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Abstract

Seagrass beds are recognized for being a very efficient natural carbon sink. In the face of the
climate crisis, there has been an increased interest in seagrass for its ability to reduce
atmospheric carbon concentrations through biological processes. Practices that have contributed
to high CO:z2 levels have also negatively affected seagrass distribution in the intertidal.
Urbanization has indirectly caused sedimentation and eutrophication in the oceans, which has
reduced light availability, causing seagrass beds to become more fragmented, changing the
landscape and patch configuration. In recent studies, scientists have worked to quantify the
carbon stocks associated with seagrass beds but have failed to consider how landscape attributes
may contribute variability to the results. This study works to assess how the spatial complexity of
seagrass patches influences the carbon dynamics, including consumption and sequestration,
across the patch boundary. Carbon consumption rates were quantified in the top 15cm of
sediments in Zostera muelleri patches in New Zealand using rapid organic matter assay
(ROMA). Carbon storage was measured by taking sediment samples from the top 9cm and
running them through Elementar’s TOC cube. Other biophysical properties, including
chlorophyll a and organic matter in the sediments, were quantified in the middle, edge, outer
edge, and on the outside of six patches with different perimeter-to-area ratios. The results
indicate that the spatial configuration of the patch has no real bearing on the carbon dynamics.
However, this research highlights the importance of the surrounding sediment, as carbon
consumption and sequestration were done at similar rates in unvegetated sediment as they were
in vegetated sediment. Furthermore, the rate of carbon consumption was found to have no
relationship to storage rates, emphasizing the importance of measuring both factors when
determining the benefits of seagrass. The results presented have real implications for seagrass
conservation and restoration efforts. They suggest that seagrass has a broader impact on blue
carbon stores than initially thought, as the surrounding sediment stores carbon at similar rates.
While the implications of these findings are not restricted to the region and species they were
found on, there is a need to expand this research to other species. Additionally, the need to
conduct similar studies on patches with larger differences in their perimeter-to-area ratio has

been identified to definitively state that the size of the patch has no impact on carbon dynamics.
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1 Introduction

Seagrass beds are an important part of many coastal environments as they are recognized for
their high primary productivity (Terrados & Borum, 2004). Although seagrasses have low
taxonomic variation, they have a wide distribution, covering all coastal regions except polar ones
(Orth et al., 2006). Seagrasses enhance water quality by stabilizing sediments and accumulating
essential nutrients (Greiner et al., 2013). Seagrass beds also provide several ecosystem services,
including carbon sequestration, flood protection, and food provisioning through fisheries
(Nordlund et al., 2016). Their wide distribution suggests that many coastal communities rely on
seagrass meadows for their quality of life through the ecosystem services they provide
(Unsworth & Cullen, 2010). Of major significance to the climate crisis, humans can benefit from
the capability of seagrass to sequester carbon, which may help to reduce human carbon

emissions in the atmosphere.

Since the UN Climate Change Conference in 2015 led to the legally binding Paris Agreement
(Paris Agreement to the United Nations Framework Convention on Climate Change, 2015), there
has been an urgency to decrease the amount of atmospheric carbon dioxide to mitigate climate
change (Huang & Zhai, 2021). Seagrass has recently been acknowledged as a key contributor to
achieving this goal because, similarly to trees, the plant consumes and sequesters carbon.
However, seagrass beds are estimated to store up to 83,000 metric tons of carbon per square
kilometre in the sediments beneath them, nearly triple that of forests (Fourqurean et al., 2012).
Their ability to store carbon has ranked them as one of nature's most efficient natural carbon
sinks, and therefore, they are instrumental in mitigating the effects of climate change (Serrano et
al., 2021).

The importance of seagrass beds in the face of climate change has been well established (Gao et
al., 2022; Stankovic et al., 2021). Through photosynthetic processes, seagrass fixes carbon,
lending itself to play a significant role in the global regulation of carbon (Terrados & Borum,
2004). Seagrass is a disproportionately large carbon store, responsible for 12% of the carbon
stored in ocean sediments while only making up 0.1% of the ocean floor (Unsworth et al.,
2019a). Seagrass is known for fixating more carbon than necessary for its metabolic needs,

resulting in excess carbon being translocated from its leaves to its roots and rhizomes (Mateo et
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al., 2006). This is where seagrass stores the carbon and slowly releases it into the surrounding
soils. Research suggests that as much as 17% of carbon fixated by seagrass leaves is exuded into
the sediments within six hours (Moriarty et al., 1986). It is in the sediment where the carbon is
accumulated and stored for long periods. This carbon is referred to as “blue carbon” (Singh et al.,
2022).

Blue carbon is a term used to differentiate marine carbon stores from terrestrial ones, as they
have many different characteristics. Since marine sediments are mainly anoxic and accumulate
continuously, carbon can be stored for hundreds of years (Greiner et al., 2013). The canopy of
seagrass leaves reduces the ocean wave energy, causing sediments and organic matter to
accumulate and settle on the ocean floor (Agawin & Duarte, 2002). It has been proven that
seagrass species with thicker canopies are likely to be more efficient in trapping sediments and,
thus, storing carbon at higher rates (Prentice et al., 2020). Once settled, the roots and rhizomes of
the seagrass provide stability, preventing the sediments from getting stirred up. The stability
provided by the roots and rhizomes ensures the carbon is not recirculated into the water column
and kept in anoxic sediment, inhibiting microbes from decomposing organic carbon into carbon
dioxide (Kim et al., 2022). This is unlike terrestrial environments, which often lose carbon stocks
to the atmosphere through decomposition or disturbances, such as wildfires (Greiner et al.,
2013). Seagrass meadows' complex structure supports the accumulation of carbon from other
associated photosynthetic organisms and macrofauna that die and are buried in anoxic sediment.
Here, decomposition is slow, further contributing to the blue carbon stores associated with

seagrass.

Seagrass beds also support a wide range of living fauna that contribute to the beds’ carbon
dynamics through respiration. The complexity of the seagrass structure makes it an ideal location
to seek refuge from harsh conditions and predators, lending itself to a high abundance of
organisms (Bostrom et al., 2006). Crustaceans, echinoderms, and molluscs are often found in
seagrass meadows and increase in abundance the further into the bed they get (Vonk et al.,
2010). Although seagrass provides refuge for many, it is not conducive for bioturbating species
as the rhizomes can present difficulties for them (Valentine et al., 1994). However, bioturbators

can be found in high abundance outside of seagrass patches, resulting in a different community
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composition in the unvegetated sediment (Githaigia et al., 2019). The communities are often
similarly abundant but have a different composition of fauna due to the species' needs and
preferences from its environment (Bowden et al., 2001). The variation in species composition
leads to differences in the carbon dynamics found inside and out of seagrass beds. While
respiration occurring at different rates among species can lead to changes in carbon dynamics,
bioturbators also negatively impact the carbon stored when burrowing as they remineralize the
blue carbon (Thomson et al., 2019).

Blue carbon stores are not just impacted by biological and physical processes but also by the
landscape configuration of seagrass patches. As landscape ecology becomes better understood,
we realize the implications of changes in landscape architecture as important ecosystems are
losing their coverage. Seagrass has been an essential environment for understanding landscape
ecology due to its natural patchiness over various spatial scales (Robbins & Bell, 1994). Habitat
fragmentation is becoming increasingly common in seagrass beds as coverage is lost through the
direct effects of coastal development and the indirect impacts of decreasing water quality
(Waycaott et al., 2009). As seagrass coverage is lost, blue carbon stores are released into the
ambient water, causing a flux in organic carbon. The amount of carbon lost is correlated to the
type of disturbance, with loss due to turbidity releasing the least and loss due to thermal stress
being the most (Thorhaug et al., 2017). Habitat fragmentation will result in smaller, more
isolated seagrass patches (Hovel & Lipcius, 2001). This impacts the macrofauna that lives within
them and the ecosystem services that seagrass provides. Fragmented beds could also affect
carbon dynamics and blue carbon storage as small, fragmented meadows cannot trap sediments
as effectively as large, continuous ones (Simpson et al., 2022). Fragmentation has also changed
the landscape of seagrass beds by decreasing the density of their canopies (EIl Allaoui et al.,
2016). This has implications for seagrass as canopy densities are linked proportionally to
suspended sediments and their contribution to blue carbon stores (Barcelona et al., 2023). An

