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ABSTRACT
Caleb King: Dissolved Inorganic Nitrogen Recycling in Florida Bay
(Under the guidance of Christopher S. Martens)
Florida Bay, a shallow, subtropical estuary bounded by the Everglades and Florida Keys,
is a semi-enclosed ecosystem that has been heavily altered by changes in water management,
surrounding land use, and industrialization. In particular, alterations to its nitrogen cycle from
numerous environmental and anthropogenic stressors have resulted in water quality degradation
and subsequent reoccurring cyanobacteria blooms responsible for mass die-offs of seagrasses
and sponges. This research sought to quantify the microbial processes controlling water-column
dissolved inorganic nitrogen transformations in Florida Bay and constrain previously unknown
components of its nitrogen budget. To accomplish the research’s goals, in situ 15N isotope tracer
techniques were used to measure potential rates of ammonium assimilation and ammonia +
nitrite oxidation (nitrification) in the water column at three sites representative of nearshore
environments and restricted circulation basins. In September of 2013, a coincidental
Synecochoccus picocyanobacterium bloom provided a unique opportunity to explore the
detrimental impacts of such phenomena on surface-water DIN transformations.
Collectively, results indicate that turnover times of ammonium by phytoplankton
communities are relatively rapid and can occur in less than one day. Additionally, this study
confirms the dominance of ammonium assimilation by pelagic bacteria in Florida Bay, and also
illustrates the spatial heterogeneity of their activity. In contrast to assimilation, bay-wide rates of
ammonia oxidation were only marginally above detection, likely as a result of substrate
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competition with ammonium-assimilating communities. This effect was amplified under dense
cyanobacteria bloom conditions where ammonia oxidation rates approached our detection limits.
However, rates were elevated in the excurrent plumes of six marine sponges that expelled
copious amounts of ammonium, confirming the existence of ephemeral hotspots of nitrification
in oligotrophic environments. Nitrite conversion to nitrate (NO!! oxidation) unexpectedly
proceeded seven times faster than its prior step (NH!! oxidation) in every non-bloom
measurement. This surprising discovery indicates the potential importance of a poorly
understood mechanism of nitrite supply to the bay’s oxic water column.
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Dissolved Inorganic Nitrogen Recycling in Florida Bay
Introduction
Florida Bay is a subtropical estuary that is compartmentalized into shallow (~2m) basins
that impede water exchange via surrounding carbonate mudbanks. Median water turnover times
in select basins range between 6 and 63 days (Cosby et al., 2005), potentially allowing for
quantitative assessment of the pelagic cycling rates of nitrogen by heterotrophic,
chemoautotrophic, and photoautotrophic communities. This study, conducted in conjunction with
related research on the role of sponges in N cycling, sought to quantify the rates of microbialmediated ammonium transformations that occur within the oligotrophic water column of Florida
Bay in order to understand their role in the budget for dissolved inorganic nitrogen (DIN) and
their overall influence on the spatial heterogeneities of ammonium (NH!! ), nitrite (NO!
! ), and
nitrate (NO!
! ) concentrations. A special emphasis was given to measuring both steps of
!
!
nitrification, ammonia oxidation (NH3 → NO!
! ) and nitrite oxidation (NO! → NO! ), to

investigate a previously unknown component of Florida Bay’s nitrogen budget.
Florida Bay has traditionally been partitioned into three sections (western, central, and
northeastern) based upon its geomorphological constraints, freshwater contributions, oceanic
exchanges, and nutrient conditions (Boyer et al., 1999). Intra-annual variability in water
circulation is generally forced by wind, mixed micro-tidal exchanges, boundary currents,
stratification induced by precipitation/evaporation and surface-water inflow (Lee et al., 2006).
Within the central and northeastern sections of the bay, hypersaline water lenses form as a result
of seasonally restricted water circulation and evaporative conditions. In general, the western bay,
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directly exposed to the Gulf of Mexico, is characterized as nitrogen limited (Boyer et al., 1999),
while the eastern bay is phosphorus limited (Boyer et al., 1999; Burd and Jackson, 2002;
Fourqurean et al., 1993). Variations from these conditions can occur during the rainy season as
inorganic and organic-bound nitrogen is added in the northeastern and central bay from Florida
Everglades and Florida Keys runoff (Boyer et al., 1999; Sutula et al., 2003). However, the
addition of new nitrogen to Florida Bay from runoff pales in comparison to the total annual DIN
(6,200 MT y-1) that may be introduced via groundwater intrusions and atmospheric deposition
(Hunt and Nuttle, 2007). Long-term monitoring (SERC-FIU WQMN Program) and single time
point studies have revealed spatial and temporal trends in the chemical speciation of DIN in
Florida Bay. Broadly, the northeastern and portions of the central bay are characterized as high
!
NOx (NO!
! + NO! ) environments where concentrations reach their maxima from November-

March and minima in the wetter summer and early fall months (Boyer et al., 1999; Burd and
Jackson, 2002). In contrast, ammonium concentrations are greatest in the central and western
portions of the bay where NH!! to NO!
! ratios are as high as 10:1 (Boyer et al., 1999; Lavrentyev
et al., 1998). While seasonal trends are not as evident for NH!! compared to NOx, extraction of
long-term monitoring data suggests that concentrations in the central and western portions of the
bay reach their maxima (>5 µM) during the fall and winter months but minima (<1 µM) during
the late spring and summer rainy season, thus suggesting that ammonium concentrations are a
function of reduced water residence times (Boyer et al., 1999). As seawater is retained and
advection is restricted during Florida Bay’s dry season, nutrient concentrations increase under
evaporative conditions as a result of pelagic remineralization of DON and thus can explain some
of the seasonal nutrient trends (McCarthy et al., 2009; Yarbro and Carlson, 2008). Though,
sponges are hypothesized to be significant sources of remineralized DIN for coral reef
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ecosystems and other coastal environments (Diaz and Ward, 1997; Jiménez and Ribes, 2007;
Southwell et al., 2008). Sponges, present at high biomass in Florida Bay (Peterson, 2006), have
recently been suggested to dominate all other inputs of recycled N to the bay with a DIN flux
greater than 215 mmol N m-2 y-1 (Hoer, 2015). This flux likely represents an underestimate
because of the large unquantified biomass of the species Chondrilla nucula associated with
seagrasses (Martens et al., unpublished data). The release of DIN from High Microbial Sponges
(HMA’s) is generally as NOx (Hoer, 2015; Southwell et al., 2008) and as NH!! from Low
Microbial Abundance sponges
(LMA's; Hentschel et al., 2006).
Therefore, sponge-generated N
is partially responsible for the
spatial variability of DIN
speciation that occurs in Florida
Bay, particularly under relatively
stable, evaporative conditions
(Hoer, 2015).
High rates of DIN
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Figure 1-Map of the three Florida Bay locations (black
diamonds) where in situ rates were measured in this study.
Burnt Point (BP), Florida Fish and Wildlife Conservation
Commission (FWC), Mystery Basin (MB).

