in 2011 [5]. In this shallow water system, water
depths vary with hydrologic conditions but are generally < 2 m depth with little change
in bathymetry across each lake or embayment. The study sites generally have well oxy-
genated water columns except for some seasonal (fall/winter) short-term anoxia/hypoxia
(<4 h) at night, especially in West Lake. The study sites all had a similar sediment type
consisting of fine-grained carbonate sediments. Sample parameters and dates are listed in
Table 1. Sediments were collected in June 2010, May 2011, June 2012, and December 2013,
with water temperatures varying from 24–34 ◦C and salinities from 3–58 psu (Table 2). The
mangrove lakes were connected to Florida Bay via Alligator Creek to the west and Mc-
Cormick Creek to the east. The Alligator Creek sub-estuary includes West Lake, Cuthbert
Lake, Long Lake, and Garfield Bight, while the McCormick Creek sub-estuary includes
Seven Palm Lake, Middle Lake, Monroe Lake, and Terrapin Bay (Figure 1). These two
drainages are referred to as the West Lake Chain and Seven Palm Lake Chain. Within
each lake, three coring sites were selected to represent the lake; in Cuthbert and Seven
Palm Lakes, coring sites were limited to the fringe regions of the lake due to thin (<10 cm)
sediment layers overlying carbonate rock in the rest of the lake. The benthos has generally
been dominated by Chara hornemannii, or was unvegetated [5]. The two estuarine sites,
Garfield Bight and Terrapin Bay, had either bare sediments or both the seagrass Halodule
wrightii and the alga Batophora oerstedii.
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Figure 1. Location of Everglades Study Lakes and sampling sites.

Table 1. Florida coastal lake site locations, dates, and measured parameters.

Site Date Sediment Flux Porewater Diagenetic NH4
+ O2 Profiles Chara

West

July 2010 × ×
May 2011 × ×
June 2012 × ×

December 2013 × × × × ×

Long
July 2010 ×
May 2011 ×

December 2013 × × × ×

Cuthbert
June 2012 ×

December 2013 × × × ×

Seven Palm
July 2010 × ×
May 2011 × ×
June 2012 × ×
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Table 1. Cont.

Site Date Sediment Flux Porewater Diagenetic NH4
+ O2 Profiles Chara

Monroe
July 2010 × ×
May 2011 × ×
June 2012 × ×

Terrapin July 2010 ×
May 2011 ×

Garfield
July 2010 ×
May 2011 ×

Table 2. Site locations, temperature, and salinity for each sample time. The sediment data are the averages of all measure-
ments over time. All are saline lake environments except Terrapin and Garfield Bights which are shallow embayments
within Florida Bay. Error bars represent one standard deviation. Sediment Chl a is reported as an average of three cores.
The column labeled n lists the number of observations for Org C, N, IP, OP, and CaCO3-C.

Site Date S T Chl a n Org C N IP OP CaCO3-C

Psu ◦C mg m−2 % % mg g−1 mg g−1 %

West

July 2010 19 30 10 ± 10
May 2011 17 31 21 ± 8
June 2012 21 31 22 ± 12

December 2013 8 25 22 ± 12 12 4 ± 2 0.6 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 9 ± 1

Long
July 2010 30 32 26 ± 12
May 2011 54 31 60 ± 24

December 2013 6 25 24 ± 3 9 6 ± 1 0.7 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 6 ± 1

Cuthbert
June 2012 18 30 35 ± 7

December 2013 3 24 40 ± 15 6 13 ± 4 1.3 ± 0.8 0.9 ± 0.4 0.5 ± 0.2 4 ± 2

Seven Palm
July 2010 20 34 27 ± 5
May 2011 22 30 55 ± 13
June 2012 12 31 25 ± 7 9 6 ± 1 0.8 ± 0.8 0.2 ± 0.0 0.2 ± 0.1 7 ± 1

Monroe
July 2010 30 34 23 ± 15
May 2011 42 30 19 ± 4
June 2012 14 31 21 ± 4 9 4 ± 1 0.3 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 8 ± 2

Terrapin July 2010 36 33 31 ± 9
May 2011 45 31 32 ± 5 6 4 ± 1 0.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 8 ± 1

Garfield
July 2010 47 32 45 ± 17
May 2011 58 33 16 ± 1 6 5 ± 1 0.6 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 7 ± 1

