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Abstract:

Floating Sargassum is thought to be a sink of blue carbon in that it removes carbon dioxide
(CO2) from the atmosphere and sequesters organic carbon by sinking into the deep ocean or
being buried in sediments. However, Sargassum that washes into intertidal ecosystems will
eventually decompose, releasing greenhouse gases to the surrounding air, groundwater, and
surface coastal seawater. In recent years, Sargassum strandings have increased in the Atlantic
Ocean, making our understanding of the fate of beached Sargassum critical for determining how
much carbon is sequestered by the seaweed. This study investigated greenhouse gas fluxes of
decaying Sargassum wrack in mesocosm experiments to understand how beached Sargassum
could affect the coastal carbon cycle. GHG fluxes were investigated in two mesocosm
experiments, simulating (1) tidal seawater inundation of Sargassum wrack and (2) wrack
decomposing in oxygen restricted and aerated conditions. Measurements of greenhouse gas
fluxes from naturally decomposing Sargassum were also undertaken. Overall, strong CO- fluxes
were recorded with weak or inconsistent CH4 fluxes. Simulated tidal conditions and simulated
hypoxic conditions did not lead to differences in GHG fluxes, though dry conditions did have
greater CO; fluxes than seawater immersion conditions. Over the course of the experiment,
alkalinity in seawater mesocosms increased, likely due to anaerobic chemical pathways. In-situ
incubations of stranded Sargassum returned strong CO2 and CHa fluxes, although it is unclear
whether these were due to the wrack itself or underlying sediment biogeochemical processes.

Keywords: Biogeochemistry - Blue Carbon - Carbon Sequestration - Methanogenesis -

Carbonate Chemistry - Macroalgae - Decomposition
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Introduction

Anthropogenic climate change is responsible for many disruptions in the Earth system, including
global warming, changes in weather patterns, ocean acidification, and sea level rise (Mikaylov et
al. 2020). Human perturbations to the global carbon cycle are the main cause of modern climate
change, which is largely driven by the buildup of fossil fuel derived greenhouse gases in the
atmosphere (Mikaylov et al. 2020).). Greenhouse gases (GHG) induce a warming effect by
trapping longwave radiation and emitting it back to the Earth’s surface and atmosphere. The
major driver of modern climate change is carbon dioxide (CO>), which has a long residence time
in the atmosphere (>500 years) (Archer 2005). Other important anthropogenic GHGs include
methane (CH4) and nitrous oxide (N20). Both CH4and nitrous oxide have higher warming
potentials than CO>, but have shorter residence times due to destructive chemical reactions that
occur in the atmosphere (Boucher et al. 2009, Fuglestvedt et al. 1996). Over time scales less than
100 years, CH4 has a global warming potential 27 times that of CO2 (Boucher et al. 2009). The
main anthropogenic sources of CH4 include livestock, agriculture, and landfills, while CH4 is
naturally produced in marine ecosystems such as mangrove swamps and seagrass meadows
(Garcias-Bonet & Duarte 2017, Rosentreter et al. 2017). In total, the sum of all anthropogenic
GHG emissions have led to a global warming of 1.07° C over the past century, and the trend is

expected to continue depending on future emission scenarios (IPCC 2021).

CO:2is naturally cycled through natural processes in the carbon cycle, and certain
ecosystems are net sinks for this gas. In general, ecosystems with net-negative CO2 emissions are
called green carbon ecosystems, of which 45% of the carbon stored exists in terrestrial
ecosystems, and 55% in aquatic ecosystems (Nelleman et al. 2009). Net-negative CO, marine
ecosystems are often referred to as blue carbon ecosystems (Nelleman et al. 2009). It is estimated
that 111 Tg of carbon are buried per year by marine vegetation (Duarte et al. 2005). Blue carbon
ecosystems include but are not limited to salt marshes, mangrove swamps, seagrass meadows
and macroalgae forests (Nelleman et al. 2009, Siikamaki et al. 2013). These ecosystems are often
characterized by high internal carbon burial rates and accumulation of carbon in soils and
sediments (Filbee-Dexter & Wernberg 2020). Angiosperm-dominated blue carbon ecosystems

even bury carbon at a rate 40 times more than tropical rainforests (Duarte et al. 2005). In most of



these ecosystems, the carbon is buried in coastal sediments, but macroalgae ecosystems tend to
store carbon by exporting it to the deep ocean.

Macroalgal ecosystems differ from other recognized blue carbon sinks in that they do not
produce carbon-rich sediments. Angiosperm-dominated ecosystems such as seagrass meadows or
mangrove swamps can store carbon below ground in both living roots and rhizomes as well as
non-living detrital material in the sediment (Rosentreter et al. 2018). Macroalgae sequestration is
difficult to track, as much of the carbon stock within a macroalgal ecosystem is present as living
tissue and is often not buried on site once the organism dies (Krause-Jensen & Duarte 2016).
Since many habitat-forming macroalgae are neutrally buoyant, once detached from substrate the
thalli are readily exported to other marine ecosystems (Krause-Jensen & Duarte 2016, Kokubu et
al. 2019). In general, organic carbon captured as macroalgal biomass can either be buried in
sediments on the continental shelf or exported to the deep ocean (Krumhansl & Shiebling 2012).
Through this burial process, macroalgal ecosystems sequester around 173 Tg yr™ of carbon per
year (Krause-Jensen & Duarte 2016). As macroalgae and their degradation products sink below
the thermocline into the mesopelagic ocean, carbon fixed as particulate organic carbon or
dissolved organic carbon (POC and DOC, respectively) becomes isolated from the atmosphere
and contributes to long term sequestration (Filbee &Wernberg 2020). This long-term deep ocean
sequestration of carbon accounts for up to 88% of carbon sequestered by macroalgae (Krause-
Jensen & Duarte 2016, Kokubu et al 2019). Species of macroalgae with the potential for long
range transport, such as Sargassum spp., are the most effective at capturing and transferring
carbon to the deep ocean (Kokubu et al. 2019). This includes benthic forms with gas-filled
vesicles that cause the macroalga to float after detachment, as well as pelagic forms that float
throughout their lifespan. This is because these species tend to grow in coastal habitats with high
nutrient availability, and the ability for long range transport allows these macroalgae to be
carried to offshore zones, where they can sink below the mixed layer and sequester their carbon
on long term scales. Any carbon that is sequestered in the deep ocean can potentially be

sequestered for up to 1,000 years (Nelleman et al. 2009).