transformation should result
from high fluxes of NH!! from LMA sponges as well as other sources including pelagic and
benthic ammonification as previously observed in the backwaters of the subtropical Kochi
Estuary in India (Miranda et al., 2008). While phytoplankton preference is for reduced nitrogen
(NH4) compared to oxidized forms (NOx), the dominance of large diatoms (Lavrentyev et al.,
1998) and previous evidence for significant pelagic nitrate uptake in Florida Bay (Heil et al.,
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2007) suggests that NOx derived from water column nitrification and HMA sponges may be of
importance for primary productivity in the central and western portions of the bay. However,
reoccurring picocyanobacterial (Synechococcus) blooms in Florida Bay disrupt the normal rates
of pelagic and benthic DIN supply and demand, thus significantly altering surface water
concentrations (Glibert et al., 2009; Hoer, 2015; Phlips et al., 1999). Prolonged blooms, such as
those that occurred from 2005-2008 and 1991-1992, can result in extensive mortality of sponges,
seagrasses, and macroalgae that are collectively important for the recycling of DIN (Butler et al.,
1995; Glibert et al., 2009). Therefore, this thesis sought to evaluate the potential impacts of
cyanobacterial blooms on microbial DIN transformations, determine the fate of ammonium
exported from sponges, and define the relationship between water-column nitrogen
transformations and local water column concentrations in Florida Bay.
Methods
The assessment of water-column DIN transformations in Florida Bay presented here is
based on a series of field campaigns to conduct in situ experiments and collect discrete water
samples for an array of nutrient analyses. Post-field measurements of dissolved inorganic and
organic carbon and nitrogen concentrations were conducted at the University of North Carolina
at Chapel Hill, while particulate and dissolved carbon and nitrogen stable isotopic compositions
were analyzed under the guidance of Dr. Brian Popp at the University of Hawai‘i – Mānoa’s
Biogeochemical Stable Isotope Facility.
Study Sites
Two field campaigns were conducted in September 2013 and July 2014 in which three
major sampling sites (Figure 1) were chosen to best represent the central, western, and southern
portions of Florida Bay. Water depth at all three sites did not exceed 2.5 meters.

4

0

4

8 mi

Figure 2 - Adapted map of Florida Bay benthic coverage from site surveys, boat
transects, satellite imagery, and aerial photographs (Prager and Halley, 1997. 1:125,000.
St. Petersburg, FL. U.S. Geological Survey).

Figure 3 - Adapted map of Mystery Basin bottom types (see Figure 1 legend) with
an outline of the basin (dashed line) and all experimental sites (black circles)
labeled. Map scale is 1:13,000.
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At Mystery Basin (MB), nine sub-localities (Figures 2 & 3) were chosen and categorized by the
following major bottom-types: sea grass-dominated, sponge-dominated, and sandy hard bottom.
Seawater Sample Collections
Ambient seawater samples from each location were collected prior to in situ incubations
!
for measurements of ammonium (NH!! ), nitrite (NO!
! ), nitrate (NO! ), non-purgeable dissolved

organic carbon (NPDOC), δ18O of NOx, and δ15NOx. Ambient collections were made at the
identical depths from which incubations were conducted using SCUBA and triplicate acidwashed 60-mL syringes. Each syringe was fitted with an acid-washed stopcock, 0.25mm
polypropylene 2-piece cassette lined with a Teflon® O-ring, and a narrow length of silicon
tubing. Syringes and precombusted 0.25mm GF/F (Whatman) filters were rinsed with 60-180mL
of seawater from the same depth/location prior to sample collection. Both filters and water
samples were stored on ice until returning to the lab where aliquots from each syringe were used
as follows: 15mL immediately analyzed for ammonium, 20mL refrigerated (4°C) after the
addition of 100 µL of 50% H3PO4 for NPDOC, and the rest frozen (-60°C) in scintillation vials
for quantification of NOx or HDPE bottles for nitrogen and oxygen stable isotope analyses.
Ambient collections from sponge excurrents (Figure 4) were taken slowly (~ 2 mL s-1) in order
to obtain only water from the excurrent plume. Fluorescein dye was used to confirm that a
sponge was pumping after excurrent samples were collected.
15