2.1. Sediment Field Collections

Translucent PVC cores, 30 cm long with a 10 cm inner diameter were pushed into the
sediment by either direct insertion by hand or by use of a pole corer [19]; cores with any
disturbance of the sediment–water interface were discarded. After collection, cores were
shaded and returned to the incubation facility where they were placed in an incubator and
set to the same temperatures observed in the field. Water for the incubation experiments
was collected in 20 L carboys at the sites of the core collection. Additional site data included
light levels at both the water and sediment surfaces using a Li Cor 2π PAR sensor, and
both temperature and salinity measured with YSI sondes. Salinity data for West Lake was
obtained from a continuous data set of recorded measurements using a YSI 6600 sonde.

2.2. Macrophyte Coverage, Chlorophyll a and Salinity

The abundance of benthic macrophytes and sediment flux was determined at multiple
sites in each lake or estuary. Unfortunately, the timing of the macrophyte surveys coincided
with our sediment flux measurements only at West, Monroe, and Seven Palm Lakes. The
macrophyte surveys for Cuthbert Lake, Long Lake, Garfield Bight, and Terrapin Bay were
conducted a few years previous to this study. Mean percent bottom coverage was estimated
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from 15 observations taken within a 30 m radius of the site locations using a 0.25 m2

quadrat [5]. No Chara biomass data were collected which could introduce some uncertainty
in the total amount of Chara present during sampling. Continuous measurements of water
column salinity and chlorophyll a were measured with YSI 6600 sondes.

2.3. Sediment–Water Exchange Measurements

The open sediment cores were bathed overnight in overlying water and a bubble-lift
system circulated the overlying water in the cores to maintain oxygen saturation [19].
The following day, stirring lids were added to the top of each of the cores. The sediment
cores were incubated initially under dark conditions for ~4 h sampled at 1 h time points,
followed by a 2–3 h incubation under light conditions in most cases. Seven sampling
time points were used, with 3 in the dark, 1 at the light/dark transition, and 3 in the
light. Oxygen levels did not drop below 50% saturation. A broad-spectrum light was
provided by a Tek Light system (2010–2012 incubations), which provided an irradiance
of 225 µmol photons m−2 s−1 in the tank at the level of the sediment. Previous work in
Florida Bay [20] suggested that this light level saturates benthic microalgal photosynthesis.
In 2013, light was provided by a Feliz 250W 6500K full spectrum compact fluorescent light
which provided an additional 75 µmol photons m−2 s−1 to the sediment surface. Cores
were incubated with water collected at each lake to maintain ambient salinity and nutrient
concentrations. The overlying water was sampled for dissolved gases, soluble reactive
phosphorus (SRP), ammonium (NH4

+) and nitrate + nitrite (NO2+3). Using gravity-fed
replacement water, samples for the analysis of N2, O2, and Ar were collected in 7 mL
glass stoppered tubes, preserved with mercuric chloride [19] and stored under water at
temperatures lower than the incubation temperature. Samples for dissolved nutrients were
syringe filtered (0.45 µm) and frozen until analysis. Upon completion of the incubations,
samples for benthic chlorophyll a analysis were collected using a modified syringe corer
and stored frozen until analysis. Gross photosynthesis was estimated by calculating the
absolute value of the difference between dark and light O2 fluxes. This calculation assumes
that sediment dark respiration rate does not change in the light.

2.4. Pore Water Chemistry

Pore water chemistry was determined on the December 2013 sediment flux cores only.
After the removal of the overlying water, cores were extruded within a N2-filled glove bag
to minimize oxidation artifacts [21], and sectioned into 2 cm depth intervals that were then
placed into 50 mL centrifuge tubes. Core sampling intervals were 0–2, 2–4, 4–6, 6–8, 8–10,
and 10–12 cm. After centrifugation at 2000 G, the pore water was filtered with 0.45 µm
polycarbonate filters and subsampled into individual vials. Samples for hydrogen sulfide,
soluble reactive phosphorus (SRP), and ammonium (NH4

+) were collected and analyzed
spectrophotometrically [22,23].