Sargassum, a genus of brown macroalgae, grows either in coastal benthic forests or in
pelagic rafts on the open ocean. Benthic Sargassum forests dominate tropical canopy forming

macroalgal habitats, and pelagic species create biodiverse floating habitats in the northern



Atlantic gyre (the Sargasso Sea) and the Caribbean Sea (Krause-Jensen & Duarte 2016). There
are many benthic Sargassum species (e.g. S. fusiforme, S. horneri, S. vulgare) but there are two
common pelagic species, Sargassum natans and Sargassum fluitans. Pelagic Sargassum species
have no holdfast and reproduce by vegetative fragmentation in the open ocean. They provide
nursery space and habitat for pelagic animals, supporting complex food webs that are essential to
biodiversity in the oligotrophic open ocean (Martin et al. 2021). Sargassum itself is not often
consumed by inhabitants of raft communities (Turner & Rooker 2006), as the macroalga
produces compounds that deter herbivory (Li et al. 2017). Despite not serving as a direct food
source, Sargassum provides energy to the surrounding habitat by releasing dissolved organic
carbon (DOC) that can be absorbed by the bacteria and plankton that serve as the base of the
food web (Powers et al. 2019). Sargassum forests and raft communities contain 13.1 Pg of
carbon globally, which is similar in biomass to the carbon held by salt marshes, and almost twice
the biomass held by mangroves and seagrasses (Gouvea et al. 2020). Due to the comparatively
large amount of carbon stored in living Sargassum, this global sink of carbon has been referred

to as golden carbon (Gouvea et al. 2020, Kwan et al. 2022).

The main pathway for sequestering carbon in neutrally buoyant macroalgae is through
sinking below the mixed layer. Macroalgae have been found to concentrate in the flow of a
submarine canyon (Josselyn et al. 1983, Krause-Jensen & Duarte 2016), though macroalgae falls
in more disperse concentrations over continental shelves (Kokubu et al. 2019). When not
concentrated by bottom topography, macroalgae falls can be concentrated by the fronts of main
ocean currents (Kokobu et al. 2019). Once macroalgae sink into the deep ocean, the detritus
either mineralizes completely or fuels deep sea food webs (Krause-Jensen & Duarte 2016). For
instance, pieces of macroalgae such as Sargassum have been found in the guts of invertebrates in
the abyssal zone as deep as 6,475 m (Lawson 1993, Shoener & Rowe 1970). Sinking of
Sargassum occurs either as the macroalga itself becomes negatively buoyant due to epibiont
weight and the collapse of its vesicles, or as fauna that consume Sargassum and Sargassum-
associated epibionts drop fecal pellets as marine snow (Itoh et al. 2007). As organic carbon is
moved from the upper ocean mixed layer to the deep ocean, it is essentially isolated from the
atmosphere over long periods of time (Krause-Jensen & Duarte, 2016). Sargassum can also

sequester carbon through calcite production, which can constitute up to 22% of the macroalga’s



ash content, and directly becomes sediment following decomposition (Paraguay-Delgado et al.
2020). However, estimates of the magnitude of carbon sequestered by Sargassum vary.

Gouvea et al. (2020) claim that floating Sargassum blooms have a major effect on global
carbon storage, while Hu et al. (2021) claim that golden carbon sequestration is significant on a
local scale but not on a global scale. Hu et al. (2021) claim that although Sargassum habitats
have 16.7 times the sequestration rate of phytoplankton, the spatial distribution of phytoplankton
results in greater primary production over a global scale, and thus greater sequestration rates than
the pelagic macroalga. Estimates of macroalgae net primary productivity that is sequestered in
the deep sea is currently based on models and may not accurately reflect the actual amount of
sequestered carbon (Krause-Jensen et al. 2016). Evidence for deep sea macroalgae sequestration
is mostly found through gut sampling of invertebrates (Shoener &Rowe 1970), bottom trawling
in relatively shallow depths (Kokubu et al. 2019), and photographs of detritus on the bottom
taken by remotely operated or autonomous underwater vehicles (Shoener & Rowe 1970, Baker et
al. 2018). It is also difficult to quantify the burial of macroalgae detritus that has been imported
into mangrove swamps, seagrass beds and salt marshes, making this another challenge to
quantifying the carbon sequestration potential of macroalgal ecosystems (Krause-Jensen et al.
2016).

Apart from direct removal of carbon to burial and to the deep ocean, macroalgae can
sequester carbon through anaerobic decomposition, which occurs after macroalgal wrack is
washed onto sandy beaches (Erk et al. 2020, Perkins et al. 2022). Processes such as calcium
carbonate dissolution, manganese and iron reduction, denitrification and sulfate reduction utilize
organic material and release products such as total alkalinity (TA) and dissolved inorganic
carbon (DIC) (Borges et al. 2003, Krumin et al. 2013, Erk et al. 2020, Perkins et al. 2022).
Decomposition processes also produce POC, labile DOC, and refractory DOC into porewaters
under the beach (Erk et al. 2020). As stated earlier, POC and refractory DOC that are exported
from macroalgal ecosystems into the deep ocean can become sequestered carbon. In addition to
recalcitrant compounds released into porewater, macroalgae stranded above the normal high tide
line can serve as a temporary sink for decomposition products, as low moisture and few
inundation events leads to lower rates of recycling of these decomposition products (Lastra et al.

2018). Living macroalgae also export carbon as DOC and POC which can be sequestered



through burial in other ecosystems or through sinking into the deep ocean. About 43% of the net
primary productivity of macroalgae is exported as DOC and POC (Duarte & Cebrian 1996,
Krause- Jensen et al. 2016). Living macroalgae produce 5-20% of their NPP as refractory DOC,
or DOC that is not readily broken down in the water column, as opposed to labile DOC
(Watanabe et al. 2020). Macroalgae produce DOC that is much more recalcitrant than that of
phytoplankton (Wada et al. 2008), making macroalgal ecosystems important contributors to
DOC dynamics within the ocean. Although all DOC in the epipelagic ocean is eventually
mineralized (Lechtenfeld et al. 2013), if DOC down wells into the mesopelagic ocean it can

sequester carbon for longer time periods.

Although blue carbon ecosystems have high carbon burial rates, they can also have high
CO; and CH4 emission rates, which can lower their CO sequestration potential (Rosentreter et
al. 2018). In addition to the release of GHGs through natural processes, coastal blue carbon
ecosystems that are disturbed or destroyed by anthropogenic activities lose sequestering potential
and begin to release GHG from old carbon stores (Duarte et al. 2005, Pendleton et al. 2012).
Buried organic carbon material decomposes faster when it is exposed to oxygen, leading to
quicker release of GHGs (Pendleton et al. 2012). It is estimated that 0.45 Pg of CO. are released
from disturbed blue carbon ecosystems each year (Pendleton et al. 2012) and CHa release from
degraded mangrove swamps may play a particularly important role in climate change
(Rosentreter et al. 2018). Therefore, it is critical to assess the fluxes of GHGs from blue carbon

ecosystems to determine how they may relate to global CO, emissions.