N In Situ Incubations
Photoautotrophic Ammonium Assimilation – Seawater was collected 50cm from the

bottom with transparent acid-washed polycarbonate bottles (280mL, Nalgene) during the late
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Figure 4 – Photographs of sponge species from which the excurrent water was collected
for ammonia oxidation rate measurements. Genus and species were identified visually
from taxonomic databases and previous publication descriptions
A. Ircinia compana B. Spongia graminea C. Chondrilla nucula D. Halichondria
melandocia E. Spheciospongia vesparium
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morning hours, with the exception of one nighttime incubation at the Florida Fish and Wildlife
Conservation Commission locality (FWC). Each incubation bottle was enriched with enough 99
atom % 15NH!! (Cambridge Isotope Laboratories, Inc.) to increase overall ammonium
concentrations by ~10%. Consequently, initial isotope enrichments ranged between 3 and 30
atom % 15N (at %) as calculated from a mass balance equation that assumed ambient 15NH!!
activity was 0.3663 at %. Incubation bottles were returned to their collection depth and secured
to the lines of anchored buoys for 4 hours. Incubations were concluded by immediately storing
bottles in the dark and on ice until returning to the laboratory where samples were syringe
filtered through precombusted 0.25mm GF/F filters and divided for nutrient analyses. Filters
with particulate matter were frozen (-60°C) in scintillation vials and the volume of filtrate
recorded.
Bacterial Ammonium Assimilation – In order to distinguish between autotrophic and
heterotrophic ammonium assimilation a size-fractionation method was employed. In previous
work, the central and southern portions of Florida Bay have been characterized by photosynthetic
biomass consisting of micro and nanodiatom communities greater than 2µm in diameter
(Lavrentyev et al., 1998). Therefore, seawater was initially filtered through a 0.7µm GF/F filter
to remove the majority of autotrophs and the filtrate retained in a new acid-washed
polycarbonate bottle. Due to the potential presence of some picocyanabacterial communities,
such as Synecochoccus, we chose to conduct these incubations in the absence of light (dark
bottles) to reduce any potential phytoplankton NH!! assimilation. Similar to the photoautotrophic
incubations, seawater was collected 50cm from the bottom and enriched with enough 99 atom %
15

NH!! to increase overall ammonium concentrations by ~10%. Initial isotope enrichments did

not exceed 12 atom % for these incubations. Enriched incubation bottles were returned to depth
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and allowed to incubate for 4 hours before termination and subsequent filtration on
precombusted 0.3µm glass fiber filters. Filters with particulate matter were frozen (-60°C) in
scintillation vials and the filtrate divided for nutrient analyses. Photoautotrophic and bacterial
assimilation measurements are only available from the 2014 field campaign.
Ammonia and Nitrite Oxidation - Rates of ammonia and nitrite oxidation were measured
via the enrichment of incubation bottles with 100nM of either 99 atom % 15NH!! or 98 atom %
15

NO!
! (Cambridge Isotope Laboratories, Inc.), respectively. In situ incubations were conducted

in transparent acid-washed polycarbonate bottles at either 100 or 50cm off the bottom. Randomly
selected incubation bottles were completely covered in electrical tape in order to determine if 24hour dark bottles reduced assimilation/uptake of ammonium and nitrite by competing
phytoplankton communities. The initial enrichment of ammonium for all incubations ranged
between 1.7 and 89.7 atom % (median = 9.9 atom %), with greater enrichments in seawater
samples collected at localities experiencing a dense Synecochoccus bloom in September 2013.
Uniformly low NO!
! in Florida Bay resulted in initial enrichment of nitrite oxidation
bottles to be between 29.5 and 97.6 atom % (median = 48.5 atom %), which was greater than the
recommended 10% enrichment but necessary for analytical purposes. After termination of nitrite
oxidation incubations and subsequent filtration, excess 15NO!
! was removed using the
methodology described in Granger and Sigman (2009) in which the addition of 0.4M sulfamic
acid to a final pH < 3 for 15 minutes yields N2, sulfuric acid, and water. Samples were then
frozen (-60°C) after the addition of NaOH that neutralized each sample to a pH of ~7. The
efficiency of this method was tested in the laboratory on a standard solution of IAEA USGS 35
with varying concentrations of label (15NO!
! ) that spanned the range of starting nitrite values in
field incubations. Results (not shown) demonstrate that 15NO!
! concentrations less than 200nM
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can be successfully removed by sulfamic acid without compromising the δ15N and δ18O of the
standard solution.
Dissolved Nutrient Analyses
Ammonium Concentrations – The concentration of ammonium ([NH!! ]) in filtered
seawater samples was determined according to the method of (Holmes et al., 1999). Briefly,
15mL was aliquoted in to three acid-washed amber Nalgene bottles that had been copiously
rinsed with 18.2 MΩ ultrapure water. Standards were made daily and ranged from 10 to
2,000 nM via serial dilutions from a 1,000 mg/L stock solution of ammonium (Ricca Chemical).
Three replicates of samples and standards were allowed to incubate for greater than 3 hours after
the addition of 5mL of o-phthalaldehyde working reagent. Fluorescence was measured with a
Turner Designs fluorometer, model TD-700, fitted with an ammonium optical kit. Linearity of
standard curves always exceeded an R2 > 0.9, and ultrapure water blanks never exceeded the
detection limit of 10 nM determined by repeated standard measurements.
!
Nitrite and Nitrate Concentrations – Nitrite ([NO!
! ]) plus nitrate ([NO! ]) concentrations

of filtered seawater samples were assessed spectrophotometrically using a second generation
Spectrophotometric Elemental Analysis System (SEASII) equipped with peristaltic pumps and a
15cm pathlength liquid-core waveguide (Adornato et al., 2005; Byrne, 2009). The determination
of NOx concentrations was based upon the Griess Reaction, via cadmium reduction with
sulfanilamide and N-1-napthylethylenediamine dihydrochloride (NED) used for azo dye
formation. A buffer solution of NH4Cl and disodium EDTA at a pH of 8.5 was used to ensure
reduction over the Cd column. The concentration of NO!
! was measured independently for nitrite
oxidation incubations by removing both the buffer solution and the cadmium column. Ambient
nitrite was not determined on September 19, 2013, and instead was calculated from the ratio of