2.5. Solid Phase Chemistry

Sediment chlorophyll a was determined fluorometrically after acetone extraction [23].
After water content was determined by drying at 65◦C, the sediment was ground to a fine
powder with a mortar and pestle. Total carbon © and N concentrations were determined
using a CHN analyzer (EPA method 440.0), with sediment inorganic (carbonate) carbon
determined via acidification/gas chromatography [24]. Organic carbon was calculated
as the difference between the total and inorganic C. Sediment total P was determined
with/without sediment ashing followed by an acid (HCl) extraction [14,25]; inorganic P
was determined on acid extractions of unashed sediment. The difference between total
and inorganic P was organic P [26]. The HCl extraction on unashed sediment includes P
associated with carbonate/apatite, metal oxides and adsorbed components of the sediment.
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2.6. Vertical Diagenetic Rate Profiles

In December 2013, volumetric rates of NH4
+ production were determined using

anaerobic sediment jar experiments [27,28]. In an N2-filled glove bag, 25 mL of sediment
was added to a jar with a septa top, 100 mL of N2-bubbled surface water was added to fill
the jar, and sealed. Jars were sampled at 0, 2, 8, and 26 days. For each sample time point,
we gently swirled the sediment–water mixture prior to sampling. Samples were removed
using a syringe, replacement anaerobic water was added, and the sample syringe-filtered
(0.45 µm). At the end of the experiment, a well-mixed aliquot of sediment and overlying
water was subsampled and extracted with KCl to estimate the concentration of adsorbed
NH4

+ [29]. All time course data were corrected to total NH4
+ from the ratio of adsorbed to

dissolved NH4
+. Concentrations of NH4

+ were determined spectrophotometrically [23]
and production rates were determined by the linear regression of change in concentration
with time.

2.7. Oxygen Microelectrode Profiles

We measured the sediment microprofiles of O2 to determine whether pore water
advection by bioirrigating infauna was an important process in these saline lake sediments.
Profiles of oxygen were determined in the dark using an oxygen microelectrode (Unisense
LLC, 0.05 mm tip) with 0.1 mm vertical resolution intervals [30]. Diffusive fluxes of O2
across the sediment–water interface were estimated using the vertical oxygen gradient
with diffusion coefficients corrected for temperature and tortuosity [31]. Microelectrode
profiles of O2 were measured only in 2013 at Cuthbert Lake, Long Lake, and West Lake.

2.8. Gas and Solute Analysis

The analysis of N2:Ar and O2:Ar gas ratios was carried out by membrane inlet mass
spectrometry [32] with a precision of ≤0.02%. The mass spectrometer was calibrated
using water standards saturated at controlled temperatures (±0.02 ◦C) and gas ratios were
converted to concentrations using literature coefficients [33].

3. Results

In West, Monroe and Seven Palm Lakes, high temporal variability in the coverage of
the macroalga Chara hornemanii Wallman was observed during the period of this study
(Figure 2). In West Lake, similar high variability in Chara coverage was noted from 2006 to
2009 [5], followed by low coverage during the period 2009–2011 and high coverage after
2011. The highest water column chlorophyll a concentrations (95.8 µg L−1) in West Lake
corresponded to periods of low Chara coverage. In Monroe Lake, the highest water column
chlorophyll a concentration occurred during a period of increasing Chara cover, while an
increase in water column chlorophyll a in Seven Palm Lake occurred during a period of
decreasing Chara cover.

The lake average sediment inorganic C concentration ranged from 4–9% CO3-C
(Table 2). The total proportion of CaCO3 by mass was > 50% of the sediment mass except
at Cuthbert Lake (33% CaCO3). Although grain size was not determined, these sediments
were fine-grained and generally flocculent in nature. Sediment organic C concentrations
were 4–13% of dry sediment weight, with Cuthbert having concentrations of 13%. Con-
centrations of inorganic N were 0.3–0.8% of dry sediment weight, except for Cuthbert at
1.3%. Sediment inorganic P concentrations were 0.1–0.3 mg g−1, similar to concentrations
in Florida Bay and Everglades environments [34]; at Cuthbert, concentrations were higher
(0.9 mg g−1). Organic P concentrations were of a similar magnitude to the inorganic P.
Sediment chlorophyll a concentrations ranged from 10–60 mg m−2.
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Figure 2. Time courses of coverage of Chara, water column chlorophyll a concentrations, salinity and
sediment–water ammonium exchange for West, Monroe, and Seven Palm Lakes. The sediment flux
data are average (+S.D.) fluxes are from three sites within each lake.