As Sargassum’s overall contribution to blue carbon is poorly understood, changes in this
ecosystem’s sequestration and emission of carbon may give a better picture of blue carbon
dynamics on a global scale. A challenge to understanding the dynamics of golden carbon
sequestration is the recent change in the growth and distribution of floating Sargassum. Blooms
have occurred in greater frequency and biomasses in the Equatorial Atlantic since 2011 (Wang et
al. 2019). These blooms have occurred in the summer months, most notably in July, and
collectively form the Great Atlantic Sargassum Belt (GASB). The GASB increased by an
average of 139.6 million tons in biomass each year from 2011 to 2018, although it did not
increase in biomass every consecutive year (Wang et al. 2019). It is not clear what has caused

this increase, but hypotheses include changes in upwelling in the eastern Atlantic, higher

10



nitrogen concentrations in the Atlantic from land-based runoff in the Amazon catchment
(Lapointe et al. 2021), or higher iron concentrations originating from ore mining runoff (Gouvea
et al. 2020). Regardless of the causes of increased Sargassum over recent decades, this
phenomenon could lead to changes in the amount of golden carbon that is sequestered on a

yearly basis.

Although the majority of pelagic Sargassum remain in the open ocean, large amounts of
Sargassum do not sink to the deep ocean and often wash up onto beaches, becoming stranded.
This is becoming an increasing problem in the Caribbean and Gulf of Mexico region as the
pelagic biomass of Sargassum increases stranding events (van Tussenbroek et al. 2017, Wang et
al. 2019, Hernandez et al. 2021). Since stranded Sargassum does not sink into the mesopelagic
ocean, its decomposition can have a direct impact on the atmosphere and nearby coastal waters.
The decomposition of stranded Sargassum can have many ecological consequences including
dissolved oxygen consumption, increased sulfide reduction, CO. and CHa production, and direct
negative impacts on organisms utilizing beach habitat as well as on organisms living near
affected coasts (Maurer et al. 2015, Resiere et al. 2018, Erk et al. 2020). Decomposing
macroalgae produce GHG such as CO- through aerobic decomposition and CH4 through
anaerobic respiration (Lastra et al. 2018, Erk et al. 2020, Perkins et al. 2022). From the
perspective of carbon burial, the CO. that is produced through aerobic decomposition replaces
the CO- that was removed from the atmosphere by photosynthesis, resulting in a net zero impact
on the carbon cycle. CHa has a greater greenhouse warming impact than COz on a 100-year
timescale, so any CHsthat is released through decomposition pathways has the potential to offset
carbon burial over the short term. For instance, CH4 has been shown to offset the global benefits
of carbon sequestration by 18% to 22% in mangrove forests (Rosentreter et al. 2018) and by
4.8% in seagrass beds (Garcias-Bonet & Duarte 2017). Though a study that evaluates the natural
GHG emissions of Sargassum has not yet been done, macroalgae wrack are known to undergo
methanogenesis under anaerobic conditions (Erk et al. 2020, Perkins et al. 2022).
Methanogenesis is only one of many anaerobic processes that can occur when organic matter
decomposes on a beach. Fermentation and hydrolysis are important in breaking down the
complex molecules that macroalgae produce (Erk et al. 2020). Sulfate reduction on beaches is
the main driver of kelp decomposition, but this does not occur without mixing of kelp and the

beach sand (Erk et al. 2020). The degradation of macroalgae on beaches also exports carbon in
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the form of DOC, DIC and alkalinity (Perkins et al. 2022). If these products remain dissolved in
ocean water, they could become a carbon sequestering process.

In addition to GHGs released from decomposition, Sargassum strandings have direct
negative effects on beaches that they wash onto. Sulfate reduction leads to the release of
hydrogen sulfide, a foul-smelling and toxic gas (Gray et al. 2021). Humans that breathe this gas
can contract hypoxic pulmonary, neurological, and cardiovascular lesions (Resiere et al. 2018).
Since the South Florida economy relies heavily on tourism, Sargassum strandings cause
economic losses (Gray et al. 2021) and require extensive efforts to be removed from beaches
(Resiere et al. 2018). In addition to negative health effects on human populations, excessive
decomposing Sargassum has negative health effects on beach and near-shore communities.
Decaying Sargassum releases tannins and particulate organic matter (van Tussenbroek et al.
2017), which increase water turbidity and limit the light that photosynthetic organisms such as
seagrasses and scleratinian corals require. Oxygen concentrations and pH decrease, as aerobic
decomposition consumes oxygen and releases CO to the water (van Tussenbroek et al. 2017). In
the height of a stranding event on Mexican Caribbean beaches in 2015, decaying Sargassum
added approximately 30 times the amount of nitrogen and approximately 3-10 times the amount
of phosphorous that is normally exported to near-shore waters by terrestrial runoff (van
Tussenbroek et al. 2017). In 2018, a Sargassum bloom caused a mass mortality of marine fauna
in Mexico by increasing dissolved hydrogen sulfide and ammonium, and causing hypoxic
conditions (Rodriguez-Martinez et al. 2019). Sargassum inundations indirectly lead to beach
erosion, as the decomposition of Sargassum may kill nearshore seagrass communities that would
normally reduce erosion, and removal efforts by humans can damage beach structure (van
Tussenbroek et al. 2017). Piling of Sargassum also excludes use of beaches by sea turtles,

limiting their nesting habitat (Maurer et al. 2015).

Recent increases in Sargassum biomass in the Atlantic has led to increased stranding
events on beaches and increases in subsequent decomposition. This increase in stranded biomass
necessitates a better understanding of how decomposing Sargassum impacts coastal
biogeochemical cycles. Methanogenesis is a process inherent to anaerobic zones in macroalgal
wrack, and is likely to occur in stranded mats of Sargassum. As both aerobic and anaerobic

decomposition of Sargassum increase on a global scale, the GHG fluxes of this process may also
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give a better picture of this process’s role in global carbon and GHG dynamics. In this study the
atmospheric COz and CHj4 fluxes and carbonate chemistry from beached Sargassum wrack were
examined through different methods. CO2 and CHjs fluxes were measured using chamber
incubations on wrack stranded on a South Florida beach, as well as through a time series of
Sargassum decomposition in experimental mesocosms. The same mesocosms were used to track
changing carbonate chemistry throughout the decomposition process. Overall, this study seeks to
understand carbon fluxes from stranded Sargassum, and how the expected increasing frequency

of stranding events may change dynamics of blue carbon in coming years.
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Methods
Overall experimental design and sampling