increase in gaps within seagrass beds will increase the edge effect present in patches.
Edge effects are characterized by changes in environmental factors at the interface of two or

more habitats, such as a seagrass patch and bare sediments (Laurance & Yensen, 1991). As

habitats become more fragmented, there is an increase in the proportion of the seagrass biomass
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that is on the sand-to-seagrass interface. This concept has been studied extensively in the
terrestrial environment. Researchers suggest it may benefit plants as it increases the amount of
sunlight available and, consequently, the amount of carbon sequestered (Montoya et al., 2010).
Similarly, there is ample research on the edge effect that macrofauna, such as fish and crabs,
experience due to seagrass fragmentation (Smith et al., 2011; Yarnall et al., 2022). However, the
relationship between seagrass landscapes and blue carbon storage has only been explored briefly,
suggesting that the distance to the edge of the patch is an important determinant of carbon
storage, with the innermost position recording the highest carbon stock (Ricart et al., 2015). For
this reason, scientists have suggested that the proximity to the edge, rather than the age of the
seagrass patch, is more telling in how much carbon will be stored in the sediments below
(Oreska et al., 2017). Still, there is limited information regarding how patch size impacts blue
carbon dynamics and storage. From a conservation point of view, it is essential to know how
edge effects and patch size impact blue carbon to determine how to protect and restore these
environments best. From an ecosystem service point of view, if this relationship is quantified,

there will be a better understanding of the overall impact seagrass has on our environment.

For my study, | focus on Zostera muelleri, the only seagrass species endemic to New Zealand. It
has very small leaves compared to other tropical species, ranging from 5-30cm in length and 0.1-
0.4cm in width (Matheson et al., 2009). It is olive green to brown in colour and can be
challenging to spot at low tide as it lays flat across the sediment (Matheson et al., 2009). They
help support many species, including small cockles, bivalves, gastropods, small crustaceans, and
polychaetes (Inglis, 2003). Zostera muelleri is predominately found in mid to low tidal levels on
intertidal flats in estuaries and bays but can also be located on intertidal rocky shores (Jones et
al., 2008). Previously, Zostera muelleri was found in high densities in the subtidal zone, but their
presence here has been largely lost (Ha et al., 2021). This is likely due to human impacts, as
dense subtidal meadows of Zostera muelleri can be found in pristine waters around New Zealand
(Schwarz et al., 2006).

Over the years, the distribution of Zostera muelleri has changed drastically. There are reports of

seagrass loss averaging a 50% coverage decline in several locations across New Zealand in
recent years (Matheson et al., 2011; Ha et al., 2021; Zabarte-Maeztu et al., 2020; Inglis, 2003).
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There are many causes for the loss of seagrass, including human effects through pollution
(sediments, agricultural run-off, etc.), physical damage (Zabarte-Maeztu et al., 2021b), and
native species such as the black swan (Dos Santos et al., 2012). However, in New Zealand, there
IS strong evidence to suggest that an increase in turbidity has been a significant threat to seagrass,
and their loss has destabilized the sediments, resulting in the resuspension of fine sediments,
causing a further reduction in water clarity (Lundquist et al., 2018; Matheson & Wadhwa, 2012;
Park, 1999; Turner & Schwarz, 2006). With reduced water clarity, seagrass tends to have a lower
nutrient removal capacity due to a reduced rate of photosynthesis (Bulmer et al., 2018). Subtidal
zones, in which seagrass resides, are particularly threatened as the input of organic or inorganic
matter through run-off contributes to the intensity of turbidity (Lloyd et al., 1987; May et al.,
2003). This creates a negative feedback loop as higher turbidity threatens seagrass. Sediment
stability achieved by the roots and rhizomes system is lost with decreasing seagrass coverage,
leading to sediments being resuspended more easily, increasing the water column turbidity

(Turner & Schwarz, 2006). Unfortunately, turbidity is not the only stressor that seagrass faces.

Sedimentation and eutrophication have been described as the most common cause of diminishing
seagrass cover globally (Grech et al., 2012). Sedimentation rates have increased worldwide as
coastal developments, deforestation, and other activities contribute significantly (Walling, 2006).
Seagrass leaves can become smothered in sediments with sedimentation, inhibiting
photosynthesis, as light is unavailable (Turner & Schwarz, 2006). Although Zostera meadows
only suffer significantly when 50% of the plant’s height is buried under sediment for three or
more weeks, it is still a real threat that must be accounted for (Vermaat et al., 1998).
Furthermore, sedimentation can negatively impact the porosity and permeability of the
rhizosphere. This, partnered with eutrophication, can reduce oxygen availability, causing
metabolic problems for aerobic microbes (Zabarte-Maeztu et al., 2021a). Eutrophication occurs
through urban, industrial, and agricultural runoff, adding excess nutrients to the oceans.
Eutrophication, often through excess nitrogen, stimulates algal growth, reducing light availability
for seagrass, which is when it threatens coverage (Christianen et al., 2012). Although there have
been areas in the Baltic Sea where Zostera meadows can thrive despite highly eutrophic waters,
eutrophication and, consequently, algal blooms generally occur on a landscape scale, causing

mass mortality. The meadows of Zostera in the Baltic Sea can withstand burial under sand,
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which reduces light availability, having the same impact as eutrophication. The burial does not
affect the seagrass in the Northern Baltic Sea’s structure or functional community (Herkiil &
Kotta, 2009). Zostera is responsible for 12% of oxygen fluxes in the sediment (Frederiksen &
Glud, 2006), which is thought to assist it in dealing with light limitations (Herkil & Kotta,
2009). Similar reasonings may help explain why this seagrass can withstand eutrophication.
However, this has only been recorded in the Northern Baltic Sea, and eutrophication has a global
impact on seagrass coverage (Krause-Jensen et al., 2021). Since it often occurs on a wide scale,
the consequences can be catastrophic, meaning recovery without human intervention is highly
unlikely (El-Hacen et al., 2019).

Alas, seagrass research is significantly underfunded, which makes it difficult to protect. For
every 250 million USD granted to coral reef research, 1 million USD is given to seagrass efforts
(Unsworth et al., 2019b). As a result, 60% of coastal habitat published research is about coral
reefs, whereas salt marshes, mangroves, and seagrass meadows account for only 14% (Duarte et
al., 2008). This creates a gap in the scientific knowledge, creating implications for conserving
seagrass and its ecosystem services. In addition, the lack of funding has led to seagrass species
often having their extinction risk classified wrong (Short et al., 2011). Due to their vast coverage,
it can be difficult to map and quantify seagrass coverage properly without the appropriate
funding. Whether improper status classifications lead us to believe there is more or less seagrass,
such categorizations will divest efforts from the species that require it most. With increased
public understanding, many of these issues could be solved, resulting in more effective

management and conservation of these ecologically important ecosystems.

In New Zealand, there have been attempts to replant Zostera muelleri in the Manukau Harbour,
where it previously existed. However, due to autumn storms, six months later, plant loss
occurred (Turner, 1995). This emphasizes the importance of site selection and protection from
wave action. New Zealand has been identified as a prime location for seagrass restoration as it
can be partnered with existing shellfish restoration projects, providing a holistic approach to
conservation (Tan et al., 2020). Oyster reefs have also proven to be ideal for seagrass restoration,
specifically in the Northern Gulf of Mexico, by protecting wave energy and increasing water

clarity and sedimentation (Sharma et al., 2016). Whether protection methods are natural, such as
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shellfish or oyster reefs, or synthetic stabilizing devices, like seagrass mats, it is important to
provide a safeguard for newly transplanted seagrass to ensure the long-term success of

restoration projects (Matheson et al., 2017).

Despite the loss of seagrass in some areas, Zostera muelleri has been found in other regions
where it hasn’t been previously, without human intervention. In recent years, it has been
inundating Snells Beach, now making up 0.58 km? (~40%) of the total intertidal area (Chiaroni
et al., 2008). Through restoration projects and natural distributional changes, such as what has
been seen at Snells Beach, seagrass densities and distributions are changing worldwide. As
seagrass cover changes, it reassures the importance of understanding carbon dynamics across

different landscapes.