No pore water data were collected from sites in the Monroe, Terrapin, Garfield or
Seven Palm. Pore water profiles of H2S, NH4

+, and SRP showed moderate variability
within each lake, with higher concentrations found at Cuthbert Lake (Figure 3). Hydrogen
sulfide concentrations were low near the sediment–water interface at all sites, with the
H2S concentrations increasing rapidly with the depth at Cuthbert Lake where the highest
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concentrations exceeded 2000 µmol L−1. Pore water NH4
+ concentrations were high in

all cores, with the profile at the Cuthbert Lake site B exceeding 1000 µmol L−1 at all
depths below 2 cm. Pore water SRP concentrations were low near the sediment–water
interface (<1 µmol L−1) increasing to 5–10 µmol L−1 in the West and Long Lakes. High
concentrations of SRP were observed at depth in the B and C sites in Cuthbert Lake
(>45 µmol L−1). Rates of NH4

+ production were generally higher near the sediment–
water interface and rates decreased slowly with depth in West and Long Lakes. High
production rates of NH4

+ were consistent with observations of higher porewater NH4
+

concentrations in Cuthbert Lake. The Cuthbert Lake B profile had a very sharp decrease in
NH4

+ production below the top 2 cm.
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Light–dark incubations of sediments showed large shifts in the rates of O2 flux, with a
decrease in uptake or O2 production in the light (Figure 4A). Microelectrode profiles of O2
measured in the dark (Figure 4B) showed O2 penetration of 2 mm in Long and West Lakes,
and about 1.5 mm in Cuthbert Lake. Within each lake, profiles were similar. The 2013
microelectrode O2 data provided flux estimates that were similar to core incubation fluxes,
except at the highest rate of O2 uptake (Figure 4C). Combining all measurements resulted
in mean O2 fluxes (±S.D.) of −2368 ± 1271, −303 ± 979, and 1914 ± 1423 µmol m−2 h−1

for dark incubations, light incubations, and gross photosynthesis, respectively (Figure 4D).
A Kruskal–Wallis one-way ANOVA on ranks yielded significant (p < 0.01) differences
between dark fluxes, light fluxes, and gross photosynthesis (Figure 4D).
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Figure 4. Oxygen flux data from southern Everglades estuarine environments. Light–dark data (A)
from single cores illustrate the effects of benthic microalgae. Numbers in parentheses indicate Chara
coverage and negative signs indicate no Chara present at sampling (no coverage data available).
Oxygen microelectrode profiles (B) are the average (+/− S.D.) of three cores from the three lake
systems sampled in 2013. A comparison of O2 fluxes calculated from microelectrode profiles to core
fluxes is plotted relative to the 1:1 line (C). All lake and estuarine oxygen flux data are presented
as box plots (D), with dark, light, and photosynthesis rates all significantly different (p < 0.001,
Kruskal–Wallis one-way ANOVA on ranks). The 10th and 90th percentiles (whiskers) along with the
25th, 50th (median), and 75th percentiles (boxes). Dots represent outliers in the data. Letters above
bars denote significance.
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Sediment N fluxes are plotted with boxes representing the 25th, 50th (median), and
75th percentiles with whiskers showing the lower 10th and upper 90th percentiles and dots
representing data outliers (Figure 5). The median rates show a small net uptake of NOx
in the light (median = −6 µmol m−2 h−1) and dark (median = −8 µmol m−2 h−1), N2–N
fluxes having similar dark and light rates (median = 22 (dark), 20 (light) µmol m−2 h−1,
respectively) and median dark rates of NH4

+ efflux significantly higher than light rates
(83 versus 25 µmol m−2 h−1; p < 0.05). The highest effluxes of NH4

+ (>500 µmol m−2 h−1)
were observed in May 2011 at Seven Palm Lake and at one site in Cuthbert in 2013 that had
an efflux of 1283 µmol m−2 h−1. The highest rates of NH4

+ efflux corresponded to periods
of low Chara coverage (Figure 2). The flux of NH4

+ exhibited a strong negative correlation
with Chara coverage for Seven Palm, Monroe, and West Lakes; with Pearson correlation
coefficients of (PCCs) −0.91, −0.71, and −0.52, respectively (Table 3).
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Table 3. Pearson correlation coefficients (PCCs) for Chara coverage and sediment nutrient flux. Blank
cells represent no significant relationship.

