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ABSTRACT

SEDIMENT OXYGEN DEMAND AND STOICHIOMETRY OF IRL
NUTRIENT FLUXES

By Iulia Bibire, B.S., Florida Institute of Technology
Advisor: Austin Fox, Ph.D.

Eutrophication of coastal systems has become a prominent global issue with
a variety of detrimental effects, one of these being the shift in the composition of
phytoplankton communities often promoting harmful algal blooms (HABs)
resulting at least partially from changes to the relative abundance of N:P:Si. This
study investigated nutrient fluxes from muck, a fine-grained and organic-rich
sediment, and from sand to determine the importance of these sediments with
regards to regulating N:P ratios in the water column. Overall sediment oxygen
demand (SOD) was used as an indicator of aerobic decomposition and was found to
decrease from north to south following the equation: SOD = -178[decimal degrees]
+ 4934 (p-value = 0.0015). Consistent with high rates of SOD in muck, very high
fluxes of ammonium (310 ± 342 µmol N/m2/hr) and phosphate (20.1 ± 31.8 µmol
P/m2/hr) were identified for muck sediments. In anaerobic muck, nitrate was
consumed as an oxidizing agent (reduced to ammonium) and muck was identified
as a sink for nitrate+nitrite with a mean flux of -111 ± 204 µmol N/m2/hr. As a
iii

source of ammonium and a sink for nitrate, the flux of readily bioavailable
dissolved inorganic nitrogen (DIN) from muck averaged ~200 µmol N/m2/hr. In
contrast, ammonium fluxes from sand were on average >5-times lower (56.0 ± 77.3
µmol N/m2/hr) than fluxes from muck and phosphate fluxes were directed into
sediments (-7.6 ± 8.9 µmol P/m2/hr) with sand acting as a sink for phosphate.
Sandy sediments likely promoted the nitrification of ammonium to nitrate with an
efflux of nitrate+nitrite of 55 ± 219 µmol/m2/hr. Overall, sand was a source of
nitrate and ammonium with a net DIN flux of 110 µmol/m2/hr. Based on this data,
no statistically significant correlations were identified for molar DIN:DIP flux
ratios versus organic matter (OM) content or seepage. Although there was no
significant difference between the ratio of readily bioavailable DIN:DIP fluxes
(ammonium + nitrate + nitrite over phosphate) of sand (9.9 ± 27.2) versus muck
(16.6 ± 29.1), the mean total dissolved nitrogen to total dissolve phosphate
(TDN:TDP) flux ratio of sand (-28.6 ± 54.4) was significantly different than that of
muck (50.6 ± 87.6). Results of this study indicated that muck deposits promote
relatively high TDN:TDP ratios consistent with those preferred by HAB species
Pyrodinium bahamense var. bahamense, Aureoumbra Lagunensis and Akashiwo
sanguinea experienced by the northern IRL where muck is prominent. Overall, the
difference in nutrient fluxes experienced by sand and muck are indicative of muck
acting in detriment to water quality by creating a positive feedback loop of
eutrophication while sand can buffer against eutrophication and can promote the
growth of beneficial photosynthesizers such as seagrasses.
iv
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INTRODUCTION

Coastal and estuarine ecosystems are among the most productive
ecosystems in the world which provide us with invaluable ecological services.
Regrettably, it is rare to find any such ecosystem that has not been degraded by
anthropogenic activities. The eutrophication of coastal waters has led to a variety of
detrimental effects such as biodiversity loss, creation of “dead zones”, increases in
harmful algal blooms (HABs), and loss of seagrass and coral reef communities
(Howarth and Marino, 2006; NRC, 2000; Rockström et al., 2009).
Harmful algal blooms (HABs) are loosely defined as algae that may directly
or indirectly harm humans or other biota in the region (Maso & Garces, 2006). The
harmful effects of these blooms can be caused by two types of organisms: the toxin
producers and the high-biomass producers, with some species falling within both
categories (Maso & Garces, 2006). Of the approximately 4000 species of marine
planktonic microalgae, about 200 species can be classified as HABs and only about
80 of those species (primarily dinoflagellates) have the potential to release toxins
(Smayda and Reynolds, 2003; Zingone and Enevoldsen, 2000).
Another negative effect of eutrophication is the shift in the ratios of
nitrogen (N), phosphorous (P) and silicate (Si), the concentrations and ratios of
which are known to greatly influence phytoplankton communities (Harris, 1986).