10

!
[NO!
! ] to [NO! ] at non-bloom MB localities measured the following day. Nitrite and nitrate

standards were diluted from new 1,000µg/mL stock solutions (©SPEX CertiPrep.) daily and
interspersed with samples. Seawater blanks from surface waters at station ALOHA never
exceeded the detection limit of 25 nM determined from multiple analyses of standard solutions.
All reported sample values are the average and standard deviation of either two or three
replicates.
Dissolved Organic Carbon – NPDOC was measured via combustion catalytic oxidation
and non-dispersive infrared (NDIR) detection on a Shimazdu TOC-L instrument that was
coupled to a Shimazdu TNM-L utilizing catalytic thermal decomposition and
chemiluminescence to assess TDN concentrations. NPDOC standards were generated from the
dilution of a potassium pthallate stock solution and TDN standards were prepared from the
dilution of a urea stock solution with 18.2 MΩ ultrapure water. Standards were interspersed for
quality control and the linearity of all standard curves exceeded an R2 > 0.992. Each replicate
sample vial was dispensed into two analysis tubes and concentrations reported for the subsequent
three to five instrument injections. Therefore, all reported sample values are an average of 24
measurements. Ultrapure water from the field (i.e., field blanks) was treated identically with
resulting concentrations < 20 µM for NPDOC.
Elemental and Stable Isotope Analyses
Particulate Organic Nitrogen – Frozen filters were lyophilized and folded in to large
silver capsules prior to combustion on a Costech ECS 4010 Elemental Combustion System
coupled to a Thermo Finnigan Delta XP mass spectrometer. Reported values are from one filter
measurement and have analytical uncertainties of ± 2‰ and ± 0.2‰ for 15N-labeled and nonlabeled filters, respectfully. Stable isotope values have been converted from their internationally
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corrected delta values to atom %15N for calculations. The reporting standard is AIR-N2 with an R
= 15N/14N = 0.0036782.
NOx Isotopic Composition - The δ15N and δ18O of N2O generated from nitrite + nitrate
using the “denitrifier method” was determined using the methods described in Sigman et al.
(2001) with modifications discussed in McIlvin and Casciotti (2011). Briefly, N2O was produced
using the denitrifying bacteria Pseudomonas aureofaciens, which lacks the enzyme nitrous oxide
(N2O) reductase. This N2O was then stripped from the reaction vial, cryofocused, separated on a
PoroPLOT Q capillary column, and injected into a Finnigan MAT252 mass spectrometer.
Samples and international reference materials (NIST 3, USGS 32, USGS 34, USGS 35) were
treated identically. Accuracy of this methodology was previously determined to be < ±0.5 (±
0.00018 atom % 15N) for samples containing >2.5 nmol of NOx. However, for samples
containing <2.5 nmol NOx, linearity corrections were necessary as determined from references at
varying low concentrations (Werner and Brand, 2001), and blank corrections calculated from an
indirect regression method described in Ohlsson (2013).
Rate Calculations
Since the introduction of apparent 15N uptake (𝑈! ) tracer experiments in marine
environments by Dugdale and Georing (1967), where 𝐼𝑝(!) is the 15N atom % of PON at time T,
𝐼𝑝(!) is the measured 15N atom % of ambient PON, 𝐼𝑠(!) is the 15N atom % of ammonium tracer
at time T, 15n is the 15N atom % of ambient NH!! (0.3663%), and [PON]A is the ambient
concentration of the PON pool, numerous studies have experimentally addressed the frequently
incorrect assumption that the enrichment of 15N labeled substrate remains constant throughout an
incubation (Blackburn, 1979; Caperon et al., 1979; Glibert et al., 1982)
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(1)

Kanda et al. (1987) appropriately noted the unrealistic complexities of measuring
dissolved inorganic nitrogen species, such as 15NH!! , at various time points and instead provided
a mathematical alternative (Equations 2,3, and 4) that utilizes the relative regeneration (R) to
potential uptake (UP) ratio of ammonium to determine its average enrichment (𝐼𝑠) throughout an
incubation and thus the isotope dilution effect as initially defined by Laws (1984). In many open
ocean and coastal environments, the regeneration and uptake of inorganic nutrients is generally
in steady-state (a = 1, Equation 2), but can range between 0.5 and 2 (Kanda et al., 1987) as
defined by:
(2)

To determine a quotient appropriate for calculating 𝐼𝑠, previously published daytime
NH!! uptake and regeneration rates for Florida Bay waters were utilized. Specifically, from
McCarthy et al. (2009), the average ratio for four sites across Florida Bay during the month of
August (0.8 ± 0.2) was used for bacterial and photoautotrophic assimilation incubations in which
the gross change in ammonium concentrations (final [NH!! ] – initial [NH!! ]) was less than zero
(N=11). In the event that the change in [NH!! ] was greater than zero (N=5), the average ratio of
1.1 ± 0.5 from the same four sites during “dark” (i.e. nighttime) incubations was used instead
(McCarthy et al., 2009). By using the apparent consumption of NH!! (b) obtained from
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Equation 3, where [𝑁𝐻!! ]A is the ambient and [𝑁𝐻!! ]T is the tracer concentration of ammonium,
and with the approximate ratio (a) from Equation 2, the isotope dilution effect can be derived
using the value of x (Equation 4).
(3)

(4)

The value of 𝐼𝑠 in the incubations can also be determined by using the average daytime or
nighttime regneration and uptake rates extracted from McCarthy et al. (2009) via Equation 5.
(5)

The model discussed above assumes the following: (i) uptake and regeneration rates are
constant; (ii) there is no recycling of the 15N substrate; (iii) the concentrations of PON remain
constant; (iv) the 15N substrate is not removed by processes other than direct assimilation. As for
the results presented in this study, similar assumptions will apply with the understanding that
uptake and regeneration rates can vary diurnally under non-bloom conditions on average less
than 0.5µmol L-1 d-1 (McCarthy et al., 2009) and that 25 to 41% of the 15N-labeled substrate can
be incorporated in to DON fraction (Bronk et al., 1994). Regardless, the minimal change in PON
concentrations (data not shown) and the less than 24-hour incubations of this study uphold the
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second and third assumptions (Laws, 1985). Therefore, upon using the ambient concentration of
PON to minimize the possible impacts of NOx assimilation, the isotope dilution-corrected
potential rate for either phytoplankton (UP) or bacterial (UB) uptake of 15NH!! becomes:
(6)