Site Date NH4
+ SRP

West

July 2010

Chara −0.71
May 2011
June 2012

December 2013

Seven Palm
July 2010

Chara −0.91 −0.85May 2011
December 2012

Monroe
July 2010

Chara −0.52 −0.28May 2011
December 2012



J. Mar. Sci. Eng. 2021, 9, 626 11 of 16

Measurable fluxes of SRP were found on an infrequent basis, with the highest average
efflux of <5 µmol m−2 h−1 (Figure 6). In the few instances where both dark and light
SRP fluxes were observed, the dark rates were always higher, with the highest rates of
uptake in the light from Garfield in 2011. Seven Palm and Monroe Lakes had a strong
negative correlation with Chara coverage and SRP flux; with PCCs of −0.85 and −0.28,
respectively (Table 3).
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4. Discussion

Rates of benthic N and P exchange along this estuarine gradient were not correlated
to salinity (P data not shown) (Figure 7), but highly elevated NH4

+ effluxes appeared to
coincide with large decreases in Chara cover (Figure 2). The observed increases in the NH4

+

efflux in the absence of Chara can arise because of decomposition of the previous Chara
biomass, or increased recycling from sedimented phytoplankton blooms that are more
prevalent without Chara. The presence of macroalgae can regulate water column NH4

+

availability through the direct sequestration of NH4
+ efflux from the sediment [35,36].

Salinity may have an indirect influence on nutrient exchange into the water column by
influencing Chara cover. In Monroe, Middle, and Seven Palm Lakes of the Seven Palm
Lake Chain, Chara cover was inversely related to salinity [37], but this relationship was not
observed in other lakes where poor water transparency coinciding with high phytoplankton
concentrations limited light availability and exerted greater effects on Chara cover.
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The net effect of these sediment N flux observations on the balance of algal and benthic
macrophyte productivity is complicated by the lack of correspondingly high effluxes of SRP.
Seven Palm and Monroe Lakes did exhibit a negative correlation between Chara coverage
and SRP flux but the same trend was not observed for West Lake. The efflux of SRP under
low Chara coverage, albeit small, does suggests that Chara may also help regulate the
supply of SRP to the water column. Chara in Lake Okeechobee was found to sequester
large amounts of SRP via direct water column uptake and possibly through stabilization
of the sediment preventing resuspension [38]. Increased water column chlorophyll a
concentration generally occurred during or after Chara losses, and these data suggest that
effluxes of NH4

+ may be an important supply of N for algal nutrition. The SRP sources for
the high chlorophyll a spikes may result from either increased P release from the sediment,
upstream or downstream P loading, or other sources [5,7,15]. Recent work in this system
suggests that N nutrients in the form of NH4

+ may be important in the development of
dense picoplankton blooms [39].

Nutrient efflux/influx is a function of water column O2 concentration [40], labile
organic matter sedimentation, rates of remineralization [41] and both macrophyte [11] and
microalgal [10] production. These processes are influenced by temperature and salinity.
Sudden increases in salinity can release NH4

+ adsorbed to sediments [3]. Salinity and tem-
perature also affect the significance of the dissimilatory nitrate reduction to the ammonium
(DNRA) pathway [4] and the efficiency of P efflux [42,43]. The observed range in salinities
of 3–58 psu did not account for the observed large changes in nutrient effluxes, particularly
NH4

+ (Figure 7). Brief diel water column anoxia/hypoxia episodes that occur seasonally
in the study area may have had an impact on sediment biogeochemistry leading to short
periods of higher sediment flux of both N and SRP.

Denitrification rates (net N2 effluxes) were generally much lower than observed in
Florida Bay [13], and illumination appeared to have no major effect on rates in these
sedimentary environments. In contrast, modeling Florida Bay sediment nutrient dynam-
ics [20,44] suggested that benthic microalgae out-compete nitrifiers for remineralized NH4

+,
resulting in diminished rates of denitrification [45]. Small NO3

− uptake rates suggest that
denitrification may be NO3

− limited, possibly because of the prevalence of DNRA in
sulfidic sediments [46]. Low rates of nitrification have been observed in other sulfidic
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environments [47], limiting the concentration of NO3
− for denitrification. The pore water

profiles (Figure 3) in West and Long Lakes do not show high levels of H2S in near surface
sediments, suggesting that at these locations, H2S was less important in limiting the supply
of NO3

− for denitrification. The supply of O2 for nitrification could also be limited in these
sediments by the upward diffusion of pore water H2S.