2
The influence of human activities on these ratios is in fact so significant that
information on population densities and land usage is enough to explain the global
variations in both N and P loading from watersheds to oceans (Caraco, 1993;
Howarth et al., 1996). At the beginning of the century, the annual agricultural
applications of N and P were equivalent to 242% and 83% of the annual global
riverine fluxes respectively (Schlessinger, 1991). Currently, fertilizer consists of 26
times more N than P, most of which will make its way into the ocean while P
partially accumulates in soils (Bennett et al., 2001). In contrast, the global
variations in riverine Si loading are primarily controlled by the runoff,
geochemistry and latitude of the river (Correll et al., 2000; Humborg et al., 2000).
The increase in global N and P loading coupled with the relatively low Si loading
has significantly influenced dissolved N:P:Si ratios and have prompted the
dominance of non-siliceous species (Turner et al., 2003). The results of the study
conducted by Officer & Ryther in 1980 further implied that Si acts as a controlling
nutrient during eutrophication and may reshape a diatom dominated community
into a flagellate dominated community. When taking into account the various
effects different algal species can have on the environment and how Si and P
limitation may promote the growth of HABs, understanding the nutrient ratios
within an ecosystem becomes crucial.
As primary producers, algae blooms increase photosynthesis and oxygen
production. Regrettably, these blooms also contribute to increased turbidity and
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may restrict the light availability to beneficial photosynthesizers. As these
photosynthesizers die and sink to the bottom, the rapid oxygen consumption
associated with bacterial decomposition may lead to anoxic conditions within or
throughout the water column causing fishes to suffocate and leading to fish kills.
This oxygen utilization accompanied by that occurring via the respiration of
benthic communities is termed sediment oxygen demand (SOD) and constitutes a
significant oxygen sink in the marine environment (Trefry et al., 1990).
The Indian River Lagoon (IRL) is a favorable location to study these global
processes as different regions experience varying degrees of anthropogenic effects
and the environmental responses to these are more pronounced due to prolonged
residence times associated with the lagoon's configuration and the location of its
inlets. The IRL is a shallow bar-built estuary extending approximately 250 km from
Jupiter Inlet to Ponce Inlet which includes the Mosquito Lagoon and Banana River
in the northern region (Steward and VanArman, 1987). Due to the IRL being a
transition zone between temperate and tropical biomes it can accommodate a wide
variety of species including all six tropical seagrass species known to the western
hemisphere (Thalassia testudinum, Halophila engelmannii, Halophila decipiens,
Halodule wrightii, Syringodium filiforme, and Ruppia maritima) and the
endogenous, federally threatened Halophila johnsonii (Dawes et al., 1995; Swain et
al., 1995). These seagrasses not only help support high biodiversity but can also be
used as indicator species for IRL water quality due to their sensitivity to nutrient
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enrichment and light limitation (Burkholder et al., 2007; Lapointe et al., 1994;
Steward et al., 2005).
While the IRL has a naturally slow drainage, the Drainage Acts of Florida
(1916) has led to the creation of canals that drain uplands for agriculture and reduce
flooding which has in turn caused the IRL watershed to nearly triple in size
(SJRWMD, 2007). Although these changes have somewhat increased draining,
residence times remain high and partnered with rapid population growth have led to
an increase in the IRL’s susceptibility to nutrient enrichment and eutrophication.
Stormwater and groundwater within urban and agricultural areas now constitute a
significant land-based nutrient source for IRL surface waters while submarine
groundwater discharge or SGD, referred to in this paper as groundwater seepage,
acts in detriment to bottom water quality.
The submarine groundwater discharge is defined as any and all flow of
water, irrelevant of fluid composition or driving force, which emerges from the
seabed onto continental margins (Pandit et al., 2016). The components of
groundwater seepage typically consist of: terrestrial flow (which occurs primarily
due to rainfall in the watershed adjacent to the estuary), oceanic groundwater
discharge (saltwater intrusion from the ocean), deeper groundwater discharge
(water intrusion from lower aquifers) and estuarine water (water which seeped into
the aquifer during high tide and is seeping back into the estuary during low tide)
(Pandit et al., 2016). The significant rates of groundwater seepage to the IRL
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indicate the potential importance of groundwater as a pollutant pathway as this may
be enriched with nutrients from a variety of sources such as leaking septic tanks,
sewer pipes and landfills as well as agriculture and natural geology (Belanger et al.,
2007; Johannes, 1980; Krest et al., 2000). While the surface streams of Eau Gallie
River and Crane Creek have an average discharge of approximately 30m3/day per
meter of shoreline, marine SGD equates to roughly 120m3/day per meter of
shoreline (Martin et al., 2007). Marine SGD is hence about 4 times greater than
surface water discharge and more than 2 orders of magnitude greater than terrestrial
SGD which ranges from 0.02 to 0.9m3/day per meter length of shoreline (Martin et
al., 2007).
In addition to the aforementioned sources of nutrient enrichment, the IRL
has experienced a significant accumulation of muck deposits. Muck is a type of
fine-grained sediment that is rich in organic matter (>10%) and has a high water
content (>75% water by weight) (Fox and Trefry, 2018). This type of sediment is
associated with the death of large quantities of algae that sink and accumulate on
the bottom. Muck is easily resuspended and may increase turbidity leading to light
limitation; it experiences high bacterial decomposition and quickly depleted
dissolved oxygen; and it acts as an additional source of nutrients by way of
decomposing organic matter. It is estimated that more than 4 million m3 of muck
now cover the 140 km area between Ponce de Leon and Sebastian Inlet (Fox and
Trefry, 2018).
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The eutrophication of IRL waters has prompted an increase in the frequency
and strength of harmful algal blooms involving both macroalgae (Lapointe et al.,
2015; Lapointe et al., 2018) and phytoplankton (Gobler et al., 2013; Phlips et al.,
2010; Phlips et al., 2012; Phlips et al., 2015). An example of such HAB is the algae
species Pyrodinium bahamense, a euryhaline dinoflagellate species known for its
production of bioluminescence. For many years it was presumed that only one
variety of the species, var. compressum, was toxic however recent studies have
come to show that the other variety, var. bahamense, also produces paralytic
shellfish poisoning toxin (PST) (Usup et al., 2012). This species has become
especially problematic within the northern IRL due to its preference of high N:P
ratios consistent with those experienced during eutrophication (Azanza et al.,
2004). The brown tide, Aureoumbra lagunensis, is another nuisance algal species
that has come to dominate IRL waters due to its ability to thrive in eutrophic
conditions (Liu et al., 2001). Following the 2011 superbloom and 2012 brown tide,
seagrass coverage dropped by approximately 60% (47,000 acres) spanning from
Ponce Inlet to Fort Pierce Inlet (Lapointe et al., 2015). Coverage was then depleted
even further following the 2016 brown tide event (up to 95% decrease since 2009
levels) (Lapointe et al., 2020). The decomposition of these dead seagrasses results
in the rapid consumption of benthic oxygen by bacteria. This oxygen depletion
becomes especially problematic in the IRL due to the stratification within the water
column which separates the bodies of water and can often prevent the diffusion of