The focus of this study was on two separate ex-situ experiments, each including 12
mesocosms that were an attempt to determine GHG emission rates from decaying Sargassum
under different scenarios. Experiment 1 was carried out before Experiment 2, with the same 12
mesocosms used in Experiment 1 being used again in Experiment 2. Mesocosm design is shown
in Figure 2. Bulk mats of floating Sargassum biomass were collected off the coast of Ft.
Lauderdale, Florida on two different days, June 15" 2022 for Experiment 1 and July 21 2022
for Experiment 2. Fresh Sargassum was retrieved approximately 1.5 km offshore via small boat
and brought back to the laboratory for processing. Approximately 1 kg of Sargassum material,
including epibionts, were deposited into each mesocosm. Some mesocosms also included
seawater, which was sourced an aquarium shop that collects seawater from offshore of Ft.
Lauderdale. After Sargassum was added, mesocosms were left for ca. 21 hours before the first
incubation was started. Mesocosms were closed in a way that reduced evaporation of seawater
and blocked light. Aeration of certain mesocosms was done by pushing air into the airspace
using a Tetra 3.3 L min! aquarium pump. When incubations began, mesocosms were opened to
bring the internal GHG concentrations to an ambient atmospheric level. After equalization to
atmospheric gas levels, the lid to the mesocosm was sealed and connected by valves to a LICOR
7810 trace gas analyzer (COzand CH4 emissions), which was used to determine the change of
GHG concentrations in the bucket over time. Each incubation lasted from 5-15 minutes, with the
intention of recording a linear increase or decrease of the target gases which could be converted

to fluxes. Fluxes were later calculated using Equation 1.
Experiment 1 Design

To determine whether tidal inundations of beached Sargassum affect GHG flux,
Experiment 1 investigated the effects of seawater immersion, dry conditions and simulated tidal
inundation on Sargassum wrack in mesocosms. In this experiment, there were three experimental
treatments (Figures 1 & 2), each with four replicates. The three treatments during this experiment
were: dry Sargassum (no seawater added to buckets), Sargassum immersed in seawater with no
pumping, and a custom-built pump system that sprayed seawater from the bottom of the

mesocosm onto Sargassum that was elevated from the reservoir by a plastic framework, meant to
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simulate the inundation and desiccation cycle that wrack in the intertidal zone on beaches are
subjected to. The pump system sprayed seawater from a reservoir below the Sargassum for 12
hours before turning off for another 12 hours, repeating over the extent of the experimental
period. All three treatments included pumping of ambient atmospheric air into the mesocosms.
The experiment lasted 15 days (June 16" to June 30" 2022), and mesocosms were sampled every
2-4 days for CO2 and CH4 concentrations from the mesocosm, following the methods in overall
design and sampling. The first experiment resulted in six days of GHG emissions collected from
the twelve total mesocosms. Chamber heights from the top of the Sargassum to the top of the
mesocosm were recorded to later use as chamber heights in the flux equation (equation 1).

Experiment 2 Design

To determine how anaerobic conditions affect GHG flux from Sargassum wrack,
Experiment 2 investigated the difference between aerating the wrack and sealing the wrack in a
hypoxic environment. In this experiment there were four experimental conditions with three
replicates each. The experimental conditions included dry and seawater filled mesocosms with or
without aeration of the mesocosms. Aerated buckets had ambient atmospheric air pumped into
them throughout the decomposition experiment, while closed buckets were sealed until data were
collected. Over the course of 21 days (July 22" to August 11" 2022), mesocosms were sampled
every 2-4 days for CO, and CH4concentrations (Figure 1), resulting in seven days of data
collection. Chamber heights were recorded from the top of the Sargassum to the top of the
bucket, to later be used in the flux equation (equation 1). Water temperature and oxygen content
was also recorded in the seawater buckets using a Hach HQ40 digital multimeter. Mesocosms
with seawater were sampled for later chemical analysis of total alkalinity and pH (15mL). These
water samples were treated with mercuric chloride and stored in borosilicate glass bottles
according to best practices (Dickson et al. 2007). An 888 Titrando Metrohm titrator with an 806
Dosimat and Metrohm pH electrode were used to measure pH and calculate alkalinity using

potentiometric acid titration, as per Cyronak et al. (2013).
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Figure 1. Pictures of (A) mesocosms, (B) Sargassum at start of experimental period, and (C)
Sargassum at end of experimental period in experiment 2.

111

Figure 2. Mesocosm design in the different experiments. (A) Dry experimental conditions, (B)
seawater experimental conditions, and (C) simulated tidal conditions. The brown shape
represents the Sargassum, the blue box represents seawater and white space represents empty
space in the mesocosm. All three were used in Experiment 1, while only the dry and seawater
designs were used in Experiment 2. In Experiment 2, dry and seawater conditions were crossed

with aerated and closed conditions.
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Beach incubation Design

Gas emission data was acquired from Sargassum wrack that was washed onto the beach
of the Dr. Von D. Mizell-Eula Johnson State Park, located in Broward County of Florida (Figure
3). Sargassum rafts often wash onto this beach in large quantities (Figure 4) following blooms in
summer months, making it an ideal location for this study. The incubation chamber used was a
custom built 4-inch diameter, 2-foot-long PVC pipe, which was capped at the top and had valves
for connections to the LICOR 7810 trace gas analyzer (Figure 5). This incubation chamber was
placed on top of selected sites, and where necessary it was pushed through deep wrack to rest on
the sand itself. As with the mesocosm incubations, air within the incubation chamber was aired
out and returned to ambient atmospheric gas concentrations before beginning the next
incubation. An in-line Drierite chamber was used to dry the gas before it entered the LICOR
7810. The first beach sampling was done on September 9", 2022. Four different sites were
sampled for GHG flux: dry sand as a control, dry wrack at a depth of 304mm, shallow and wet
wrack at a depth of 51mm (shown in figure 5), and deep and wet wrack at a depth of 559mm.
The second beach sampling was done on October 19", 2022. Three different sites were sampled
for GHG flux: dry sand as a control, wet shallow wrack between 15 and 80 mm, and wet deep

wrack between 180 and 290 mm. Three replicates of each type of site were sampled.
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Figure 3. Map of location of Dr. Von D. Mizell-Eula State Park, the sampling site within the
park for Sargassum wrack, shown here as a red dot. Coordinates are 26.09° N, 80.11° W.

Figure 4. Sargassum wrack stranded on beach of the Dr. Von D. Mizell-Eula Johnson State Park
in the Summer of 2022.
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Figure 5. Gas emission data acquisition of shallow Sargassum wrack on beach, using LICOR
trace gas analyzer.

Data Analysis
To find rates of GHG flux in each sample, once the CO; and CH4 data were collected
from the beach and mesocosm experiments, linear regressions were done in R. GHG fluxes were

determined using equation 1 (Sippo et al. 2020);

Flux = (s[ 4 ]) (Equation 1)

RT4irA

Where: S is the slope of the linear regression between time and gas concentration (Fig. 6),
V is the volume of the headspace above the wrack (L),
R is the universal gas constant (8.205x10° m® atm Ktmol™),
Tair is the air temperature in Kelvin, and
A is the surface area of the wrack in the mesocosm (m?).

The flux values are presented in pumol m2 s for CO,and nmol m2 s for CHa.
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Figure 6. Example CO. and CH4 emission data from a beach incubation, concentrations are in
pmol for CO2 and nmol for CH4. The slope of the line was determined in R and used in the flux
calculations.