While many studies dive deep into how much blue carbon is stored as a result of seagrass, there
are limited comparisons made to the surrounding patch boundary sediments or the spatial
configuration of the patch and how this relates to the consumption rates (Kennedy et al., 2010;
Miyajima & Hamaguchi, 2019). Quantifying the relationship between patch configuration and
carbon dynamics can support conservation and restoration, as we can understand how to get the
best environmental benefit for the lowest cost, further guiding efforts. Previous studies often
overlook the surrounding sediments when quantifying seagrass’ blue carbon (Lavery et al., 2013;
Mateo et al., 2006). Without knowing how the carbon stocks in the seagrass patches compare to
those outside the patches, accurate predictions cannot be made regarding the seagrass’
contribution to blue carbon. Failure to analyze the surrounding sediment stocks can limit

confidence in the effectiveness of seagrass patches.

Here, | measure the carbon consumption and stores of Zostera muelleri to determine how patch
size affects the edge effect of carbon dynamics. A study by Ricart et al. (2017) examines how the
landscape configuration of Posidonia oceanica affects carbon density and sources, suggesting
that continuous meadows have more carbon per unit area. Like Ricart et al. (2017), many studies
refrain from assessing carbon stocks outside the seagrass patch, which | aim to quantify while
analyzing the edge effect. The concept of edge effects describes that the higher the perimeter-to-

area ratio and the smaller the patch is, the more likely an edge effect will occur (Fonseca, 2008).
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For this, | hypothesize a similar relationship will occur, where larger seagrass patches consume
and sequester carbon faster than smaller patches, and the edge effect experienced will be

proportionate to the patch size and shape as the middle and edge become less similar.
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2 Methods

2.1 Study Site

This study was conducted at Snell’s Beach (36.4205° S, 174.7240° E), north of Auckland, New
Zealand. The beach has a tidal elevation ranging from 0.4m to 3.6m and has a mud content of
29-46% (Wei et al., 2022). My study site is located on the northern tip of Snells Beach (Figure
1). The site is beside a large and vegetated cliff with few rocks. This is a popular location for
beachgoers, dog walkers, and people partaking in exercise. The seagrass beds are relatively close
to shore, the closest being 83m from shore and 34m from the cliff. Aerial photographs taken by
Thrush et al. (2022) confirmed that this northern part of the intertidal flat at Snells Beach has the
most variation among patches with varying sizes and shapes. Photographs were taken by a drone

from a 3m altitude in 1 m-by-1 m quadrats across Snells Beach and compiled into one image
(Figure 1b; Thrush et al., 2022).

&
=]

Figure 1 Snells Bea, Ne Zealand, with the study location outlined in red. Aerial photograph
of the sites, taken with a drone by Thrush et al. (2022), is shown on the right-hand side of the
figure. Seagrass beds can be identified by the darker a) blue/green and b) grey in the respective
images.

2.2 Patch Size
Drone imaging was used to determine the size of each patch. A scale bar was identified, and the
perimeter and area of each patch were outlined and quantified using the ImageJ software

(Rasband, 2022). The perimeter-to-area ratio was calculated for each patch using the data from
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ImagelJ. Patches chosen for this study included those shown in Figure 6 and had a perimeter-to-

area ratio ranging from 0.06 to 0.54.

2.3 Pilot Study

In May 2023, a pilot study was completed to test if there was a detectable edge effect in carbon
consumption associated with seagrass. The results from the pilot study were used to inform the
experimental design of the full study. The ten sites in the pilot study were allocated across the
seagrass patches at Snells Beach (Figure 2), considering patches of different sizes and shapes. At
each site, | positioned sample locations both within the middle of the patch (>1m away from
sand) and at the edge of the patch (0.5m from the sand-seagrass interface). | also identified

control sampling locations in bare sediments at least 1m from any seagrass.

Figure 2 Location of the ten pilot study sites at Snells Beach. Each site had three ROMA plates
deployed — one within the seagrass, one on the edge, and one outside the seagrass patch.

2.3.1 ROMA Plate Preparation

ROMA (rapid organic matter assay) plates described by O’Meara et al. (2018) were used as a
rapid assessment method to assess total carbon consumption rates. ROMA plates are 18cm by
9cm rectangular acrylic plates. They have three columns, 3cm apart, with five wells each, 1cm,
3cm, 5¢cm, 7cm, 10cm, and 15cm from the top of the plate (Figure 3). To prepare the mixture,
10g of agar powder, 13.32g of ground bran flake powder, and 21.66g of cellulose (90um) fine
powder were added to 1000ml of deionized water in a beaker. This mixture was heated on a
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hotplate until it was boiling for 15 minutes. At this time, the mixture was removed from heat
until it cooled to 42 degrees Celsius. The mixture was then pipetted into the 0.9ml wells without
air bubbles in two layers. The wells were overfilled to reduce the risk of shrinkage. Once the
mixture had cooled and solidified in the wells, the plates were wrapped in five completely
soaked paper towels and placed in a chilly bin to store them overnight in a humid environment.
This is important to ensure shrinkage does not occur. Three hours before deployment, a sharp
blade was used to cut the excess off the plates, making the mixture flush with the surface. They

were then rewrapped and stored in the chilly bin to transport them easily.

- bottom

Figure 3 The ROMA plate, including measurements of well placement on the plate.

For the pilot study, 30 ROMA plates were used. The ROMA plates were deployed across ten
study sites for the pilot study (Figure 2). Each site included three sampling locations where one
ROMA plate was deployed — one within the seagrass, one on the edge, and one outside the

seagrass patch.
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2.3.2 Deployment

A flat shovel was pressed into the sediment perpendicularly and pushed forward, exposing a
smooth surface of sediments, and the plate was pushed in with the wells facing the sediment. The
plate was pushed down until levelled, the shovel was removed, and sediments were put back in
place (Figure 4).

Figure 4 The step-by-step deployment of the ROMA plates: a) creating a wedge in the
sediments with the spade and inserting the plate vertically, with the back against the spade, b)
pushing the plate down to have it flush with the sediments, c) replacing the sediments on top of
the plate gently to reduce the disturbance to the plate. Image and technique taken from O’Meara
etal., 2018.

The ROMA plates were collected 12 days after deployment and rinsed of sediment before the
analysis was completed. The plates were stored in a chilly bin with a layer of water on the
bottom, while each plate was wrapped up in damp paper towels to ensure minimal shrinkage of

agar before the carbon consumption analysis was complete.

2.3.3 Data Analysis

The statistical program RStudio was used for all analyses of the data. A three-way ANOVA and
post-hoc multiple comparison tests were performed to determine if there were any differences in
the carbon consumption rates between patch sites, sampling locations, and depths. Linear
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regressions were used to determine differences in the carbon consumption rates at the different
sampling locations across the depth layers. All models were tested for linearity, normality of

errors (Q-Q plot), and autocorrelation (Durbin-Watson test).

2.3.4 Results of the Pilot Study

The carbon consumption across three sampling locations was analyzed for the pilot study.
Carbon consumption varied with depth (p < 0.05; Figure 5); however, post hoc testing revealed
that the differences in depth occurred only between the surface layers (<5¢cm depth) and the
deeper layers (>7cm depth). Therefore, subsequent data analysis was performed with two depth
groups: surface (1-5cm) and deep (7-15cm)

The pilot study aimed to determine if an edge effect was apparent in the carbon consumption for
seagrass patches to inform the sampling locations for the main study. The results suggest no
statistically significant difference in carbon consumption amongst patch locations (r? = 0.012,
Fe171) = 2.011, p = 0.137; Figure 5). However, more variability was observed in the surface
layer than in the deep (Fa.172) = 22.959, p < 0.001), which increases from outside the patch to the
middle (Fe172) = 4.42, p = 0.013; Figure 7).
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Figure 5 The average carbon degradation rate in six patches across three sampling locations,
including the outside, edge, and middle. The data is split into the surface (1cm, 3cm, 5cm) and
bottom (7cm, 10cm, 15cm) of the ROMA plate for analysis. The lower and upper fences
represent the 25" and 75™ percentiles, with the line through the box as the median. The dots
represent outliers in the data.