7
oxygen from the surface where it is produced through photosynthesis to the bottom
where it is consumed via bacterial decomposition (Zhang et al., 2017).
With the northern section of the IRL containing most of its tributaries, this
area also experiences higher N:P ratios in comparison to other sections of the IRL
due to the increased nitrogen loading arising from eutrophication (Lapointe et al.,
2015; Lapointe et al., 2020). This increase is further associated with an increase in
the occurrence of HABs and the presence of sediments more rich in organic matter
than other sections of the IRL. (Foster et al., 2018). One of the implications that
may then be presumed is that for a mucky sediment, N:P flux ratios will increase as
organic matter content increases. Due to the low organic matter content of sandy
sediments, the N:P flux ratios of these are predicted to be driven by advective flux.
Finally, the sediment oxygen demand (SOD) is presumed to increase as sediment
organic matter increases therefore inferring that the SOD will decrease from north
to south in the IRL.
This study was designed to test the following hypotheses:
H1: In muck, N:P flux ratios increase as organic matter content increases.
H2: In sandy sediments, N:P flux ratios are driven by advective flux.
H3: Sediment oxygen demand decreases from north to south within the IRL.
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MATERIALS AND METHODS

1. STUDY AREA
For the purpose of this study our focus area was the length of the Indian
River Lagoon from Titusville to Vero Beach. The total number of samples for
comparison of sandy sites was preliminarily determined from a power analysis
using a medium effect size. Due to the majority of the terrestrial flow entering the
IRL coming from the mainland located to the west of the lagoon (Pandit et al.,
2016), we focused our sampling efforts mainly on the west coast. Random
sampling was conducted at approximately 10km intervals to capture the differing
sediment compositions and groundwater discharge rates associated with a varying
degree of anthropogenic impacts and natural geology from north to south. Due to
the considerable effect of rainfall on groundwater seepage rates, all sampling was
conducted during the summer rainy season during which nearly half of the average
125cm of annual rainfall occurs (Martin et al., 2007). The study spanned the
approximate range of latitudes: 28.567 to 27.650 for a total of 11 fixed sampling
locations with 1 duplicate per location.
The locations for muck sampling were chosen based on preliminary data.
Using a power analysis of large effect size and existing benthic nutrient flux data,
15 samples were collected from 8 muck deposits. The relative sampling locations
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were selected based on muck composition and depth of muck deposits as the muck
chamber did not allow for deployment any deeper than 5m. The areas surrounding
Melbourne Causeway and Eau Gallie Causeway were chosen as appropriate
sampling locations due to the predetermination that they contained muck deposits
with a wide variety of compositions at relatively shallow depths. The exact
sampling locations were then chosen at random.
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Figure 1: Map of all locations on the IRL where sand chambers were deployed.
Sites on the eastern side of the IRL (Canaveral Lock and Bethel Creek)
are marked in blue. Sites on the western side of the IRL and within 5kms
of a freshwater tributary are marked in red (Scurrah’s Landing,
Sebastian Riverview Pk and Oslo Boat Ramp).
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2. FIELD COLLECTION
Darkened benthic chambers were used to determine the oxygen and nutrient
fluxes of sediments while “blank” chambers were used to determine the fluxes
from particles suspended within the water column. The benthic chambers were
inserted no less than 10cm deep into the sediment to prevent the creation of
channels that may allow exchange of water with the outside environment by
burrowing organisms. Insertion was done by applying a vertical pressure on the
chamber to prevent the disturbance of sediments or creation of channels. Once the
chamber was inserted, it was then left to sit for at least 2 minutes so that sediments
may re-settle and the height of the chamber was recorded on each side so the total
volume of water may be calculated. The lid was then placed on the chamber. This
chamber lid was equipped with a mechanical stirrer installed to ensure the water
column above the sediment remained well mixed without having the sediment
surface disturbed, as well as a bladder that collected water introduced through
groundwater seepage. This bladder would be emptied completely at the start of
each deployment. The chamber lid also contained a slot for the airtight insertion of
a HOBO U26 Dissolved Oxygen Data Logger, further referred to as the oxygen
sensor, and a valve for the collection of water from within the chamber without
contamination from the outside environment. Prior to the insertion of the oxygen
sensor through the lid, a water sample was collected from this access point and
immediately filtered through a Whatman 0.45µm polypropylene syringe filter
before being stored on ice in a cooler for lab analysis. The HOBO oxygen sensor
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was then inserted into the chamber through the lid and the start time recorded. The
chamber run time ranged from 20 to 45 minutes for a muddy sediment to
approximately 2 hours for a sandy sediment. A field duplicate was established with
a second chamber set up beside the first at each site. At the end of the deployment
period, a sample of water was collected from the benthic chamber using a 60mL
syringe that was attached to the valve at the top of the chamber. This sample was
then immediately filtered and stored on ice for later nutrient analysis. The bladders
were recovered and the volume of water within measured and recorded. This
seepage measurement follows that of seepage meters designed by David Lee in
1977.
Upon data analysis, significant variability between seepage rates determined
by duplicates was discovered (some over 10x higher). This led to the suspicion that
the presence of a mechanical stirrer within the chamber may influence seepage
rates. A control chamber consisting simply of the chamber, lid and bladder was
deployed alongside the sand chambers to test this theory and the results confirmed
that the mixing of the water column with a mechanical stirrer was in fact increasing
seepage rates. Due to this outside influence on seepage rates, our results cannot be
seen as accurate measurements of groundwater seepage however they may still be
compared amongst themselves as the same stirrers were consistently used at each
sampling location and can therefore be said to have induced consistent, systematic
increases in seepage rates throughout.
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Figure 2: Schematic diagram of benthic chambers containing a mechanical stirrer,
HOBO U26 Dissolved Oxygen Data Logger, valves and syringe along
with an attached bladder used for groundwater seepage measurement
depicted on the right.