Only incubations with a linear relationship between time and gas concentration could be
converted to flux. Any linear regression that did not have a linear regression with an R? greater
than or equal to 0.9 were removed from analysis, as per Sippo et al. (2020). Eight CO>
incubations were removed from Experiment 1 data. Fifty-nine CH4 incubations were also
removed from Experiment 1 data, resulting in the CH4 data from this experiment not being
converted to fluxes. Three COz incubations and 12 CHs4 incubations were removed from
Experiment 2 data.

To determine whether treatments caused significantly different GHG fluxes, non-
parametric tests were used, due to both the flux data and transformed flux data being non-
normal. For this reason, Kruskal-Wallis tests were used for both experiment 1 and experiment 2
for GHG fluxes. GHG fluxes were not individually analyzed by experimental condition over
time.

To determine whether aerated and closed treatments caused significantly different
dissolved oxygen concentrations, TA and pH in experiment 2, non-parametric tests were also
used as data and transformed data had non-normal distributions. Wilcoxon rank sum tests were

used for this purpose. To determine whether these variables changed over time within each
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condition group, one-way repeated measures ANOVAs were used to account for repeated

measured within each condition. Aligned rank transformation ANOVAs were used as a post hoc

test, from using r packages ARTool and rcompanion.
To analyze what biogeochemical processes (Table 1) were occurring during

decomposition, TA was compared to DIC for both seawater experimental conditions. DIC was

calculated using CO,SYS adapted for Excel (Pierrot et al. 2006) with dissociation constants of
Mehrbach et al. (1973), refit by Dickson & Millero (1987) and the NBS scale. The correlation

found for TA:DIC was compared to known stoichiometric values for biogeochemical processes:

sulfate reduction, calcium carbonate dissolution, manganese and iron reduction and

denitrification (Table 1), as per Borges et al. (2003). These reactions and ATA and ADIC values
were adapted from Borges et al. (2003), Krumins et al. (2013), Hyun et al. (2017), and Perkins et

al. (2022).

Table 1. Biogeochemical processes producing and consuming alkalinity and dissolved inorganic

carbon that might be expected in macroalgal wrack decomposition. The corresponding changes

in TA and DIC are included alongside the chemical reaction.

Biogeochemical Process  Reaction ATA ADIC
Aerobic Respiration (CH20)106(NH3)16(H3PO4) = 106C0O,+16N03 + H3PO4 -0.2 +1
Denitrification CH,0 + 0.8NO3+0.8H* = CO,+0.4N,+1.4H,0 +0.8 +1
Sulfate reduction CH,0+0.5504%+0.5H* - C0,+0.5HS™ +H,0 +1 +1
Carbonate dissolution CaCO; > Ca%*+ COs> +2 +1
Iron reduction CH0 + 4Fe (OH)3+0.8H* >CO,+4Fe?*+11H, +8 +1
Manganese reduction CH,0 + 2MnO; +4H* = CO, + 2Mn?*+ 3H,0 +4.4 +1
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Results

Experiment 1

For the first mesocosm experiment there were three conditions: dry, wet, and tidal. Over the
course of the experiment CO- fluxes ranged from -3.0 to 59.5 pmol m2 sX. In Experiment 1,
fluxes were found to be significantly different (Kruskal-Wallis, p < 0.05), but a post hoc test did
not reveal any significant differences between individual tests. CO> flux over time for each

treatment is shown in figure 7, and CO. flux compared per treatment is shown in figure 8. Fluxes

up to as high as 59. 5 umol m2 s occurred in mesocosms with the dry treatment on the first

sampling day (fig. 7), after which fluxes fell to ca. 10 pmol m s and below for the rest of the

sampling period.

CO, Tidal treatment CO, Wet treatment CO, Dry Treatment
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Figure 7. Box plots of CO; fluxes from tidal, wet, and dry conditions from experiment 1 taken
on each day of sampling.
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Figure 8. Box plots of CO: fluxes separated by the experimental conditions from the first
experiment, compiled over every sampling day for each condition.

Experiment 2

In experiment 2, dissolved oxygen concentrations in the wet mesocosms were not found
to be significantly different between aerated and closed conditions (Wilcoxon rank-sum, p =
0.13). Therefore, it cannot be said that the experimental conditions were truly different between
the aerated and non-aerated wet conditions. Dissolved oxygen concentrations in aerated
mesocosms were not different per day of sampling (fig. 9, one-way repeated measures ANOVA,
p = 0.18), although they were different per day of sampling in the closed mesocosms (one-way
repeated measures ANOVA, p < 0.05). Although dissolved oxygen in the aerated mesocosms
had some high outliers on the first day of sampling, this difference was not found to be

significantly different. Dissolved oxygen was not measured in the dry conditions, as there was no

seawater in these mesocosms.

23



Aerated Closed
0.4-

Oxygen mg/L

a b bc abc ac bc abc

| | ==
P jﬁ_ﬁ@

0.0

Oxygen mg/L

0.0

v-22  T7-26  7-20 802 80

5 200 811 7
Date

7-22 726 729 802 805 8-00
Date

8—|11
Figure 9. Dissolved oxygen concentrations both the aerated and closed wet conditions taken on

each day of sampling during Experiment 2. Different letters show significant differences in
dissolved oxygen between sampling days.
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Figure 10. Dissolved oxygen concentrations in the different experimental conditions, from
Experiment 2, compiled over every day of sampling.
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Overall, CO; flux ranged from -18.4 to 163.8 umol m s in Experiment 2. This range
was greater than the fluxes measured in Experiment 1. In experiment 2, fluxes were significantly
different per condition (Kruskal-Wallis, p < 0.05). CO2 flux over time for each treatment is
shown in figure 11, and CO: flux compared per treatment is shown in figure 13. CO2 fluxes were
lower in the wet conditions across both aeration treatments, with a maximum of 19.9 pmol m-%s
for wet closed and 8.1 umol m2 s for wet aerated. The dry aerated treatment appeared to have
larger fluxes, but this was mostly due to outliers. The dry closed treatment had a maximum of
163.8 pmol m2 st on August 9", 2021. Negative fluxes were recorded in all treatments but dry
closed, though the majority of fluxes were positive.
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Figure 11. Carbon dioxide fluxes from the aeration experiments per each day of sampling.

CH, fluxes in Experiment 2 had a range from -1.5 to 6.2 nmol m2 s™. The wet aerated
condition appeared to have the highest instance of flux, 6.2 nmol m2 s, on August 5". CH,4

fluxes were significantly different per condition (Kruskal-Wallis, p < 0.05), with the wet aerated
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condition showing significantly higher fluxes than the dry closed condition. CH4 flux over time

is shown in figure 12, and CHj4 flux per treatment is shown in figure 13.
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Figure 12. CH4 fluxes from experiment 2 per conditions crossing seawater immersion and dry
mesocosms, and aerated and closed mesocosms over each day of incubation.
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Figure 13. CO. and CHj4 fluxes from experiment 2, per conditions crossing seawater immersion
and dry mesocosms, and aerated and closed mesocosms, compiled over each day of sampling.
Different letters show significant differences in flux between tests.
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Overall, TA ranged from 7046.1 pmol kg™ to 72,422.0 umol kg™. TA was found to be
different over time in the aerated treatment (one-way repeated measures ANOVA, p < 0.05) and
in the closed treatment (one-way repeated measures ANOVA, p < 0.05). TA per condition was
not found to be significantly different (Wilcoxon rank sum test, p = 0.49, Figure 15). TA over
time for each treatment can be seen in figure 14, and the comparison of TA between the

treatments can be seen in figure 15.
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Figure 14. TA per each day of incubation for conditions of aerated and closed in experiment 2.