2.4 Main Study

In June 2023, six seagrass patches of varying sizes and shapes were characterized and chosen at
Snell’s Beach for the full study (Figure 6). The results of the pilot study led to another sampling
location being added to the experimental design to better capture variability around the edge in
the main study. The new sampling location is referred to as the outer edge and was 25cm away
from any seagrass patch. Additionally, a fine 64um nylon mesh was cut and glued on top of the
right row of each ROMA plate to exclude the effect of macrofauna and meiofauna and test
whether the macrofauna and meiofauna were responsible for the variability amongst depths and
sampling locations. Seventy-two plates were used this time, and to fill the plates, the agar
solution measurements used in the pilot study were multiplied by three. Unlike the pilot study,
where there was one plate per sampling location, the plates were placed in sets of three at each
location to increase the replicates (Figure 7). This portion of the study also included the outer

edge sampling location, equating to four sampling locations at each patch.
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Figure 6 The six patches sampled, circled in black, with their corresponding number at Snells
Beach, New Zealand.

Im

0.5m

Figure 7 Configuration of ROMA plates at each sampling location within/around a seagrass
patch. Sediment samples were taken from the middle of the configuration.

The ROMA plates were collected 12 days later, cleaned of sediment, and analyzed for carbon
consumption within the next 24 hours. ROMA plates were stored in a wet, humid environment

overnight to ensure minimal shrinkage of the agar solution.

2.4.1 Sampling Processes

2.4.1.1 Carbon Stocks

To determine the carbon and nitrogen profiles, sediment cores (2cm diameter, 9cm deep) were
collected from the sediment at the centre of the three ROMA plate configurations at each

sampling location (Figure 7). Each core was sliced into the top 2cm to capture the oxic layer, 4-5
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cm middle section, and 7-9cm to analyze the sediments below the roots. The sediments were

stored at -80°C to preserve the samples.

2.4.1.2 Sediment Characteristics

At each sampling location, sediment cores, 2cm deep, were taken from the centre of the ROMA
plate configurations using a 2cm diameter syringe core to determine the sediment chlorophyll a
and organic content (Figure 7). Three sediment cores were pooled at each sampling location,
placed into a labelled bag, and on ice. Once back at the lab, the sediment samples were frozen at
-80°C.

2.4.2 Lab Analysis

2.4.2.1 Carbon Consumption

To quantify the carbon consumed during the deployment, the volume change of the mixture
added to the wells in the ROMA plate was measured by using a 1ml syringe filled to the 0.9ml
mark with distilled water to fill the well until it was flushed again with the surface of the plate.
The volume of water remaining in the syringe was equivalent to the volume of agar in ml. The
volume remaining was used to calculate the carbon consumption by using the following

equation, developed by (O’Meara et al., 2018):

0.026g C
(09ml agar — VF) (de‘gar)

12 days

carbon consumed =

Where VE is the volume of agar remaining in ml.

2.4.2.2 Carbon Storage

Samples were thawed overnight to prepare them to be processed. Once samples were thawed, the
sediments were homogenized, and approximately one tablespoon of sediment was put into small
tinfoil dishes. The sediment samples were then placed into the oven at 60°C and left to dry for

three days. To determine the total nitrogen and carbon in each sample, 30mg of sediment was
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weighed into a tinfoil boat and placed into the corresponding well of the metal plate. The

samples were then run in Elementar’s TOC cube to determine the necessary parameters.

2.4.2.3 Chlorophyll a

Sediments were homogenized and placed into a freeze drier for two days after being in the -80°C
freezer for 24 hours. Approximately 1g of sediments was weighed and placed into 15ml falcon
tubes wrapped in tin foil in a dark room. Then, 3 ml of 90% aqueous acetone was added to all
samples before being vortexed for 30 seconds. Once all tubes were prepared, they were placed in
a 4°C fridge for 24 hours. The next day, the samples were centrifuged at 3,500 RPM for three
minutes before 1.8ml of supernatant from the tube was extracted into a 1-cm cuvette. The optical
density for each sample was read at 664nm and 750nm. After, one drop of 0.1ml of 0.1N HCI
was added and agitated into the cuvette. The sample was read at 665nm and 750nm 90 seconds

after acidification.

The following equation from Lorenzen (1967) was used to determine the chlorophyll a content:
11 = 243(E664b — E665a) * ]/e
DW sediment (g)

chlorophyll a content (ugChlag— 1 DW sed) =

Where Esssb is the corrected absorbance at 664nm before acidification, Eessb is the corrected
absorbance at 665nm after acidification, and DW sediment is the dry weight of sediment used for

the extraction.

2.4.2.4 Sediment Organic Content

The organic content of the sediment was quantified by using the percentage weight loss on
ignition. Foremost, empty foil dishes were placed in the furnace for four hours at 450°C and then
weighed to four decimal points. Approximately one teaspoon of homogenized sediment was put
into the foil dish and then into the oven at 60°C until it reached a constant weight. The dishes
were then placed into a desiccator to cool and then weighed. After, the dishes were placed into
the furnace at 450°C and ran for four hours. The samples were moved into the desiccator to cool
and were weighed one last time. The sediment organic content was calculated using the

following equation from Parker (1983):
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D—-B
percent of sediment organic matter = 100 (T)

where D represents the dry weight of the sediment and B is equal to the weight of the burned

sediment, excluding the weight of the dish in both variables.

2.4.3 Data Analysis

The statistical program RStudio was used for all analyses of the data. A Kruskal-Wallis test was
used to compare the carbon consumption rates across the four sampling locations, as the data
failed to pass the ANOVA assumptions. Furthermore, a simple linear regression model was used
to compare each environmental factor to the sampling location. The seagrass environmental
factors were chlorophyll a pigments, sediment organic matter content, and the carbon stored at
depths. A multiple linear regression was conducted with carbon consumption rates as the
dependent variable and environmental factors as the independent variables. All models were

tested for linearity, normality of errors (Q-Q plot), and autocorrelation (Durbin-Watson test).
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3 Results of Main Study

3.1 Patch Perimeter-to-Area Ratio

To assess the relationship between the perimeter and the area of seagrass patches, | plotted the
two variables (Figure 8a). As the perimeter of each patch increased, so did the area, but not in a
proportional manner (Figure 8a). Patch four has the largest perimeter-to-area (P:A) ratio of
0.547, whereas patch six has the smallest (0.063; Figure 8b). Patch two (0.238) and five (0.229)
have a similar ratio, but every other patch differs from each other, and these two comparable
patches (Figure 8b). The relationships between the perimeter and the area of the seagrass patches
highlight the complexity of defining the spatial structure of patches in a simple metric (Figure
8b).
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Figure 8 a) The area and perimeter b) used to calculate the perimeter-to-area ratio of each patch
sampled, photographed in Figure 6.

3.2 Carbon Consumption

Based on the pilot study data analysis, the carbon consumption data was split into the surface (0-
5cm) and deep (7-15cm) layers. For the main study, these layers were still significantly different
(p < 0.001; Figure 9). It was found that the average carbon consumed, across all sampling
locations, was similar when macrofauna was included (mean: 15.573 + 1.413 grams of
carbon/m?/day) and excluded (mean: 15.969 + 1.024 grams of carbon/m?/day). The carbon

consumption showed a strong relationship to the sampling location (p = 0.01) when the
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macrofauna was included in the surface layer consumption (Figure 9a). However, this did not
hold when there was no macrofaunal activity.
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Figure 9 The average degradation rate across all sampling locations in the a) surface and b) deep
layer, including and excluding macrofauna from the ROMA plate. The lower and upper fences
represent the 25" and 75" percentiles, with the line through the box as the median. The dots
represent outliers in the data.

3.2.1 Surface Layer Carbon Consumption by Patch Number

Scatter plots of the relationship between surface carbon consumption and sample location
relative to the seagrass patch show inconsistent patterns (Figure 10). Most patches show carbon
consumption increased towards the centre of the patch, although the slope varied between

patches. But not in patch two, where the opposite pattern was apparent. Linear regression
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revealed that these trends were significant in patches four and six when macrofauna was included
(p =0.031; p=0.001) and excluded (p = 0.001; p = 0.049). The pattern in patch two was still
significant in the surface layer despite being in the opposite direction to the other patches (F1,10 =
9.411, p = 0.012; Figure 10a). The macrofaunal activity in the wells increased the variation in

carbon consumption overall by 63% from when they were excluded (Figure 10).
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Figure 10 The average carbon degradation per metre per day across all patch locations in six
patches in the surface layer of the sediment when a) macrofauna is included and b) excluded.