The deployment of the chamber from a boat differed from the
aforementioned in that the chamber was fitted into a weighed support to ensure a
straight vertical insertion to the desired height and an external pump was used for
the mixing of the water within the chamber and for the collection of the final water
sample. This chamber also did not contain a bladder. Prior to beginning a run, the
water within the inserted chamber was cycled with benthic water for 5 to 10
minutes by means of the pump. Once the start time was recorded the pump would
then be utilized to mix the water within the chamber throughout the run.
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To establish the respiration of the overlying water column, a separate
“blank” chamber was rinsed and completely filled with bottom water before having
its own stirrer and oxygen sensor inserted. The blank chamber was sealed off to
prevent the intrusion of air and left for no less than half an hour. At the end of the
testing period, a water sample was collected from within the chamber and
immediately filtered through a Whatman 0.45µm filter before being stored on ice
for future nutrient analysis.

Figure 3: Schematic diagram of a blank Chamber consisting of a
mechanical stirrer, HOBO U26 Dissolved Oxygen Data
Logger, valves and syringe used to determine oxygen and
nutrient fluxes of the overlying water column.
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3. LABORATORY ANALYSES
3.1

SEDIMENT ANALYSES

All sediment samples were weighed upon arrival at the lab then stored in
the freezer until they can be analyzed. The water content of each sample was
determined by freeze drying using a Labconco FreeZone 6 Liter Freeze Dry System
and determining the weight difference. Samples were then powdered using a SPEX
Model 8000 Mixer/Mill and the sediment organic matter content of each sample
determined using the Loss on Ignition (LOI) at 550°C following the method of
Heiri et al. (2001). CaCO3 concentrations were determined by heating the sediment
that had been treated for LOI at 550˚C to 950˚C following the method of Heiri et al.
(2001).

3.2

NUTRIENT ANALYSES

All filtered water samples were analyzed for dissolved nutrients.
Ammonium concentrations were quantified using a SEAL (Mequon, WI) AA3 HR
Continuous Segmented Flow AutoAnalyzer following standard methods (#4500NH3; Rice et al., 2012). The U.S. National Institute of Standards and Technology
(NIST) traceable SPEX CertiPrep Cation Standard was analyzed with each batch of
samples.
Concentrations of nitrate + nitrite were determined using a SEAL (Mequon,
WI) AA3 HR Continuous Segmented Flow AutoAnalyzer following
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manufacturer’s method G-172-96. The NIST-traceable Dionex 5-Anion Standard
was analyzed as a reference standard with each batch of samples to ensure
accuracy.
Concentrations of orthophosphate were determined using a SEAL AA3 HR
Continuous Segmented Flow AutoAnalyzer following manufacturer’s method G297-03. The NISTtraceable Dionex 5-Anion Standard was analyzed as a reference
standard with each batch of samples to ensure accuracy.

4. DATA AND STATISTICAL ANALYSES
4.1

DATA PROCESSING

Data and graphical analyses were carried out using Excel 2016 (Microsoft),
Google Earth Pro, ArcGIS (Version 10.2.2.3552, Esri, Redlands, CA) and
HOBOware Pro 3.7.17. An alpha value of 0.05 is set to define statistical
significance for statistical tests and regressions.

17
4.2

SEDIMENT OXYGEN DEMAND CALCULATIONS
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Figure 4: Example graph of all dissolved oxygen data
downloaded off the HOBO Dissolved Oxygen Data
Logger for the deployment conducted on August 23,
2019.
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Figure 5: Example graph of the dissolved oxygen data selected
for slope calculations for the date of August 23, 2019
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Figure 4 represents a graph of the dissolved oxygen data as exported from
the HOBO U26 Dissolved Oxygen Data Logger using the HOBOware Pro software
for the data collection done on August 23, 2019. The appropriate dissolved oxygen
data corresponding to the benthic or “blank” chamber run time was then isolated
(Figure 5) and adjusted for temperature using a designated temperature correction
constant of 0.2 mg O2/L/°C based on laboratory tests conducted using temperature
controlled water baths at 100% saturation. This adjustment was conducted to
account for any heating of the darkened chamber that may have occurred during
deployment that would lead to chamber temperatures differing from ambient in-situ
temperatures. The temperature adjustment began with the calculation of the average
temperature of the isolated dissolved oxygen data then proceeded as demonstrated
in the sample calculation below:
Given a DO concentration of 4.14 mg/L at 29.56 °C
Average temperature calculated = 30.5 °C

1) Calculate the temperature difference from the mean
𝐷𝑖𝑓𝑓 = 29.56°𝐶 − 30.5°𝐶 = −0.94°𝐶

2) Calculate the adjustment (Diff × temp correction constant)
𝐴𝑑𝑗 = −0.94°𝐶 × 0.2 𝑚𝑔 𝑂2 /L/°C = −0.188 𝑚𝑔 𝑂2 /𝐿
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3) Calculate the adjusted dissolved oxygen (Given DO + Adj)
𝐴𝑑𝑗 𝐷𝑂 = 4.14 𝑚𝑔 𝑂2 /𝐿 − 0.188 𝑚𝑔 𝑂2 /𝐿 = 3.952 𝑚𝑔 𝑂2 /𝐿
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Figure 6: Example of corrected DO data retrieved from HOBO U26
Dissolved Oxygen Data Logger for saturated water and an increase
in temperature from 22.4 to 23.7°C. Uncorrected concentrations
are shown in black while temperature corrected concentrations are
shown in red.