The identical theoretical framework was applied when calculating the rates of ammonia
oxidation (Equation 7) as initially described by Ward et al. (1989) and successfully employed by
Beman et al., (2008, 2011, and 2012). In the present study, the average daily autotrophic plus
bacterial uptake and regeneration rates determined for each of the three localities in this study
were utilized to derive an approximate 𝐼𝑠. Again, the ambient instead of the final concentration
of NOx was applied in order to minimize the underestimation resulting from NOx assimilation.
Therefore, the presented ammonia oxidation rates (𝑂𝑥! ) are considered “potential” values.
(7)

The rate of the second step of nitrification, nitrite oxidation (𝑂𝑥! ), was determined via
the calculation specified in Beman et al., 2013 (Equation 8). Briefly, the atom % enrichment of
NO!
! at the beginning of an incubation (𝐼𝑒(!) ) was calculated by isotope mass balance based on
the ambient nitrite concentration, assuming that the 15N activity of the unlabeled fraction was
0.3663 atom %, and 𝑁(!") representing the 15N atom % of NO!
! at time T after the sulfamic acid
treatment. No isotope dilution correction was applied to 𝐼𝑒(!) due to the minor production of
15

unlabeled nitrite determined from parallel ammonia oxidation incubations (see Figures 9 & 10).
All values of nitrite oxidation are considered “potential” rates that utilize the ambient
!
concentrations of NO!
! ([𝑁𝑂! ] A , Equation 8).

(8)

Results
Nutrient Characteristics
Consistent with previous studies of central Florida Bay nutrients, ammonium was the
dominant species of DIN present in the water-column at the three major localities, except under
phytoplankton bloom conditions, within seagrass dominated sites, and at more ocean-influenced
FWC and BP locations where concentrations of nitrate + nitrite often exceeded NH!!
concentrations. Ambient average NH!! to NOx ratios for all MB sites during normal, non-bloom,
conditions ranged between 0.01 and 7.3 (mean = 2.0 ± 2.4, N = 14 discrete collections), while
ratios at FWC and BP were narrower between 0.5 and 1.0 (mean = 0.7 ± 0.2, N= 7 discrete
!
collections). In addition, ambient NO!
! to NO! ratios at MB and BP were approximately 5:1, with

one Mystery Basin locality (HF 2/5) having an nitrite concentration greater than nitrate.
Variability in MB ambient NH!! values in early September of 2013 were pronounced,
with roughly a 300-fold difference between average concentrations at each sampling station such
that the greatest values were present at hardbottom, sponge-dominated sites, and the lowest at
dense and intermediate seagrass sites (See Figure 2 legend and Figure 5a). Contrary, ambient
NOx concentrations were less variable in MB prior to a phytoplankton bloom, displaying a
nearly 4-fold increase from east to west (HF 2 to HF 1) but remained above 1,000 nM from
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northwest to southeast (HF 5 to HF 4) along the typical direction of water flow (Martens et al.,
unpublished data). In the subsequent sampling season, July 2014, MB ambient NOx values were
on average lower than the previous year (Table 1) but not significantly different, with similar
basin-wide patterns as before the bloom except for the anomalously low (< 200 nM)
concentrations observed at HF 1 (Figure 5f). However, ambient NH!! concentrations within MB
showed a decrease from 2013 to 2014 (Table 1) as site-averaged values ranged between 273 and
1,892 nM (basin mean = 1,049 ± 632, N = 5) with no apparent spatial trends. Ambient
ammonium at BP did not vary between sampling years with discrete values ranging between 787
and 1,083 nM (mean = 938 ± 124 nM, N = 5), while NOx concentrations from individual
samples ranged from 955 to 2,652 (mean = 1,672 ± 589 nM, N = 6). Similar to Burnt Point,
FWC average NOx and NH!! concentrations were 902 ± 448 (N = 3) and 802 ± 227 (N = 3),
respectively.
Table 1 – Average 15NH!! and NOx concentrations (nM) from discrete water column
samples before, during, and after a Synecochoccus bloom in Mystery Basin. Data
corresponds to detailed DIN concentration measurements illustrated in Figure 4. Statistical
variability is ± 1 standard deviation.

Pre Bloom

Bloom

Post Bloom

Mystery Basin
Ammonium

1,356 ± 1,259
(N=7 Sites)

224 ± 454
(N=6 Sites)

1,049 ± 632
(N=5 Sites)

Mystery Basin
Nitrate + Nitrite

838 ± 378
(N=7 Sites)

125 ± 101
(N=6 Sites)

692 ± 418
(N=5 Sites)

17

Pre Bloom: September 2013

Bloom: September 2013

Post Bloom: July 2014

a.

b.

c.

d.

e.

f.

Figure 5 – Concentrations of 15NH!! (a-c) and NOx (d-f) in and around Mystery Basin during
before, during, and after a Synecochoccus bloom with a sampling period between September
2013 and July 2014. Bottom type legend is identical to Figure 1 with a map scale of 1:13,000.
Assimilation and Nitrification Variability
Isotope dilution corrected ammonium assimilation rates from 2014 at tidally influenced
BP and FWC were as expected significantly greater than the bacterial incorporation rates (Figure
6). The reverse was observed at MB where NH!! bacterial assimilation was greater than the
averages measured at both nearshore BP and FWC sites. Moreover, Mystery Basin’s bacterial
assimilation rate of 573 nmol N L-1 d-1 was more than two of its three individual
photoautotrophic 15N incubations (Figure 6). This elevated bacterial assimilation rate at HF 2
(Figure 3) should be viewed with caution as no replicate incubations were completed within
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Mystery Basin. Nonetheless, McCarthy et al. (2009) and Williams et al. (2008) noted from dark
bottle 15NH4 incubations and net bacterial growth rates the potential dominance of heterotrophic
ammonium assimilation within Florida Bay. Therefore, bacterial NH!! assimilation at MB will be
considered accurate, but not statistically precise for the remainder of this thesis. No trends were
observed between assimilation rates and concentrations of ammonium.
Day Photoautotrophic
Assimilation

n=2

n=4

Night Photoautotrophic
Assimilation

Ammonium Assimilation Rates (nmol N L-1 d-1)