Dates with significantly different TA within treatments are denoted by different letters.
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Figure 15. Comparison of TA between aerated and closed conditions in experiment 2, compiled
over each day of sampling.

pH was found to change significantly over time in the aerated treatment (one-way
repeated measures ANOVA, p <0.05), but not in the closed treatment (repeated measures
ANOVA, p =0.18). pH between conditions was not found to be significantly different (Wilcoxon
rank sum test, p = 0.78). pH data in aerated conditions started in a low pH, then became slightly
higher for the rest of the experiment. pH over time for either condition can be seen in figure 16,

and the comparison of pH between conditions can be seen in figure 17.
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Figure 16. pH data over time for both the aerated and closed conditions, from experiment 2.

Different letters show significant differences in pH between days.
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Figure 17. Comparison of pH between aerated and closed conditions, from experiment 2.
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TA:DIC ratios were used to identify the biogeochemical process that led to increasing
alkalinity in the seawater mesocosms (Figure 20). The slope of the correlation for both the

aerated and closed experimental conditions were close to 1, which is the expected slope for

decomposition driven by sulfate reduction (Table 1).
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Figure 18. Correlations between TA and DIC in the seawater mesocosms in experiment 2. The
red line indicates trend line, and black lines indicate stoichiometric relationships between TA and

DIC as expected with iron reduction (A), manganese reduction (B), calcium carbonate
dissolution (C), sulphate reduction (D), denitrification (E) and aerobic respiration (F).

Beach incubations

Beach incubations were completed on two separate days (September 9™ and October
19™). Beach GHG fluxes from the September 9" sampling were calculated and reported in Figure
19. Since replicates were not done for September 9" incubations, data are reported as bar plots.
Sand had low GHG flux overall (1.86 umol m2s* CO2, 0.15 nmol m2s™® CH,), and deep
Sargassum had low CO; flux (5.06 pmol m2s), While shallow Sargassum had the highest CO>

flux (32.3 pmol m2s™?). Dry, deep, and shallow Sargassum had similar CH4 concentrations.

30



CO2 Flux CH4 Flux

20-
10~
. I

Sand Dry Deep Shallow Sand Dry Deep Shallow
Date Date

120-

Flux (nmol m"-2 8°-1
@
g

Flux {pmol m*-2 S*-1

s
=3

0-

Figure 19. CO, and CH4 fluxes from September beach incubations, in umol/m?s and nmol/ m?s,
respectively.

Beach GHG fluxes from the October 19" sampling were calculated and reported in
Figure 20. October 19" incubations had three incubations of each type. Fluxes ranged from 9.69
to 466.11 pmol m2s™ for CO and from 1.08 to 703.20 nmol m2s for CH.. Although the sand
GHG fluxes were much greater on October 19" than on September 9", the shallow and deep
Sargassum fluxes were not very different between the two days.
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Figure 20. CO, and CHj fluxes from October beach incubations, in umol/m?s and nmol/ m?s,
respectively.
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Discussion

In this study, CO- fluxes in decomposing Sargassum were not found to be significantly
different between experimental conditions of dry, immersed in seawater and the tidal simulation.
In experiment 2, although aerated and closed conditions were meant to cause oxygenated and
anoxic conditions, dissolved oxygen was not significantly different between aerated and closed
mesocosms. GHG fluxes in decomposing Sargassum were not found to be significantly different
between the aerated and closed conditions, though there were significant differences between dry
and immersed in this experiment. TA and pH were both not significantly different between
aerated and closed mesocosms, but TA did change over time. Analysis of TA:DIC ratios
revealed stoichiometry that best related to sulfate reduction occurring in the mesocosms over the
duration of the experiment. Lastly, although beach incubations revealed higher CH4 fluxes than
those found in the mesocosms experiments, unpredictable sand GHG fluxes brought the accuracy
of the beach data into question. The results present some interesting trends; however, it is
important to note that experiments better mimicking the natural decay process should be
conducted. These results provide some baseline GHG flux data that should spur interesting and
important research into the carbon cycle of coastal wrack accumulations.

Although the tidal simulation was expected to cause higher CO> fluxes than the other
treatments, CO; flux was not found to be different from the dry and immersed treatments. Tidal
action has been found to be a driver of macroalgal decomposition on beaches, so these results
may be due to the limitations of the mesocosm design (Erk et al. 2020, Perkins et al. 2022). This
mesocosm design attempted to simulate cycles of desiccation and inundation, though due to the
closed design of the mesocosm it is possible that proper desiccation was not achieved. During the
experiment, when the tidal mesocosms were opened for incubation, the Sargassum wrack was
never dry so the conditions may never have deviated very far from the conditions of the
mesocosms in which Sargassum was immersed in seawater. However, in the immersion
treatment the Sargassum was submerged or floating, while in the tidal simulation the Sargassum
was suspended over the seawater in the bottom of the mesocosm. Another limitation of this
mesocosm experiment was the lack of inclusion of beach sediment, potentially meaning these
experiments lacked the microbial communities native to beaches that drive decomposition
(Perkins et al. 2022). In addition to microbial communities, porewater filtering can lead to

accelerated mineralization of organic matter (Santos et al. 2012), so the lack of sediment may
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have impacted the GHG fluxes measured here. In addition, the lack of a flow-through seawater
system may have led to the build-up of decomposition products which could have impacted
GHG fluxes. This can be seen in the build-up of alkalinity (Figure 14), and although nitrates and
phosphates were not tested for, these are seen to increase in coastal waters following
decomposition of Sargassum (van Tussenbroek et al. 2017). Sandy beaches covered in
macroalgae wrack are characterized by an export of excess reduced compounds (Erk et al. 2020),
so a system that does not allow for the removal of these products may not properly simulate
natural decomposition processes. A more comprehensive mesocosm design might look more like
the mesocosms used in Perkins et al. (2022), which included columns of beach sediment to study
porewater dynamics and a flow-through seawater system. The initial activity found in the dry
treatments may have been due to remaining moisture from the beginning of the experiment. The
lowering flux over time suggests wrack releases less CO- as it dries over time, and this best
simulates wrack that sits on beaches above the high-tide line. It has been suggested that
macroalgal wrack high on beaches can serve as a temporary sink of carbon, until it is disturbed
by abnormally high tides or storms (Rodil et al. 2018).