Once the dissolved oxygen concentrations have been adjusted for all the
selected data, the slope was calculated to produce the oxygen demand in mg
O2/L/hr. Sediment oxygen demand was then calculated by subtracting the adjusted
water column oxygen demand values obtained from “blank” chambers from the
adjusted values obtained from benthic chambers. The total rate of oxygen
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utilization by sediments accounting for the volume of water within the benthic
chamber was determined using the height of the chamber above the sediments. This
height was used to calculate the volume of water within the chamber. Finally, the
oxygen demand (mg O2/L/hr) was multiplied by the volume of water in the
chamber (L) and divided by the sediment surface area (m2) to yield a value for
SOD in mg O2/m2/hr.

4.3

NUTRIENT FLUX CALCULATIONS

Benthic nutrient fluxes were determined from benthic and blank chambers
by subtracting initial nutrient concentrations (µM) from final concentrations for
both benthic and blank chambers. The changes in concentrations (µM) were then
divided by the elapsed time (hours) of each incitation to yield rates in µM/hr. The
rate of nutrient production/utilization in blank chambers was then subtracted from
the rate calculated for benthic chambers, to determine the production/utilization by
sediments alone. The rate (µM/hr) for the benthic chamber was then multiplied by
the volume of the chamber, calculated using the height of the chamber above the
sediments, to yield the amount of nutrients produced/used by sediments in the
chamber per hour (µmoles/hr). This value was divided by the surface area of
sediments in the chamber to yield a flux in µmoles/m2/hr. Nutrient fluxes were
evaluated against the rate of oxygen utilization to ensure that linear nutrient
production/utilization could be assumed. If the chamber went anaerobic during the
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deployment or oxygen utilization was non-linear, nutrient fluxes were flagged and
not included in data interpretation.
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RESULTS

1. NUTRIENT FLUXES AS A FUNCTION OF ORGANIC MATTER

DIN:DIP vs Organic Matter
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Figure 7: Graph of DIN:DIP versus organic matter content of mucky
sediments (Log LOI > 1.0). Data acquired from the deployment
of muck chamber and OM content determined using LOI as
percentage by dried weight.
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TDN:TDP vs Organic Matter
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Figure 8: Graph of TDN:TDP versus organic matter content of mucky
sediments (Log LOI > 1.0). Data acquired from the deployment
of muck chamber and OM content determined using LOI as
percentage by dried weight.

For mucky sediments, both DIN:DIP and TDN:TDP display moderate
positive correlations with increasing organic matter content (r=0.53 and r=0.59,
Figure 7 and Figure 8 respectively) however these correlations were not statistically
significant (p-values=0.1133 and 0.0713 respectively). The mean DIN:DIP flux
ratio was 16.6 ± 29.1and the TDN:TDP flux ratio had a mean of 50.6 ± 87.6.
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Figure 9: Graph of DIN:DIP versus organic matter content of both sandy and
mucky sediments. Data acquired from the deployment of sand and muck
chambers and OM content determined using LOI as percentage by
dried weight.
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Figure 10: Graph of TDN:TDP versus organic matter content of both sandy and
mucky sediments. Data acquired from the deployment of sand and muck
chambers and OM content determined using LOI as percentage by
dried weight

25
For a sandy sediment, no correlation between N:P fluxes and organic matter
content was found (Figure 9, Figure 10).
While the molar DIN:DIP flux ratios of sand and muck were not
statistically different (p-value=0.6172); however, the difference in TDN:TDP was
significant (p-value=0.0381). This study also showed that muck had fluxes of both
TDN and TDP directed out of sediments while sand had fluxes of phosphate often
directed into sediments resulting in negative TDN:TDP flux ratios (Figure 9 and
Figure 10). The mean DIN:DIP flux ratio of sand was 9.9 ± 27.2 while that of muck
was 16.6 ± 29.1. The mean TDN:TDP of sand was -28.6 ± 54.4 while that of muck
was 50.6 ± 87.6.
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Ammonium Flux vs Organic Matter
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Figure 11: Graph of ammonium flux in µmol/m2/hr versus organic matter content
of both sandy and mucky sediments. Data acquired from the
deployment of sand and muck chambers and OM content determined
using LOI as percentage by dried weight. Orange data points represent
sand chambers deployed next to a freshwater tributary.
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NOx Flux vs Organic Matter
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Figure 12: Graph of nitrate+nitrite flux in µmol/m2/hr versus organic matter
content of both sandy and mucky sediments. Data acquired from the
deployment of sand and muck chambers and OM content determined
using LOI as percentage by dried weight. Orange data points represent
sand chambers deployed next to a freshwater tributary.