The sedimentary environments along this estuarine gradient were generally similar to
observations in other southern Everglades and Florida Bay studies. The high carbonate
concentrations are consistent with sediment observations in this area and total P and
N concentrations were similar to those observed in the freshwater to estuary transects
in the southern Everglades [34,48,49]. Cuthbert Lake had the highest organic matter
and total phosphorus concentrations observed in this study. Previous measurements of
sediment P content near a Cuthbert Lake bird rookery [50] were very high (2–35 mg g−1),
suggesting that these high concentrations in Cuthbert Lake are not anomalous. The lake
and estuary sediment chlorophyll a concentrations were generally very similar to Florida
Bay observations [51]. Low near-surface concentrations of pore water SRP are consistent
with Florida Bay concentrations [52], however, concentrations > 10 µmol L−1 at depth
were observed in this study. The low sediment Fe content of these carbonate sediments
generally limits the Fe binding of P as a control on P release [34]. Pore water observations
in seagrass beds in Florida Bay [53], showed pore water SRP concentrations ranging from
below detection to 34 µmol L−1 with a median of 0.34 µmol L−1, and NH4

+ concentrations
between 6 and 2400 µmol L−1 with a median of 79. The occurrence of elevated SRP
concentrations is coincident with the elevated concentrations of NH4

+ and solid phase
inorganic P shown in this study.

The average sediment dark oxygen uptake rate was within the range observed in
Florida Bay [54] and pond environments in nearby Taylor Slough [55]. The Yarbro and
Carlson [54] light O2 flux measurements resulted in a flux of oxygen into the overlying
water, and on a 24 h basis, resulted in net oxygen fluxes that varied between net autotrophic
to net heterotrophic. Presumably because of terrestrial/watershed organic carbon subsidies,
the lakes in this study appeared net heterotrophic. The strong correlation between electrode
and incubation methods for measuring oxygen fluxes strongly suggests that molecular
diffusion rather than bioirrigation is the dominant gas transport process in the top few mm
of sediment. This suggests little role for benthic animals in nutrient biogeochemistry and
exchange in this system with large salinity changes. The lack of bioirrigation can also result
in the lower efficiency of denitrification and promote the recycling of N nutrients from the
sediments [40].

The biogeochemical implications of increased freshwater flow have been studied in a
variety of ecotones [56–58]. The net balance of N and P within these aquatic ecosystems
is a function of external inputs from the Everglades and Florida Bay, and internal cycling.
Within these study lakes, Chara abundance varies seasonally where water transparency
is low and over longer time periods in areas where light is less limiting [37]. Temporal
cycles of macroalgal production and decomposition appear to play an important role
in controlling nutrient balances in the brackish study lakes and other shallow coastal
lagoons [59,60]. High salinity appears to exert an important control on Chara populations,
and in turn, Chara disappearance coincides with high NH4

+ effluxes from sediments and
higher phytoplankton abundances. With the low temporal resolution of this study, we
cannot distinguish whether the enhanced N fluxes occur from the decomposition of Chara
or from the decomposition of microalgal organic matter from enhanced biomass during
periods without Chara. Sediment processes are responsive to changes in the ecosystem,
with variable NH4

+ effluxes reflecting the trajectory of organic matter inputs. The retention
of N within lake biomass and sediments during longer term periods of higher benthic
macrophyte cover may buffer downstream effects of increased flow as Everglades water
mixes with P-rich water of western Florida Bay [58].
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5. Conclusions

These results show that changes in salinity that affect the survival of submerged
aquatic vegetation affected the net exchange of N and P across the sediment–water interface.
The balance of nutrient flux from the Everglades to Florida Bay is thus strongly affected by
the retention of N and P during periods of macrophyte abundance. Conversely, when the
Chara community is depleted, both the lack of retention by Chara and the depuration of
sediment organic matter, N and P derived from both Chara and algae, diminish the role of
these coastal lakes as a nutrient filter.
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