In experiment 1, the presence of methanogenesis was not supported by the collected CH4
data. CHa4 flux was not calculated or reported in experiment 1 because the majority of the
incubations did not return CH4 emission rates with R? greater than 0.9. Since all mesocosms in
experiment 1 were aerated, this could reflect that the Sargassum wrack did not provide the
anaerobic environment necessary for methanogenesis (Erk et al. 2020). However, this apparent
lack of methanogenesis could be explained by other anaerobic reactions that compete for the
same reactants. Sulfate reducers compete with methanogens, as both require acetate and
hydrogen as reactants (Sansone & Martens 1982, Erk et al. 2020). It is conventionally thought
that the high sulfate concentration of seawater means that these reactions tend to occur in
sequence, with methanogenesis not happening until sulfate has been depleted (Froelich et al.
1979). In some cases, methanogenesis and sulfate reduction have been found to co-occur in
marine sediments, although methane production is generally much lower in the presence of
sulfate reducing bacteria (Sela-Adler et al. 2017). Another reason for low GHG fluxes from these
mesocosms may have been a film that formed on the surface of wet mesocosms (Fig. 1). This
film may have limited gas exchange into the bottom of the mesocosm and limited the

Sargassum’s access to oxygen as the wrack sunk below the surface over the course of the
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experiment. Since there were no methods of bacterial or fungal identification in this study, it is
unknown what specifically caused this film to form.

Analysis of dissolved oxygen concentrations in experiment 2 confirmed that aeration of
the mesocosm does not affect the oxygen concentration of the seawater after the first few days of
the experiment (Figure 9, 10). Hypoxic conditions occur under 5 mg/L of oxygen (Killgore &
Hoover 2001), and the average oxygen concentration for all mesocosms during experiment 2 was
under 0.1 mg/L. CO: fluxes in experiment 2 were not found to be significantly affected by the
sampling date, which means CO- fluxes did not change over time. Despite this lack of change
over time, all levels of treatment were found to significantly affect CO> flux. Similarly to fluxes
found in Experiment 1, Experiment 2 reported low CO- fluxes in mesocosms that included
seawater immersion (-9.2:8.3 umol m2s for Ex. 1; -14.7:27.9 umol m2s* for Ex. 2). In
comparison to other studies that investigate CO> flux in macroalgae wrack, average fluxes from
the wet experiments were closest to past fluxes recorded to macroalgae, while average fluxes
from the dry experiments were greater (Table 2). The same bacterial/fungal film that occurred in
experiment 1 also occurred in experiment 2, which may have inhibited the exchange of GHGs
across the air-water interface. Dry experimental mesocosms reported greater CO> fluxes than the
seawater mesocosms (Fig. 11), which is counter to the expectation that the aerated mesocosms
would show greater aerobic respiration. This reflects a failure in the aeration design to create
differently oxygenated conditions. Dry mesocosms most likely reached higher CO; fluxes
because Sargassum in the seawater treatments were almost fully submerged by the end of the
testing period, with little contact with the air space that was being aerated.

The majority of CHa4 fluxes in experiment 2 were negative, indicating net uptake of CHs
by the mesocosms. This was unexpected, as past studies that investigated CH4 fluxes in blue
carbon ecosystems reported positive fluxes (Table 2). However, this may be a consequence of
attempting to simulate beach conditions in a mesocosm. Since mesocosms had to be brought to
ambient atmosphere conditions before the incubations could start, it is possible that these
negative fluxes were caused by oxidation of CH4 as microbes in the wrack became exposed to
oxygen. CHs oxidation can be caused by methanotrophic bacteria, which are common in
association with marine macrophytes (Sorrel et al 2002, Brian Jones et al. 2003). However, this
conclusion is speculative and assumes a rapid change in bacterial activity during incubations.

Another lack of CH,4 fluxes may have been caused by high rates of sulfate reduction and
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competition between sulfate reducers and methanogens for organic matter (Sela-Adler et al.
2017).

The presence of sulfur reduction could explain the lack of observed methanogenesis as
methanogenic bacteria compete with sulfur reducers for hydrogen and acetate in anaerobic
environments. Methanogenesis in Sargassum may not become a prominent biogeochemical
process until reducible sulfate has been depleted from the wrack (Sasone & Martens 1982, Erk et
al 2020). Sulfur reduction is very common in macroalgal decomposition (Erk et al 2020, Perkins
et al. 2022) and especially in Sargassum decomposition (Resiere et al. 2018, Gray et al. 2021),
largely due to the high concentration of sulfate in seawater. In this study, DIC and TA data from
the wet incubations were used to determine the relative abundance of different biogeochemical
pathways (Figure 19). This analysis demonstrated that sulfate reduction was likely an important
biogeochemical pathway during the wet incubations. Since water samples were not taken from
the dry mesocosms, it is unknown whether this also explains low CHa fluxes in the dry
conditions. Interestingly, positive CH4 fluxes were detected in the beach data (Figure 17, 18).
Since this data was taken late in the season and on highly degraded Sargassum, reducible sulfate
may have been depleted, allowing for methanogens to become dominant. In the macroalgae
decomposition experiment by Perkins et al (2022), CH4 production was not significant until the
25th day, and was ongoing until the end of the experiment at 60 days. In the present study,
mesocosm experiments were only carried out for 21 days. An experiment with a longer duration
could be expected to show shifts towards different anaerobic pathways (Table 1).

Total alkalinity in the mesocosms increased from ca. 10,000 umol kg to ca. 40,000
umol kg over the first few days of Experiment 2. For reference, normal seawater TA is ca.
2368.9 umol kg* (Rangel 2021). In Experiment 2, the mean TA for both aerated and closed
conditions (ca. 40,000 pmol kg™) was almost seventeen times normal seawater TA (Figure 15).
This was most likely caused by the anaerobic decomposition of the wrack, most notably sulfate
reduction, which increases TA of seawater (Sippo et al. 2016). All seawater mesocosms had low
oxygen concentrations (Figure 9), which would allow for anaerobic decomposition and explain
the large increase in alkalinity. Since mesocosms in this experiment did not have a flow-through
design, the TA concentration would not be expected to decrease without any changes in the
chemical conditions of the mesocosms. Perkins et al. (2022) recorded an increase in TA by the

third day of their experiment, but this condition decreased over the course of the experiment. A
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similar decrease in TA production was seen in the present study, as TA concentrations appeared
to plateau later in the experiment, though it is unknown whether this was caused by a natural
decrease in TA-producing reactions, or by the buildup of decomposition products.