The mean ammonium flux of sand was 56.0 ± 77.3 while that of muck was
309.5 ± 342.1. The mean nitrate+nitrite flux of sand was 54.8 ± 219.0 while that of
muck was -110.9 ± 204.4.
Analysis of ammonium and nitrate+nitrite fluxes (Figure 11 and Figure 12
respectively) showed patterns which suggest that mucky sediments promote the
release of ammonium and in some cases the uptake of nitrate and nitrite while
sandy sediments promote the release of nitrate and nitrite and occasionally the
uptake of ammonium. The mean ammonium flux of sand was statistically different
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from that of muck (p-value=0.0361) however no statistical difference was found
between the mean nitrate+nitrite fluxes of sand and muck (p-value=0.1201).

Phosphate Flux vs Organic Matter
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Figure 13: Graph of phosphate flux in µmol/m2/hr versus organic matter content of
both sandy and mucky sediments. Data acquired from the deployment
of sand and muck chambers and OM content determined using LOI as
percentage by dried weight. Orange data points represent sand
chambers deployed next to a freshwater tributary.

Sandy sediments not located near a freshwater tributary were found to
exhibit a primarily negative phosphate flux while mucky sediments portrayed a
wide range of mostly positive fluxes (Figure 13). The mean phosphate flux of sand
was -7.6 ± 8.9 which was statistically different (p-value=0.0173) from that of muck
which was 20.1 ± 31.8.
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2. NUTRIENT FLUXES AS A FUNCTION OF SEEPAGE
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Figure 14: Graph of DIN:DIP versus groundwater seepage in cm/day. All data was
acquired from the deployment of sand chambers with orange points
representing chambers deployed next to a freshwater tributary.
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Figure 15: Graph of TDN:TDP versus groundwater seepage in cm/day. All data
was acquired from the deployment of sand chambers with orange
points representing chambers deployed next to a freshwater tributary.

30

Ammonium Flux vs Seepage
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Figure 16: Graph of ammonium flux in µmol/m2/hr versus groundwater seepage in
cm/day. All data was acquired from the deployment of sand chambers
with orange points representing chambers deployed next to a
freshwater tributary.
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Figure 17: Graph of nitrate+nitrite flux in µmol/m2/hr versus groundwater seepage
in cm/day. All data was acquired from the deployment of sand
chambers with orange points representing chambers deployed next to a
freshwater tributary.
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For sandy sediments, N:P flux ratios were not found to correlate to seepage
rates (r=-0.2490 for DIN:DIP and r=0.0639 for TDN:TDP, Figure 14 and Figure 15
respectively). Ammonium fluxes showed a moderate positive correlation
(r=0.6552) with increasing seepage rates for sites not located near a source of
freshwater (Figure 16) however this correlation was not statistically significant (pvalue=0.0554). Nitrate+nitrite fluxes showed no significant correlation with
seepage rates (r=0.1115).

Phosphate Flux vs Seepage
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Figure 18: Graph of phosphate flux in µmol/m2/hr versus groundwater seepage in
cm/day. All data was acquired from the deployment of sand chambers
with orange points representing chambers deployed next to a
freshwater tributary.

Phosphate fluxes in sand were primarily negative and showed no obvious
correlation to groundwater seepage (r=-0.0282, Figure 18).
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3. LATITUDINAL TRENDS
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Figure 19: Graph of sediment oxygen demand in mg O2/m2/hr versus latitude. All
data was acquired from the deployment of sand chambers with orange
points representing chambers deployed next to a freshwater tributary.

The results of this study suggest that sediment oxygen demand decreased
from north to south (r=-0.8566, p-value=0.0015). This is depicted in the
increasingly negative oxygen fluxes which indicate increased oxygen utilization at
higher latitudes (Figure 19). The mean SOD was -148.7 ± 132.7.
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Figure 20: Graph of groundwater seepage in cm/day versus latitude. All data was
acquired from the deployment of sand chambers with orange points
representing chambers deployed next to a freshwater tributary.

Although data appear to show a correlation (r=0.5357) between latitude and
groundwater seepage (Figure 20), high variance resulted in no significance to this
trend (p-value=0.8769), this data indicated no significant decrease in seepage rates
from north to south.
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Figure 21: Graph of DIN:DIP versus latitude. All data was acquired from
the deployment of sand chambers with orange points representing chambers
deployed next to a freshwater tributary.
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Figure 22: Graph of TDN:TDP versus latitude. All data was acquired from
the deployment of sand chambers with orange points representing chambers
deployed next to a freshwater tributary.
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DIN:DIP showed a weak correlation to latitude that was not statistically
significant (r=0.3123, p-value=0.3498). No correlations could be identified
between latitude and TDN:TDP (r=-0.1476) or latitude and organic matter content
(r=0.0565).
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DISCUSSION

The spatial distribution of HABs is not uniform throughout the IRL; the
northern section of the lagoon not only experiences a higher bloom frequency than
the other sections but also tends to have harmful species dominate the algal
community (Phlips et al., 2011). Within the northern lagoon the warm season, from
late spring to early autumn, is characterized by the dominance of large ‘S’ type
dinoflagellates such as Pyrodinium bahamense var. bahamense and Akashiwo
sanguinea (Reynolds, 2006). From autumn to early spring ‘R’ strategists such as
the diatoms Cerataulina pelagica and Dactyliosolen fragilissimus become the
dominant communities in the northern IRL presumably due to their ability to store
nutrients (Katz et al., 2005; Pinckney et al., 1999; Reynolds, 2006; Tozzi et al.,
2004). This succession from dinoflagellate dominated blooms from spring to
summer to diatom dominated blooms from late summer to fall is most common for
the northern IRL region (Phlips et al., 2010).
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Figure 23: Preferred N:P ratios of the algal species common to the IRL: K.
brevis (Vargo et al., 2008), P. bahamense (Azanza et al., 2004),
M. aeruginosa (Smith et al., 1983), P. calliantha (PICES, 2017),
A. lagunensis (Liu et al., 2001), C. pelagica (Hauss et al., 2012),
S. constatum (Maso and Garces, 2006), A. sanguinea (Chen et al.,
2019)