Bacterial Assimilation
n=2
n=3

n=1

n=3

Burnt
Point

n=1

FWC
Dock

Mystery
Basin

Figure 6 – Mean ammonium assimilation rates (nmol N L-1 d-1) for three experimental sites
in Florida Bay. Three types of assimilation assessed included midday photoautotrophic
(light grey bar), dark bacterial (grey bar), and nighttime photoautotrophic (dark grey bar).
Error bars represent the standard error of each mean rate for an incubation type and locality.
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Ambient potential rates of ammonia oxidation at all experimental locations were
surprisingly low (mean = 0.4 ± 0.5 nmol N L-1 d-1, N = 41) despite sufficient ammonium
substrate. Previous research suggests that competition for substrate with phytoplankton
communities is responsible for the low rates of ammonia oxidation in well-lit surface waters
(Smith et al., 2014). In an attempt mitigate this effect, select incubation bottles at all
experimental sites were covered to allow less than 1% light transmission. Interestingly, this had
no statistical effect on ammonia oxidation rates (Mann–Whitney U test, P = 0.285), and in many
instances rates were lower in dark incubations than under normal 24-hour day/night conditions.
Combined, average ambient ammonia oxidation rates at Burnt Point (mean = 0.4 ± 0.2 nmol N L1

d-1, N = 6) and Mystery Basin pre and post phytoplankton bloom (mean = 0.4 ± 0.3 nmol N L-1

d-1, N = 24) were not significantly different from each other. However, within each sampling
season, differences appeared in which mean rates of ammonia oxidation at BP were greater than
MB in 2013, but three times less than MB in 2014. Therefore, it is plausible that such annual
changes observed in this study may be a result of limited sampling capabilities, thus suggesting
long-term nitrification rates may be fairly constant throughout the central and southern portions
of the bay. Due to the unique proximity of the FWC site to the Florida Key’s inter-island channel
between Big Pine Key and Marathon, frequent large fluctuations in current velocities (personal
observation) allow for exchange between bay and offshore oceanic water. Thus, the
anonymously high ammonia oxidation measurement of 2.7 nmol N L-1 d-1 observed at FWC, in
addition to the observed background δ15N (5.1‰) and δ18O (3.4‰) of nitrate, suggests a
nitrification rate that is representative of offshore Florida Keys reef track rather than Florida Bay
(Leichter et al., 2007).
Oxidation of ammonia to NO!
! at every sampling site was decoupled from nitrite
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oxidation under phytoplankton bloom free water-column conditions (Figures 8). Individual rates
of potential nitrite oxidation determined parallel to potential ammonia oxidation incubations
were between 5 and 150 times greater. We suspect that the necessary addition of 15NO!
! may
have minimally stimulated nitrite oxidizing bacterial activity as result of greater than the
recommended 10% tracer addition (median = 48.5 at %), but can only explain a fraction of the
observed decoupling. While September 2013 was the only sampling season where nitrite
oxidation rates were determined, no significant difference was observed between the rates at BP
(mean = 4.5 ± 0.9 nmol N L-1 d-1, N = 4) and at MB (mean = 4.2 ± 2.5 nmol N L-1 d-1, N = 16)
under bloom free conditions (Mann–Whitney U test, P = 0.450); again, suggesting that an
average of 4.3 ± 2.3 nmol N L-1 d-1 (N = 20) for both localities is appropriate.
Nitrification within Sponge Excurrents
Accumulation of the two dominant species of DIN, NH!! and NOx, in the excurrents of
numerous demosponges from Florida Bay has lead to categorization of these sponges as either
HMA or LMA (Hoer, 2015). Species comprising the greatest biomass at all three locations in
this study before and after the phytoplankton bloom were chosen (Figure 4). Ammonium
enriched sponge excurrent plumes (LMA + HMA sponges), determined by the concentration
difference between the NH!! of the sponge’s excurrent and the NH!! of the ambient surrounding
water, was observed in 8 of the 11 individuals assessed. Conversely, nitrate and nitrite enriched
sponge excurrent plumes (HMA sponges only), determined by the concentration difference
between a sponge’s excurrent and its surrounding water NOx, was noted in 3 of the 11
individuals. The distinction between sponge types and their dominant DIN expelled was crucial
for the hypothesis of this study because ammonium enriched localities would theoretically
sustain “hotspots” of nitrification activity compared to the ambient water-column.
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Sponge Specie

Sponge Excurrent
Ammonia Oxidation Rate
(nmol N L-1 d-1)

Ambient
Ammonia Oxidation Rate
(nmol N L-1 d-1)

I. compana

0.3

0.5 ± 0.1
(n=2)

I. compana

B.D.

0.2 ± 0.004
(n=2)

S. vesparium

B.D.