3.2.2 Deep Layer Carbon Consumption by Patch Number

The carbon consumption in the deep sediment layer has a low model fit (r> = 0.032). The trends
produced in the deep layer were significant whether macrofauna was excluded (p = 0.024) or
included (p = 0.036). Patch two exhibits a similar pattern to that in the surface layer, as it has a
negative but significant trend line when macrofaunal activity is accounted for (F1,10 = 26.71, p =
0.0004, Figure 11a). However, it appears to level out and follow the trend when macrofauna are
excluded from the wells (Figure 11b). Regardless of macrofaunal activity, all patches' carbon

consumption occurring at depth remained consistent (F1,142 = 3.582, p = 0.061; Figure 11).
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Figure 11 The average carbon degradation per metre per day across all patch locations in six
patches in the deep layer of the sediment when a) macrofauna is included and b) excluded.

3.2.3 Relationship between Carbon Consumption and Patch Perimeter-to-Area Ratio

The relationship suggests that as the patch P:A ratio increases, so does the r? value, representing
how well the model fits the data in the surface sediments (Figure 12a). However, this
relationship is non-significant in both surface (p = 0.207; Figure 12a) and deep layers (p = 0.939;
Figure 12b). It should be noted that the linear regression flattens out in the deep sediment layer,

suggesting the model fits the data equally, regardless of patch ratio.
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Figure 12 The r? value of carbon consumption and location relative to patch among six patches
of varying perimeter-to-area ratios in the a) surface and b) bottom layer of sediments.
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3.3 Relationship Between Sediment Characteristics and Carbon Consumption Rates
For the purpose of comparing all environmental characteristics, the surface carbon consumption
rates when macrofaunal activity was excluded from the wells were used. These conditions
resulted in a higher average r? value (Figure 12a), indicating improved model fit. Also, the
surface carbon consumption samples were used for the comparisons as the sediment samples for

the environmental characteristics as they were extracted from the same depths.

3.3.1 Chlorophyll a

Four of the six patches had a negative linear regression going from the outside to inside the
patch, whereas patches two and six had the opposite pattern (Figure 12). Approximately 3.8% of
the variation in chlorophyll a can be explained by the sampling location, suggesting that the
sampling location does not have a large effect on the amount of chlorophyll a in the sediments
(F1,22=10.878, p = 0.359).
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Figure 13 The chlorophyll a content in the sediments across the four sampling locations in six
patches of different P: A ratios.

The chlorophyll a in the sediments was plotted against the amount of carbon consumed (Figure
14a) and the perimeter-to-area ratio of the patches (Figure 14b). As the carbon consumption rates
increase, the chlorophyll a in the sediments does, too. However, this relationship is statistically
insignificant (H(21) = 19.6, p = 0.547; Figure 14a). A slightly less positive, and still
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insignificant, relationship resulted from plotting chlorophyll a content against the patch P:A ratio
(H(5) =9.12, p = 0.1044; Figure 14b).
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Figure 14 The average amount of chlorophyll a in the sediments plotted against the a) average
carbon consumption and b) perimeter-to-area ratio.

3.3.2 Sediment Organic Matter

Inconsistent patterns between sediment surface organic matter concentrations and location across
the seagrass patch were apparent (Figure 15). The sampling location had no direct correlation to
how much organic matter was found in the sediments at any patch location (p = 0.23).
Nevertheless, the linear regression results suggest that the sampling location and P:A ratio of the
patch can help explain 18.78% and 19.22% of the variation, respectively, whereas the rest is
unexplained (p = 0.508; Figure 15).
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Figure 15 Percent organic matter in the sediments across four sampling locations in six patches
of varying P:A ratios.

The trendline suggests that the percent of organic matter in the sediment increases with the
amount of carbon consumed (Figure 16a). The linear regression confirms that this is not a strong
relationship, and there is no direct correlation between the two variables (p = 0.428). Similarly,
an insignificant relationship was found between the patch P:A ratio and the organic matter
content (p = 0.674; Figure 16b).
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Figure 16 The average percentage of organic matter in the sediments plotted against a) the
average carbon consumption and b) the perimeter-to-area ratio of the patches.

35



3.3.3 Relationship Between Carbon Consumption Rate, Chlorophyll a Content, and Sediment
Organic Matter Concentration

The environmental factors and carbon consumption rate data were normalized in order to
compare them on the same scale. Multiple linear regression was used to identify if, in
combination, the sediment parameters and patch P:A ratio influenced carbon consumption.
Overall, the test reveals that the combination of these factors did not significantly influence
carbon consumption (R? = 0.179, F(s20)= 0.3401, p = 0.257; Table 1). The model coefficients
were 0.118 for chlorophyll a content, 0.306 for organic matter, and 0.161 for the perimeter-to-
area ratio, indicating a positive correlation between the environmental factors and carbon
consumption (Table 1). Organic matter content appears to have the largest influence on the

model due to the larger coefficient, whereas chlorophyll a content has the smallest.

Table 1 Carbon consumption rates related to chlorophyll a content, sediment organic matter, and
the perimeter-to-area ratio of the patches.

Partial R?

Variable P:ARatio SOM Chlorophylla Consumption Coefficients p

Chlorophyll a .040 118 0.636
SOM .070 132 306 0.161
P:A Ratio 022 .007 .061 161 0.362

Intercept = .340
Mean 318 508 331 S17 R?=.179

3.4 Carbon Storage in Sediments

Carbon storage with depth in the sediment was highly variable across the six seagrass locations.
Although there is no distinct relationship between the location and depth of carbon storage (p =
0.882), it is important to note that across most patches and sampling locations, a 5¢cm depth is
where the most carbon can be found in the sediments (Figure 17). Carbon storage varied between
patches (p = 0.033), with the two that have the highest perimeter-to-area ratios (patches two and
four) storing statistically larger amounts of carbon in their sediments than the others (p = 0.016;
Figure 17.2, 17.4).
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surface across all sampling locations.
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3.4.1 Relationship Between Carbon Storage and Carbon Consumption

The purpose of determining the carbon stored at depth was to see how it relates to the carbon
consumed by the sediment ecosystem. To determine the relationship between carbon storage and
consumption, the average storage across all depths and the carbon consumed in the surface layer,
with no macrofaunal activity in the wells, were compared. Multiple linear regression reveals that
the relationship between carbon consumption rate, the carbon stored (%) in the sediments, and
the sampling location is insignificant (R? = 0.019, F2, 21) = 0.204, p = 0.817; Figure 18). Adding
patch P:A ratio to the regression model did not substantively change this relationship (R? =
0.114, F, 21y = 0.857, p = 0.480).
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Figure 18 The average carbon storage in the top 9cm of sediments (blue) and the average carbon
consumed by the environment when macrofaunal activity was excluded (red) in all six patches
across all sampling locations.
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4 Discussion

My research shows there is little evidence to suggest that the patch P:A ratio impacts the carbon
dynamics. The results demonstrate how carbon consumption data can vary over depth and
sampling location, with more carbon consumed in the seagrass patch's surface layer. When the
macrofaunal activity was accounted for, there was an increase in variation among the
consumption data, regardless of the depth. Additionally, it was found that carbon is stored in
sediments outside the patch and along the patch boundary in similar quantities to those stored
within the patch. No relationship was found between the amount of carbon consumed and the
carbon stored in the sediments. Furthermore, the surface and deep layer determined in the results
were consistent with the oxic layer's depth in the sediments visually observed at Snells Beach

during sampling.