Among the leading causes for the frequent occurrence of HABs in the
northern IRL is the high N:P ratio experienced by this region which is favored by
these blooms (Foster et al., 2018). The weighted molar averages for optimal N:P
were found to be lowest for diatoms (14.9) and increased to 15.1 for
dinoflagellates, 25.8 for cyanobacteria and 27.0 for chlorophytes (Hillebrand et al.,
2013). At high N:P ratios, diatoms which would generally be considered a fast-
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growing “R” strategist would be outcompeted by species such as dinoflagellates,
cyanobacteria and chlorophytes that have a higher optimal N:P (Phlips et al., 2010).
The results of this study justify the algal species present within the IRL as
muck, a commonly encountered sediment type within the northern IRL, displays
flux ratios as high as 68.8 DIN:DIP and 181.8 TDN:TDP for the summer season.
These ratios are consistent with those preferred by Pyrodinium bahamense var.
bahamense and Akashiwo sanguinea, two dinoflagellate species commonly found
in the northern IRL at this time (Figure 23). Furthermore, our results indicate that
that muck promotes the release of ammonium (mean flux=309.5), the preferred
source of nitrogen of many HABs. While diatoms generally have more copies of
high-affinity nitrate transporters and therefore preferentially use N in the form of
nitrate over ammonium, many cyanobacteria, dinoflagellates and chlorophytes have
constitutional expression of high-affinity ammonium transporters and may
therefore be better adapted to use ammonium (Armbrust et al., 2004; Collos and
Harrison, 2014; Glibert et al., 2016; Wilhelm et al., 2006). Some cyanobacteria and
HAB dinoflagellates also have the capability of storing P within their cells which
helps promote their taxa when N is supplied in excess of P (e.g., Accoroni et al.,
2015; Burford et al., 2014; Glibert et al., 2012; Willis et al., 2015).
The frequent and prolonged occurrence of algal blooms within the IRL has
regrettably come to increase the attenuation of light for extended periods of time
and has led to the widespread loss of seagrass communities (Lapointe et al., 2015,
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Phlips et al., 2015). The subsequent loss of seagrass can then further contribute to
greater light attenuation due to the destabilization of sediments hence creating a
positive feedback loop (de Boer, 2007). The benthic accumulation of dead
seagrasses and phytoplankton once a bloom has dwindled leads to the accumulation
of muck. The decomposition of this organic rich sediment rapidly depletes benthic
oxygen and is therefore associated with a high sediment oxygen demand.
Although no statistically significant correlation was found between N:P flux
ratios and groundwater seepage, DIN:DIP showed a weak correlation with seepage
(r=-0.2490) while ammonium flux showed a moderate positive correlation with
increasing seepage rates (r=0.6552, p-value=0.0554). Although this correlation was
not statistically significant, it does indicate a possible groundwater contamination
with leachate from septic tanks, sewer pipes, landfills and agriculture (Belanger,
2007). The worldwide use of urea as a fertilizer and feed additive has increased
over 100-fold in the past 40 years and by 50% in the past decade alone; more than
half of all N fertilizer used is now in the form of urea (Glibert et al., 2006; Glibert
et al., 2014). Moreover, the fraction of organic N and manures comprised within N
fertilizer is also increasing (Glibert et al., 2006; Glibert et al., 2014; Smil, 2001).
This is substantial as most DON entering aquatic systems will be readily available
for biological utilization by algae and bacteria (e.g., Antia et al., 1991; Seitzinger et
al., 2002; Seitzinger et al., 2005).
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Despite the fact that there was no statistically significant difference in the
DIN:DIP fluxes of sand and muck, the results of this study indicate that sandy
sediments exhibited a relatively low but negative TDN:TDP flux ratio (mean=28.6) and would therefore act as a sink for N or P helping to mitigate algal blooms.
This flux ratio was primarily negative due to the negative fluxes displayed by both
phosphate (mean=-7.6) and DOP (mean=-0.7). The relatively low N fluxes emitted
from sand (mean ammonium flux=56.0, mean NOx flux= 54.8) further make it a
relatively unimportant source of N in comparison to muck (mean ammonium
flux=309.5) and other sources of nutrients. Benthic fluxes have been globally
recognized as significant sources of N and P to shallow coastal waters and studies
have come to show that these internal sources become more substantial as
ecosystem health declines (Fisher et al., 1982; Harris et al., 2015; Kelly and Nixon,
1984; Kemp et al., 1990; Sondergard et al., 2001). A study conducted in 2016 by
Tetra Tech found that IRL muck contributes over 30% of the N and P that are
released to the lagoon from all sources including runoff and direct discharges. The
oxic environment associated with sandy sediments however allows for aerobic
nitrification by bacteria and therefore promotes the conversion of ammonium to
nitrates, the preferred form of N of many seagrass species (Rysgaard et al., 1994).
Moreover, P readily reacts with iron and aluminum oxides leading to the soption of
P to the sand particles which would therefore explain the negative mean P flux of
-7.6 µmol P/m2/hr associated with sandy sites (Bolland et al., 2003).
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By promoting these processes sandy sediments are hence improving water
quality and helping counteract eutrophication, as well as encouraging the growth of
beneficial photosynthesizers. A recent study by Brian Lapointe found that the
distribution of seagrass species aligns with the spatial trends in water quality
observed, with species adapted to eutrophic conditions outcompeting more
sensitive species and asserting themselves throughout the IRL (Lapointe et al.,
1994; Lapointe et al., 2020). Due to their susceptibility to eutrophication, manatee
grass (Syringodium filiforme) was not found within Banana River or Mosquito
lagoon while turtle grass (Thalassia testudinum) was only found within the central
and southern IRL where chlorophyll concentrations are low and light penetration is
high (Lapointe et al., 2020). As further indication of the harsh conditions within the
IRL, the distribution of turtle grass has been shifting southward away from its
northern distribution limit although as a tropical species it is expected to extend
northward with increasing water temperatures. This shift indicates that despite the
tropical niche space of turtle grass increasing northward, this species is in fact
losing previously suitable habitat due to the increased light attenuation caused by
phytoplankton blooms (Lapointe et al., 2020).
The ability of oxic sediments to act as a nutrient sink and promote a healthy
ecosystem makes understanding IRL oxygen sinks crucial. With the waters of the
northern section of the IRL experiencing high residence times and eutrophication,
the sediments present in this area are more rich in organic matter than other
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sections of the IRL. (Foster et al., 2018). This downward trend in organic matter
content provides justification for the decreasing trend in SOD from north to south
that was observed within this study (y=-178.3[decimal degrees] +4934.9, pvalue=0.0015). The substantially high SOD observed within the northern IRL (as
high as 415.8 mg O2/m2/hr) is also consistent with the increased occurrence of fish
kills as anoxic conditions may be experienced within or throughout the water
column leading to the suffocation of fishes.
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CONCLUSIONS