0.5 ± 0.1
(n=2)

S. vesparium ‡

2.1 x 103

0.5 ± 0.1
(n=2)

S. vesparium

0.5

0.2 ± 0.004
(n=2)

S. graminea

1.1

0.5 ± 0.1
(n=2)

0.5

2.7
(n=1)

S. vesparium *

0.1

0.01 ± 0.001
(n=2)

S. vesparium

0.4

0.04
(n=1)

S. vesparium

0.3

0.04
(n=1)

H. melendocia

0.6

0.8 ± 0.3
(n=3)

Burnt Point

FWC Dock
C. nucula
Mystery Basin

Table 2 –Individual rate incubations of ammonia oxidation occurring in the excurrent plumes
of five distinct sponge species evaluated. Background water column rates from incubations
conducted alongside sponge excurrent measurements provided in the far right column. A
statistical variability of ± 1 standard deviation was used.
* Indicates an incubation in which Synecochoccus bloom conditions were present
‡ Sponge excurrent incubation with an anomalously high rate value.
B.D. Indicates a sample below experimental quantification.
However, within sponge excurrents, rates of ammonia oxidation were greater than the
corresponding ambient oxidation rates for only 6 of the 11 organisms assessed (Table 2).
Replicate analyses of both the concentration of NOx and the enriched isotopic composition of the
greatest observed rate in Table 2 (Burnt Point, S. vesparium), confirms the analytical validity of
this data point despite a ~22,000-fold difference between it and the other observed values. This
remarkable ammonia oxidation rate (91 nmol N L-1 hr -1) was a result of incorporating a small
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piece of the sponge’s tissue in to the incubation bottle after accidentally disturbing the organism
with a sampling syringe. Collectively, this unique dataset represents the first know quantification
of potential nitrogen cycling that occurs in the excurrent plumes of marine sponges prior to
vertical or horizontal advection and should be replicated in environments replete in DIN such as
the deep sea.
Impacts of a Phytoplankton Bloom
Prior to the entrance of a dense cyanobacterial bloom in MB during our 2013 field season,
two fishermen noted its presence in Rabbit Key Basin, north of Mystery Basin (William Sharp,
personal communication 2013). Discrete water samples and nitrification incubations were
completed in MB before noticing the bloom’s southward expansion into the basin beginning on
September 20, 2013. Bloom conditions were not measured or observed at either the FWC or BP
sites. For simplicity, water-column conditions in Mystery Basin have been split in to three
categories: “pre bloom” (September 18-19, 2013), “bloom” (September 20-27, 2013), and “post
bloom” (July 2014). For a more detailed description of the bloom’s density and two-month
growth and decay in Florida Bay (i.e. chlorophyll a concentrations), please refer to the
concomitant research in Hoer et al. (2015).
Water-column DIN decreased remarkable at nearly every sublocation in MB as a result of
greater N demand by the Synechococcus community between mid and late September (Figure 5
& Table 1). The pronounced reduction in water-column DIN persisted until late November and
early September when NH!! and NOx concentrations began to steadily increase (Hoer, 2015).
However, neither species of DIN in MB (Hoer, 2015) had approached pre bloom values as of
July 2014. Not surprisingly, mean oxidation rates of ammonia and nitrite were suppressed as a
result of the Synechococcus bloom, with a nearly three-fold reduction observed in both
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(Figure 7). Regardless, nitrite oxidation remained decoupled from ammonia oxidation except
when DIN concentrations approached the limit of detection (NH!! < 10 nM, NOx < 25nM),
where both rates were essentially zero. Despite slightly lower substrate concentrations in the
2014 sampling season as a result of significantly less sponge-derived DIN production in the
basin (Hoer, 2015), the average water-column ammonia oxidation rate recovered to its pre bloom
value. Rates of nitrite oxidation in MB were not determined following the bloom, but we
speculate that they also recovered concomitantly with elevated ammonia oxidation rates and

Nitrite Oxidation
(nmol N L-1 d-1)

Figure 7 – Average rates of ammonia oxidation and nitrite oxidation from ambient
incubations conducted before, during, and after a Synecochoccus bloom in Mystery Basin.
Measurements of post bloom nitrite oxidation rates were not made in July 2014. Error bars
represent ± 1 standard error.
substrate concentrations.

Ammonia Oxidation
(nmol N L-1 d-1)

N/A

Pre Bloom

Bloom
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Post Bloom

Discussion
Florida Bay’s Pelagic DIN Cycle
The chemoautotrophic nature of both steps of nitrification, in addition to their importance
for sustaining global primary productivity, has lead to further investigations of coastal and openocean studies (Beman et al., 2011; Fussel et al., 2012; Ward, 2005). However, water-column
nitrification in subtropical estuarine environments has been largely uncharacterized and has
remained an unanswered question in Florida Bay since extensive nutrient surveys began decades
ago (Burd and Jackson, 2002).
Results from this study indicated that ambient pelagic rates of ammonia oxidation did not
exceed 3 nmol N L-1 d -1 even when ammonium concentrations were greater than 1 µM.
However, September nitrification rates in India’s Kochi estuary were greater than those
measured in this study, ranging between 1.4 and 9.6 nmol N L-1 d -1 despite concentrations of
NH!! greater than 2 µM (Miranda et al., 2008). Our results mimicked winter surface rate
measurements at the Bermuda Atlantic Time Series (BATS) that were below 1 nmol N L-1 d -1
and only begin to increase at depths over 75 meters (Newell et al., 2013). Recent suggested
controls on nitrification in photic environments include salinity (Carini et al., 2010; Miranda et
al., 2008) and competition for substrate with phytoplankton communities (Smith et al., 2014).
While neither of those controls was directly assessed in this study, one can infer that either one
or both were partially responsible for the low rates observed because on average, greater than
34% of the 15NH!! label was measured in the final PON pool while a mere 0.02% of the 15NH!!
label was found in to the final NOx pool for bloom-free day/night ammonia oxidation bottles.
The remaining ~66% of label either remained as ammonium, or was more than likely transferred
out of the PON phase and in to the unmeasured DON pool, which can be supported by earlier
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work that observed enhanced DON production in the Southern California Bight and Chesapeake
Bay estuaries (Bronk et al., 1994). Assimilation of 15NH!! in this study confirms the rapid cycling
of DIN through autotrophs and heterotrophs as turnover times of ammonium from all three sites
ranged between 21 hours and 3 days. Bronk et al. (1994) also noted that during dense
phytoplankton blooms, uptake of DIN is followed by an even more rapid PON mineralization to
DON. The observed Synechococcus bloom of Mystery Bain indicates rapid assimilation and
suggests that the “missing” label was lost to the DON fraction, as concentrations of DIN
approached zero and on average 68% of the 15NH!! and 90% of the 15NO!
! labels were retrieved
in the final PON pool
To my knowledge, this study is the first attempt to measure 15NO!
! oxidation rates in an
estuarine environment. The results challenge the prevailing assumption that ammonia oxidation
rates always dictate total water-column nitrification and thus new nitrate formation. As in
previous other studies that measured nitrite concentrations in Florida Bay (Boyer et al., 1999;
Fourqurean et al., 1993; Heil et al., 2007), we consistently observed concentrations between 41
and 281 nM at BP and MB under oxygenated and bloom-free conditions. Moreover, ambient
concentrations of NO!
! were significantly correlated with nitrite oxidation rates (Figure 9) despite
the molecule’s rare accumulation in oligotrophic surface waters due to its strong redox potential.
Corresponding rates of nitrite oxidation exceed those of ammonia oxidation in all non-bloom
impacted incubations regardless of sampling location, with an approximate stoichiometric NH!!
to NO!
! oxidation ratio of 1:6.9 observed (Figure 8).