4.1 Carbon Consumption Rates

4.1.1 Macrofaunal Activity

There was a large difference in the variation between consumption rates when macrofaunal
activity was and was not accounted for, resulting in different trendlines when these treatments
were applied. This was expected and aligns with results from O’Meara et al. (2018). The
variability in carbon consumption between replicate samples was higher when macrofauna was
included in the wells than when they were absent, regardless of location. The variation when
macrofauna was present, irrespective of the sampling location, could indicate similar
macrofaunal communities across locations. Macrofaunal communities within seagrass and
adjacent sandflats can be similar in composition and abundance (Lundquist et al., 2018). A study
of macrofauna in Otago found that fragmented habitats of Zostera muelleri had a similar
abundance and diversity, regardless of small (1-5m?) or large (100-200m?) patch size. The patch
location in the intertidal (i.e., high vs low) was more important than patch size, suggesting
macrofaunal abundance could be similar across patches of differing sizes in a similar

geographical position (Mills & Berkenbusch, 2009).
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4.1.2 Across Sampling Locations

The carbon consumption rates did not vary significantly across seagrass patch sampling
locations, which is likely influenced by the metabolic activity of the sediment microorganisms.
Similar consumption rates, regardless of sampling location, are crucial findings in seagrass
research as they show that the surrounding areas are equally important for carbon consumption.
Seagrass environments are known for supporting higher microbial biomass than unvegetated
sediments as a result of the increase in organic matter and habitat they provide (Jankowska et al.,
2015). Zostera muelleri supports a wide range of microorganisms as it can provide multiple
microenvironments within a patch, including leaves, shoots, rhizomes, and sediments (Ugarelli et
al., 2017). A study done on Zostera marina in the Northern Hemisphere found more than 20,000
unique microbial taxonomic units on the surface of the seagrass, which were distinct from the
microorganisms found on the roots surface and surrounding sediments (Fahimipour et al., 2017).
Since the species biomass is higher in vegetated sediment, the metabolic needs of the differing
microbial communities must be responsible for similar consumption rates in the vegetated and

unvegetated sediment.

Microbes experience reduced carbon-use efficiency in higher temperatures, resulting in a large
shift in carbon fluxes (Dijkstra et al., 2011). Dijkstra et al. (2011) examined the impact of
changing temperatures from 4 to 20 degrees Celsius over two hours. They found that respiration
rates increased nearly ten times when temperature increased, suggesting temperature
significantly impacts metabolic processes. This is similar to temperature changes experienced in
unvegetated sediments between high and low tide. In New Zealand, sediments can experience an
increase in temperature by 10 degrees Celsius as the tide goes out (Mortensen & Dunphy, 2016).
This temperature shift experienced in the bare sediments suggests that the microorganisms
outside the patch would have a spike in metabolic needs. The carbon flux that Dijkstra et al.
(2011) observed in two hours would likely occur during low tide for the microbial community in
the unvegetated sediments, accounting for a larger portion of carbon consumed outside the patch.
Overall, the microbes in vegetated sediments are thought to experience temperatures 4 degrees
Celsius lower than those in unvegetated sediments, even at high tide, due to the shade seagrass
provides (Rutherford et al., 1997). This suggests that regardless of high or low tide, microbial

communities will experience a higher metabolic rate, resulting in high consumption rates, in

40



areas that lack seagrass. However, the combination of low tide and bare sediments should
produce a high carbon flux. The increase in metabolic needs as a result of temperature fluxes
explains why the consumption rates across sampling locations were similar, regardless of the

middle location supporting a higher abundance of organisms and seagrass biomass.

4.1.3 Across Patches

Even though none of the patches experienced a large difference in consumption across locations,
patch two experienced higher rates of carbon consumption outside of the patch than within. This
patch is of the same perimeter-to-area ratio as patch five. On this basis, it is unlikely that the
spatial configuration of the patch played a role in its differing consumption rates. However, the
geographic location of the patch may. Patch two is the closest patch to the cliff face and coastline
at Snells Beach. With the sun setting on the west coast, the cliff face provides shade in the
afternoon, causing patch two to be the first patch to lose sunlight each day. In winter, patch two
could receive as little as five hours of sunlight (Wellington School of Architecture, 2024).
Acclimatized or shaded plants often hit their light saturation rate at lower intensities and fix
carbon more efficiently than those in the sun (Reich et al., 1998; Touchette & Burkholder, 2000).
Light availability is a limiting factor in most seagrass patches, which results in the translocation
of oxygen from their leaves to belowground tissues, where they conduct aerobic respiration.
However, once sunlight is lost, their tissues can sustain anaerobic respiration for extended
periods, allowing seagrass to be efficient in carbon fixation (Touchette & Burkholder, 2000). The
seagrass in patch two likely has the lowest respiration rate as it acclimates to lower light
conditions. However, for photosynthesizing organisms with higher light compensation points,
there is no need to have a low respiration-to-photosynthesis ratio, indicating these organisms
have a lower carbon efficiency (Craine & Reich, 2005). Since the surrounding sediment is not
shaded as early in the day, the organisms likely have a higher light saturation point, resulting in

less efficient carbon fixation and the opposite regression seen in the results.

Furthermore, my results showed that the carbon consumption rates in the patch with the largest
perimeter-to-area ratio correlated most to the sampling locations. The patch with the highest
perimeter-to-area ratio consumed more carbon at the middle sampling location than the others,

driving the significant trendline. Patch four (the highest P:A ratio) has the smallest area and the
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lowest seagrass biomass. Although this was unexpected, this finding is consistent across previous
studies. Research suggests low seagrass biomass leads to higher net community production
(Egea et al., 2023). Egea et al. (2023) used patch area as a proxy for seagrass age and found that
younger seagrass export significantly more dissolved organic carbon than older ones. The
younger seagrass community likely has higher net production as they are trying to colonize
surrounding sediments and have lower biomass of non-photosynthetic tissues (Egea et al., 2023).
Previous studies suggest that carbon uptake will be the highest in patches younger than two years
old and steadily decrease after that (Barron et al., 2004). It is thought that carbon consumption
rates are less correlated to patch size the larger they get, as self-shading becomes more

prominent, causing a 25-35% reduction in gross primary production (Pérez & Romero, 1992).

4.2 Environmental Factors

4.2.1 Sediment Chlorophyll a Content

The chlorophyll a content negatively correlates to the amount of carbon consumed from the
ROMA plate. The relationship between chlorophyll and carbon consumption has yet to be
explored with the same detail as stored carbon and chlorophyll a (Anderson et al., 1981; Ganguly
et al., 2017). Chlorophyll a in the sediment is commonly used as an index for microphytobenthos
biomass (Kelly et al., 2001). For this reason, it was expected that chlorophyll and carbon
consumption would be positively correlated because the more microphytobenthos in the
sediment, the more organisms are available to consume the carbon (McAlister, 1939), yet the
opposite was found in this study. In photosynthetic organisms, the ratio of chlorophyll to carbon
does not need to be 1:1. However, it is widely understood that the more carbon consumed, the
more chlorophyll is required to fix carbon (Ireland et al., 1984). Findings from Steele and Baird
(1962) suggest that the ratio of chlorophyll to carbon can be as low as 1:213 in the winter and as
high as 1:47 in the summer in photosynthetic organisms. It is thought the ratio decreases in the
winter as there is limited light available, and it is at low intensities (Steele & Baird, 1962). With
sampling occurring in the winter, it was expected for chlorophyll a to be low but still positively
correlated. Previous research suggests microphytobenthos are regulated by ammonium rather
than carbon, which may contribute to the negative relationship produced in the results (Risgaard-

Petersen et al., 2005). If ammonium levels were high in the sediment, there would be less
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microphytobenthos consuming the carbon available. However, since ammonium was not

sampled for this study, conclusions regarding this cannot be made.

In addition, the sampling location was found to have no impact on the chlorophyll a content,
suggesting no edge effect was present. Despite no statistical difference, four patches had
approximately 1ug more chlorophyll a (33%) in the unvegetated sediments than in the seagrass.
A study done on Zostera marina in Virginia, USA, found that lower aboveground biomass led to
higher light availability on the seafloor, leading to an increase in microphytobenthos biomass,
which is directly correlated to chlorophyll a content (Reidenbach & Timmerman, 2019). This
suggests that unvegetated sediments would have the highest light available for
microphytobenthos. Since seagrass patches support a higher abundance of microbes, it was
thought that chlorophyll a would be highest inside the patch. However, the increased light
availability may be contributing to the unexpected insignificant effect found amongst sampling

locations, as more organisms are outside the patch in the winter when light intensity is low.