This TA production could serve as another pathway of carbon sequestration. When 0.5
moles of sulfate are reduced, the reaction produces one mole of TA and one mole of DIC (Table
1), trapping carbon as TA. The hydrogen sulfide (HS") that is produced in this reaction can be
reoxidized, which reverses this reaction and consumes TA (Moeslund et al. 1994). In marine
sediments, if the sulfide is precipitated as total reduced sulfur the reaction does not reverse and
carbon is stored as alkalinity in the long term (Moeslund et al. 1994, Thomas et al. 2009).
Precipitation of sulfide occurs as iron reacts with HS", producing either iron monosulfide (FeS)
or pyrite (FeS) and storing it long term in the sediment (Kristensen et al. 2000, Thomas et al.
2009). In conditions where the oxygenated sediment layer is thin, H>S gas may also be released
into the atmosphere, where it cannot be oxidized back to sulfate (Kristensen et al. 2000). Since
sulfate reduction can sequester carbon if it is not reoxidized, evidence of sulfate reduction
outcompeting methanogenesis in Sargassum decomposition suggests that this decomposition
may serve as an additional sink of blue carbon. This study demonstrated that Sargassum
decomposition drastically increased seawater alkalinity (Figure 14) and was driven by sulfate
reduction (Figure 22). However, to fully understand this contribution to carbon sequestration,
more data on CO; and CH4 emission must be gathered to understand whether the alkalinity
production significantly offsets GHG emission over the course of decomposition.

pH data was similar to TA data in that it was not significantly different between the
aerated and closed conditions (Figure 17). This was presumably for similar reasons as to why
this occurred with TA. Similar to the TA data, initial pH conditions were low (Figure 16), before
increasing to between 6.5-7 for the rest of the study. The initial low pH was likely caused by
initially high oxygen concentrations, allowing for aerobic respiration, which lowers both pH and
TA. As oxygen concentrations decreased, aerobic respiration would also have decreased.
However, this explanation is not supported by CO> flux data (Figure 11), which does not show
an initially high CO. flux for either aerated or closed seawater conditions. This may be due to the
nature of how this activity was recorded: CO2 flux was not recorded until 20 hours after the

beginning of the mesocosm experiment, so an initial spike of aerobic decomposition may have
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been missed. It could also be that the seawater in the mesocosm was absorbing the majority of
the COzas DIC.

The purpose of the beach incubations in this study was to compare the mesocosm results
to actual environmental conditions. The location where beach incubations were done, the
northern end of the Dr. VVon D. Mizell-Eula Johnson State Park beach, concentrates the stranding
of Sargassum with large stone breakwaters. Over the course of the Sargassum season (April-
August), large piles of Sargassum accumulated in this area (Figure 4). Beach incubations were
done late in the Sargassum stranding season. The September incubations (Figure 20) showed
strong fluxes of both CO, and CHa from dried piles of Sargassum and both shallow and deep
piles of wet Sargassum, but not from the control sand patches. It was assumed that dry
Sargassum patches would be less microbially active, but they had greater CO> flux than the deep
Sargassum patches. It was also not expected that shallow Sargassum patches would have greater
fluxes of both GHGs than deep Sargassum patches. Although deep patches had more seawater
inundation and greater algal mass than the dry patches, it may be that mixing with sediments is
more important for decomposition. Other studies that investigated decomposition of wrack on
beaches (Erk et al. 2020, Perkins 2022) incorporated sediment depth into their experimental
design. Perkins et al. (2022) specifically found that different biogeochemical processes
important to wrack decomposition only occur at deeper sediment depths. Oscillating water
tables, such as those found on a beach, drive microbial activity in soil (Rezanezhad et al. 2014),
and buried wrack that is subject to these diurnal water table changes may have higher GHG
fluxes than wrack that are only partially submerged while on the surface. It was observed that the
beach used in this study had large amounts of buried Sargassum under the surface of the sand,
and the experimental design of the incubations did not allow for quantification of this buried
wrack. The dry sand incubations, which were not done in areas with this buried Sargassum, did
not show much GHG flux, as was expected.

Beach incubations done in October had unexpectantly high GHG fluxes from dry sand,
which was meant to be a control. In October incubations, three replicates of each type of
Sargassum and beach sand were incubated for more reliable results. However, two out of three
sand patches had much greater GHG flux than the shallow and deep wet Sargassum patches,
while the third sand patch was removed from the data for having a low R? for slope of gas

concentration. Once again, shallow wet Sargassum had higher GHG fluxes than deep wet
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Sargassum. Unexpected fluxes from the bare sand may have been caused by the tide pushing
groundwater up into the beach face (Perkins 2022). Wrack incubations on this day were started at
slack low tide while sand incubations were done later than wrack incubations, and the tide was
observably starting to come in. Rising tides can cause changes in microbial activity in sandy
beaches (Hubas et al. 2006, Rezanezhad et al. 2014), which may be the reason why the control
sand patches had relatively high GHG fluxes. It is possible that the sites that the wrack was
resting on would also have this high flux, if not for the degraded Sargassum resting on top of it.
Despite unexpected sand fluxes, the Sargassum fluxes were higher than those found in the
mesocosm experiments. As stated earlier, this may have been due to the significance of sand and
natural bacterial communities in wrack decomposition, as sand was not present in the
mesocosms. Another difference may have been temperature. Macroalgal wrack exposed to high
temperatures on sandy beaches are known to have higher CO; fluxes (Lastra et al. 2018).
Mesocosms in the present study were housed in shade to reduce evaporation of seawater within
buckets. Since mesocosms were shaded, they did not experience the direct sunlight that beach

wrack does on a normal day.
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Conclusions

Sargassum strandings in the Caribbean and Gulf of Mexico have becoming more common and
greater in size since the formation of the great Atlantic Sargassum belt in 2011. Health and
ecological consequences of these events have been observed in past studies (Resiere et al. 2018,
Gray et al. 2021). However, Sargassum ’s role as a blue carbon sink is still unknown. The goal of
this study was to examine the potential GHG fluxes and carbonate chemistry changes associated
with Sargassum standings on a South Florida beach, and this was done with the use of
mesocosms to simulate how different conditions may affect the carbon cycle associated with
Sargassum. Overall, a more sophisticated mesocosm setup that mimics natural processes is
needed to better determine fluxes of GHGs. Although CO; flux was detected, it is unclear how
that flux may change over time. Methanogenesis may have been inhibited by sulfate reduction,
which was detected through analysis of TA and DIC. Sulphate reduction in stranded wrack may
also add to the blue carbon potential of Sargassum, as this reaction adds DIC to seawater as
alkalinity. Methanogenesis most likely occurs later in the degradation process as sulfate is
depleted from wrack and methanogens do not have to compete for reactants. Since many
biogeochemical processes are inherent to marine sediments, future studies should include sand in
mesocosm design or directly study Sargassum strandings as they decompose on beaches.
Overall, methane fluxes were detected from naturally degrading Sargassum, which indicates this
source of a highly potent GHG could offset any atmospheric CO; that is buried by sinking
Sargassum. Future studies and Sargassum management policies should take the production of

GHGs by decomposition pathways in stranded Sargassum mats into consideration.
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