26

Nitrite Oxidation (nmol N L-1 d-1)

N = 12
R2 = 0.4
p-value = 0.03*

Figure 8 – Rates of
ammonia and nitrite
oxidation run in parallel
incubations at Burnt Point
and Mystery Basin under
Synecochoccus bloom and
non-bloom conditions.
Black circles represent the
average of replicate
incubations conducted at the
same site, with error bars of
± 1 standard deviation.

Ammonia Oxidation (nmol N L-1 d-1)

While rare, this uncoupling phenomenon has been observed in the oxygen minimum
zones of the Eastern Tropical North Pacific (Beman et al., 2013) and the Bengula upwelling
region of Namibia (Fussel et al., 2012). In both environments, ammonia oxidation was
supplemented with suboxic nitrate reduction that was responsible for this decoupling. However,
western and central Florida Bay waters remain well-oxygenated year-round (Boyer et al., 1999;
Hoer, 2015), thus limiting NO!
! reduction to tightly regulated microanerobic environments and
sediments. Therefore, answering the puzzling question as to how both steps of nitrification could
remain decoupled requires further studies that replicate this research, measure the sedimentwater flux of nitrite, and examine the possibility of novel oxidizing pathways responsible for
generating nitrite. In recent experiments, Thaumarchaeota communities were responsible for the
oxidation of polyamines, amino acids, and urea to significant concentrations of NOx without
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prior degradation to ammonia (Hollibaugh et al., 2014; Hollibaugh et al., 2015). Given the
nanomolar concentrations of polyamines at the South Atlantic Bight (Liu et al., 2014) and urea in
Florida Bay (Heil et al., 2007), the possibility of an alternate nitrite-producing pathway was
theorized.
We hypothesized that locally elevated ambient water-column concentrations of NOx
(primarily as NO!
! ) in Florida Bay were representative of ammonia oxidation and nitrite
oxidation rates. The data presented in this study do not entirely support this assertion, as rapid
assimilation and regeneration of ammonium by bacterial and phytoplankton communities, in
conjunction with seagrass uptake, and sponge-mediated N cycling exert a greater control on
water column DIN concentrations in Florida Bay’s restricted basins. Nonetheless, the unique
opportunity to observe and measure the effects of a detrimental cyanobacterial bloom provided
valuable insights as to how nitrifying organisms respond when substrates become limiting. Such
harmful cyanobacterial blooms are ubiquitously found in aquatic and marine ecosystems, often
as a result of anthropogenic forcing (Paerl and Otten, 2013). Therefore, improper management of
these events in bloom-prone ecosystems, such as Florida Bay, could be detrimental to dissolved
C and N cycles.
Sponge Excurrents as Potential Nitrification “Hotspots”
Enhanced rates of ammonia oxidation in the excurrent plumes of sponges were observed
in half of the sponges assessed in this study. These sponges have recently been documented as
significant NH!! producers, with excurrent concentrations six times ambient concentrations in
Mystery Basin (Hoer, 2015). We suspected LMA sponge excurrents to have greater rates of
nitrification than HMA sponges given their consistent release of ammonium. However, while
many LMA sponge excurrent plumes hosted the potential for greater ammonia oxidation rates,
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not all organisms examined in this study supported this hypothesis. Recent evidence suggests
that tropical sponges periodically regenerate their filtering system by expelling choanocytes in to
the water column (de Goeij et al., 2013). Therefore, ammonia oxidizing bacteria and/or archaea
living in symbiosis with choanocytes could be also released into these excurrent plumes where
their population can be sustained by the ammonium waste. We suspect that the inconsistent
observations were due to opportunity sampling error and thus we may have missed these
choanocyte + microbial expulsion events. Further investigations of nitrifying organisms in
nutrient replete environments could reveal that sponges, in addition to other benthic
invertebrates, could be responsible for sustaining microbial populations that fix significant
quantities of inorganic carbon and transform inorganic reduced nitrogen.
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Nitrite Oxidation
(nmol N L-1 d-1)

N = 29
R2 = 0.3
p-value = < 0.01*

Ammonia Oxidation
(nmol N L-1 d-1)

N = 27
R2 = 0.6
p-value = < 0.01*

Ambient Nitrite (nM)

Figure 9 – Bottom graph: Relationship of ammonia oxidation rates and nitrite concentrations
(final product) for individual incubations.
Top graph: Dependency of nitrite oxidation rates on NO!! concentrations (substrate) determined
from individual incubation bottles.
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Nitrite Oxidation
(nmol N L-1 d-1)

N = 29
R2 = 0.3
p-value = < 0.01*

Ammonia Oxidation
(nmol N L-1 d-1)

N = 41
R2 = 0.3
p-value = < 0.01*

Ambient Nitrite + Nitrate (NOx, nM)

Figure 10 – Bottom graph: Relationship of ammonia oxidation rates and NOx concentrations
(final products) for individual incubations.
Top graph: Nitrite oxidation rates and NOx concentrations (primarily product) determined from
individual incubation bottles.
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