4.2.2 Sediment Organic Matter

The organic matter found in the sediments produced a positive regression line from outside the
patch to within in all the patches but two and three. Patch number two has also deviated from the
trends in carbon consumption and chlorophyll a content, suggesting something different is
occurring there than any other patch. As previously mentioned, since patch two has a similar P:A
ratio to patch five, it is unlikely the spatial configuration is the reason for this, but rather the
proximity to the cliff face. It is thought that the sediment surrounding patch two is where eroded
sediment with high organic content settles (Petsch et al., 2000). With wave energy being slowed
by the seagrass, eroded sediments will likely settle close to the cliff face, leaving the outside
sampling locations rich in organic content (Bradley & Houser, 2009). The difference in organic
matter outside to inside of patch three was less than 0.1% and was deemed insignificant.
However, it is possible that the cliff’s erosion contributed to similar concentrations of organic

matter as patch three is also close by.

The sediment organic matter was also positively correlated to the carbon consumption rates.

There are limited studies that compare consumption rates to sediment organic matter in seagrass
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environments, so it is unknown if this result is widespread. However, many studies dive into the
relationship between stored carbon and organic matter, which state a similar relationship
(Rahayu et al., 2019; Ricart et al., 2017). In seagrass patches, approximately 29% of the organic
matter is derived from seagrass through photosynthetic processes (Rahayu et al., 2019). This
would lend itself to the positive correlation seen between the two environmental factors, as
carbon fixation is required for photosynthesis. Seagrass-derived organic matter in the sediments
is also linked to higher organic carbon in both the seagrass shoots and surrounding sediment,
implying a positive feedback loop between the consumption rates by those tissues and sediment

organic matter (Papadimitriou et al., 2005).

Additionally, the sediment organic matter was positively correlated to the patch P:A ratio,
suggesting that the patches with the largest ratio have higher organic matter in their sediments. It
is assumed by many scientists that patches with higher perimeter-to-area ratios are younger and
are trying to colonize the surrounding sediments more than the patches with a lower P:A ratio
(Egea et al., 2023). It has been found that sediments enriched with organic matter alter the
microbial composition and increase enzyme expression in seagrass species, thus having a
positive impact on the above-ground biomass (Fraser et al., 2016). The change in biochemistry
has been found to enhance root branching and sediment stability, positively impacting growth
(Fraser et al., 2016). The younger seagrass may be producing more organic matter through
photosynthetic processes to assist in the growth and colonization of the surrounding sediments.

Thus explaining why sediment organic matter is positively correlated to the P:A ratio.

4.3 Stored Carbon in the Sediment

4.3.1 Across Sampling Locations

The carbon stored in the sediments was similar across sampling locations, regardless of the
patch. This finding is consistent with research done worldwide that illustrates blue carbon stores
are only slightly higher in vegetated sediment than they are in unvegetated sediment (Prentice et
al., 2020). This is likely because organic carbon is exported from seagrass meadows to
neighbouring, unvegetated sediments, leading to higher concentrations of stored carbon outside
the patch (Kennedy et al., 2010). Additional research suggests that approximately 50% of
sediment organic carbon stored in seagrass beds is from non-seagrass sources, such as algal and
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phytoplankton carbon contributions, with the fraction decreasing with the distance from the
patch edge (Oreska et al., 2018). This provides a substantial explanation for why the patch edge

has similar amounts of carbon stored, even though it conceptually has less seagrass cover.

Currently, there are only a few unambiguous comparisons between vegetated and unvegetated
areas in proximity to each other. For example, an Australian literature review analyzed the blue
carbon stores in vegetated and unvegetated patches in temperate coastal environments and found
that stores in vegetated sediments were significantly higher than those in unvegetated sediments
(Mazarrasa et al., 2021). However, this review did not consist of patches directly beside each
other, suggesting there is no overbearing effect of nearby vegetation. Seagrass beds are known to
impact the carbon content of the sediments nearby by directly supplying detached plant material,
resulting in carbon spillover, and by reducing water flow velocity, resulting in suspended
particulate matter being deposited in adjacent, unvegetated sediment (Ricart et al., 2015). This
rationalizes the importance of seagrass, not only for the blue carbon stores within the patch but
outside of it as well. Mazarrasa et al. (2021) emphasize the issue of losing seagrass cover, as
unvegetated sediments cannot sequester and store carbon well without the seagrass’s influence.
The consistency between the studies presented further highlights the importance of surrounding
sediments to blue carbon estimates in seagrass environments. Unfortunately, as seagrass cover is

lost, sediment carbon stocks erode, reversing the climate mitigating effect (Marba et al., 2015).

4.3.2 Across Patches

The two seagrass patches with the highest perimeter-to-area ratio had the highest percentage of
carbon in their sediments. This contradicts previous studies that state a lower perimeter-to-area
ratio may indicate patch fragmentation, which corresponds to higher carbon stores (Gullstrom et
al., 2018). However, a study analyzing habitats dominated by Thalassodendron ciliatum aligns
with the findings presented in this research and attributes their results to the patches facing
toward the open sea (Asplund et al., 2021). The explanation regarding the patch location stated
by Asplund et al. (2021) is likely to fit the high sedimentary carbon stores in patch two. Patch
two experiences more hydrodynamic exposure as it is closest to the cliff face. Hydrodynamics
are associated with increased carbon stocks in temperate seagrass (Dahl et al., 2020). Since

patches two and five are the same size, this suggests that the patch size is not responsible for the
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higher proportion of carbon in the sediments. As for patch four, it has the highest perimeter-to-
area ratio, leading to most of the seagrass biomass being near the edge. Researchers have proven
that edge proximity strongly correlates to the amount of carbon buried (Oreska et al., 2017).
With most of patch four having its biomass near the edge, this relationship can help explain the

high percentage of carbon in their sediments.

4.3.3 Relationship Between Carbon Storage and Consumption

No relationship was found between storage and consumption, regardless of the patch’s
perimeter-to-area ratio. Depending on various factors, such as size and location in the intertidal,
some seagrass patches can support more organisms than others (Bostrom et al., 2006; Mills &
Berkenbusch, 2009). Different abundances of organisms result in carbon being consumed at
different rates from patch to patch. This suggests that even if sequestration in different patches
occurs at similar rates, the relationship will not be quantifiable if carbon is consumed differently.
However, carbon storage also occurs through multiple processes that can result in inconsistent
amounts of carbon sequestered per patch (Duarte et al., 2013). Not only does excess carbon from
fixation get transported down to the roots and rhizomes for storage (Duarte & Cebrian, 1996),
but the seagrass leaves trap sediments from the ambient water, accumulating more carbon, which
can occur at different rates in a small geographical area (Mateo et al., 2006, Syvitski, 2003).
Seagrass closer to a sediment source will experience higher sedimentation rates, trapping more
carbon in their sediments. The accumulation of sediments is responsible for the high variation in
carbon stored and should be accounted for when making carbon estimates (Ricart et al., 2020).
Although seagrass roots are found to reduce erosion rates in sandy sediments, this effect is
density-dependent (Infantes et al., 2022), and the coverage at Snells Beach is likely too low to

make a difference.

4.4 Conservation and Management of Seagrass

The high variability in the carbon storage data may impact our ability to characterize seagrass's
contribution to climate change mitigation accurately. Without a real pattern that explains the
drivers of the heterogeneity, it is difficult to quantify how much carbon is stored for every square
kilometre of seagrass coverage. Scaling up single carbon storage measurements to heterogeneous

areas is fraught due to the clear heterogeneity in carbon consumption and storage measured
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across areas, which will lead to calculations overestimating and underestimating seagrass’s
contribution. The results also have implications for seagrass conservation, as they suggest that
the patch size is not directly correlated to the percentage of carbon stored beneath them. Thus,
larger patches may not be the most important to protect. Unfortunately, the lack of explanation
for the heterogeneity is just one of the many challenges in the management and conservation of

seagrass.