In an attempt to understand the contribution of sand and muck towards the
imbalanced N:P ratios experienced throughout the IRL, nutrient fluxes across these
sediments were studied for their ability to regulate N:P ratios through geochemical
cycling within the sediments. Results of this study showed no statistically
significant correlations between molar N:P flux ratios versus organic matter content
(DIN:DIP p-value=0.1133, TDN:TDP p-value=0.0713) or groundwater seepage
(DIN:DIP p-value=0.5182, TDN:TDP p-value=0.8703)and therefore does not
support the first hypothesis.
Sediment oxygen demand decreases from north to south following the
equation: SOD = -178[decimal degrees] + 4934 (p-value = 0.0015) hence
supporting the third hypothesis. Although no significant correlations were
identified between OM and SOD or OM and groundwater seepage in this study, the
data is consistent with restricted circulation and a general latitudinal increase in
OM content and muck within the lagoon. The increased frequency of fish kills
experienced by the northern IRL is at least partially due to the higher SOD
associated with this region (as high as 148 mg O2/m2/hr) as it makes the occurrence
of anoxic conditions rather easy on still days with little or no mixing.
Consistent with high rates of decomposition in muck, very high fluxes of
ammonium (310 ± 342 µmol N/m2/hr) and phosphate (20.1 ± 31.8 µmol P/m2/hr)
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were identified for these sediments. Nitrate+nitrite fluxes were directed into
sediments (-111 ± 204 µmol N/m2/hr) as nitrate was reduced to ammonium in
anaerobic muck. As a source of ammonium and a sink for nitrate, the flux of
readily bioavailable dissolved inorganic nitrogen (DIN) from muck averaged ~200
µmol N/m2/hr. In contrast, ammonium fluxes from sand were on average over 5times lower (56.0 ± 77.3 µmol N/m2/hr) than fluxes from muck and phosphate
fluxes were directed into sediments (-7.6 ± 8.9 µmol P/m2/hr) with sand acting as a
sink for phosphate. Sandy sediments likely promoted the nitrification of ammonium
to nitrate with an efflux of nitrate+nitrite of 55 ± 219 µmol/m2/hr. Overall, sand
was a source of both nitrate and ammonium with a net DIN flux of ~110
µmol/m2/hr.
Although there was no significant difference between the ratio of DIN:DIP
fluxes of sand (9.9 ± 27.2) and muck (16.6 ± 29.1), the mean TDN:TDP flux of
sand (-28.6 ± 54.4) was significantly different from that of muck (50.6 ± 87.6).
This difference was largely due to differences in dissolved organic nitrogen, a form
of nitrogen that can be used by some HAB species. The results of this study
indicated that muck deposits promote relatively high TDN:TDP ratios and high
fluxes not N and P consistent with N:P ratios and high nutrient concentrations
preferred by HAB species such as Pyrodinium bahamense var. bahamense,
Aureoumbra Lagunensis and Akashiwo sanguinea which are commonly
encountered in the northern IRL where muck is prominent. Muck further promotes
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the dominance of HAB species by preferentially releasing ammonium, the
preferred form of nitrogen of many harmful phytoplankton species including
Pyrodinium bahamense var. bahamense. On the contrary, the nutrient cycling
associated with oxic sandy sediments lead to the favored release of oxidized forms
of nitrogen consistent with those preferred by many beneficial photosynthesizers
such as seagrasses. Overall, the difference in nutrient fluxes experienced by sand
and muck are indicative of muck acting in detriment to water quality and creating a
positive feedback loop sustaining eutrophic conditions while sand is more likely to
buffer against eutrophication and can promote the growth of beneficial
photosynthesizers.
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