Despite being a global resource, seagrass and its contribution to human well-being are not
universally recognized (Cullen-Unsworth et al., 2014). Seagrass is less aesthetically pleasing
than coral reefs or mangrove systems, which has major implications as the general public,
politicians, and stakeholders are less concerned with protecting it (Duarte et al., 2008).
Furthermore, due to its coverage in the intertidal zone, many residents see it washed up on the
shore, thinking it is unattractive and strong-smelling, or feel it tangled in their feet when
swimming, contributing to the negative perception of seagrass (Trivifio et al., 2016). There have
been reports of hotels removing seagrass from their beaches because guests do not appreciate it,
which has threatened seagrass in the Maldives (Wageningen University, 2023). With increased
societal recognition, seagrass restoration projects could occur more regularly, and the meadows

could be properly managed with the appropriate funding.

Conservation and restoration efforts in seagrass habitats worldwide have proven successful (Van
Katwijk et al., 2016). However, many of these studies lack long-term monitoring, meaning the
success is inconclusive (Matheson et al., 2017). Restoration projects can be costly and timely,
which is why trials happen on a small scale (Pazzaglia et al., 2021). A meta-analysis of seagrass
replanting efforts suggests that the survival and population growth rate depend on the number of
seeds planted. This may explain why the survival rate of seagrass seeds during replanting efforts
is only 37%, as most studies occur on a small scale (Van Katwijk et al., 2016). Large-scale
plantings increase the range of environmental conditions that seagrass would experience,
increasing the likelihood of optimal growth conditions being found and colonization occurring
more successfully (Van Katwijk et al., 2016). However, the findings presented in this study
suggest that leaving unvegetated sediment around the seagrass restoration area could be

beneficial. Since surrounding sediment was proven to be equally valuable to the carbon
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dynamics as the vegetated areas, leaving bare sediments would help to decrease the costs and
time associated with replanting, all whilst producing similar benefits. In addition to the scale of
the project, scientists have advised that replanting seagrass species at former sites is likely to
increase success rates. Nonetheless, it is important to reflect on the factors that caused plant loss
in the first place and to understand how these sites continue to be impacted by these threats prior
to replanting (Van Katwijk et al., 2009).

4.5 Gap in Knowledge and Future Directions

The findings presented in this study have implications for seagrass conservation worldwide.
Carbon consumption and storage at high rates outside seagrass patches suggest that blue carbon
stocks have been underestimated and should be re-evaluated. However, it is difficult to
definitively quantify the distance of the ripple effect as outside samples were only taken one
metre away. Future studies need to quantify the distance in which seagrass affects the carbon
consumed and sequestered in the surrounding unvegetated sediment to make more definitive
estimates. The relationship regarding patch size should be further evaluated to contribute to the
accuracy of blue carbon assessments. The patches analyzed in this study are relatively small and
similar compared to other patches worldwide (Jelbart et al., 2006). It is possible that the
difference between the patches needed to be larger to impact the relationship identified, and

larger patches need to be analyzed to determine this.

Furthermore, to test the generality of the results, the geographical range should be extended to
analyze different species and locations. Unfortunately, many seagrass studies still occur on a
small scale compared to forestry studies (Bostrom et al., 2006), however, a large-scale study,
consisting of more replicates, would assist in making the results more definitive. Increasing the
scale would also help explain the deviations in the results, but it was not possible with the time
and funding restrictions for this study. Nonetheless, this research highlights the importance of

seagrass and how its coverage is necessary for a healthy, long-lasting ecosystem.

4.6 Conclusion
Although the spatial configuration of the seagrass patch had no real bearing on the carbon

dynamics, it is important to consider the results identified between sampling locations. Despite
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no relationship being found, the results underline the complexities of carbon dynamics in
seagrass patches and should promote the evaluation of both when analyzing the ecosystem
services seagrass provides. This research also demonstrates how the surrounding sediments are
equally important for blue carbon stores as consumption and sequestration occur in the
surrounding areas at rates similar to the seagrass patch. The findings of this study have wider
implications than the geographical area and biological species they were found on and should be
considered regardless of the location. The surrounding unvegetated sediments should be included
when evaluating seagrass's contribution to blue carbon, which has been well studied. However, it
is unknown how far past the seagrass patch these benefits go, and additional research would need

to be conducted before making any conclusions regarding the radius.

The complexity and heterogeneity of carbon dynamics and the spatial configuration of seagrass
patches have been established through this research. Although the surrounding sediment has
similar amounts of carbon buried, it is because of seagrass that sedimentation is enhanced.
Without the presence of seagrass, the sediments would remain suspended and not contribute to
blue carbon stores. In the face of climate change, seagrass coverage is increasingly important but
is under threat due to anthropogenic effects (Waycott et al., 2009). With coastal communities
being hotspots for human activities, sedimentation and eutrophication are occurring at high rates,
negatively impacting global seagrass coverage (Grech et al., 2012). Although replanting efforts
have been successful, they are costly and carry the risk of failure (Pazzaglia et al., 2021; Turner,
1995). While it is a great method to restore seagrass biomass, the best seagrass is that which exist
naturally. Conservation efforts, including public education, increased funding, and continuous
research, will help preserve this vital ecosystem. Seagrass provides fundamental fisheries habitat,
microenvironments for microbes and algae, coastal protection, and more (Terrados & Borum,
2004). Although the information presented provides insight into why this invaluable ecosystem
must be managed and protected for its carbon dynamics, seagrass contributes in many ways to

the well-being of the environment and must be safeguarded for all its ecosystem services.

49



References

Agawin, N. S., & Duarte, C. M. (2002). Evidence of direct particle trapping by a tropical
seagrass meadow. Estuaries, 25, 1205-1209.

Anderson, J. G., Boonruang, P., & Meadows, P. S. (1981). Interrelationships between
chlorophylls, carbon, nitrogen and heterotrophic bacteria in an intertidal sediment

transect. Marine Ecology Progress Series, 6, 277-283.

Asplund, M. E., Dahl, M., Ismail, R. O., Arias-Ortiz, A., Deyanova, D., Franco, J. N., Hammar,
L., Hoamby, A. I., Linderholm, H. W., & Lyimo, L. D. (2021). Dynamics and fate of blue
carbon in a mangrove—seagrass seascape: influence of landscape configuration and land-use
change. Landscape Ecology, 36, 1489-1509.

Barcelona, A., Colomer, J., & Serra, T. (2023). Spatial sedimentation and plant captured
sediment within seagrass patches. Marine Environmental Research, 188, 105997.
https://doi.org/10.1016/j.marenvres.2023.105997

Barron, C., Marbé, N., Terrados, J., Kennedy, H., & Duarte, C. M. (2004). Community
metabolism and carbon budget along a gradient of seagrass (Cymodocea nodosa)

colonization. Limnology and Oceanography, 49(5), 1642-1651.

Bostroém, C., Jackson, E. L., & Simenstad, C. A. (2006). Seagrass landscapes and their effects on
associated fauna: A review. Estuarine, Coastal and Shelf Science, 68(3), 383-
403. https://doi.org/10.1016/j.ecss.2006.01.026

Bostrom, C., Jackson, E. L., & Simenstad, C. A. (2006). Seagrass landscapes and their effects on
associated fauna: A review. Estuarine, Coastal and Shelf Science, 68(3), 383-
403. https://doi.org/10.1016/j.ecss.2006.01.026

Bowden, D. A., Rowden, A. A., & Attrill, M. J. (2001). Effect of patch size and in-patch location
on the infaunal macroinvertebrate assemblages of Zostera marina seagrass beds. Journal of
Experimental Marine Biology and Ecology, 259(2), 133-154. https://doi.org/10.1016/S0022-
0981(01)00236-2

50


https://doi.org/10.1016/j.ecss.2006.01.026
https://doi.org/10.1016/j.ecss.2006.01.026
https://doi.org/10.1016/S0022-0981(01)00236-2
https://doi.org/10.1016/S0022-0981(01)00236-2

Bradley, K., & Houser, C. (2009). Relative velocity of seagrass blades: Implications for wave
attenuation in low-energy environments. Journal of Geophysical Research: Earth
Surface, 114(F1)

Bulmer, R. H., Townsend, M., Drylie, T., & Lohrer, A. M. (2018). Elevated turbidity and the

nutrient removal capacity of seagrass. Frontiers in Marine Science, 5, 462.

Chiaroni, L. D., Hewitt, J. E., & Hancock, N. (2008). Benthic Marine Habitats and Communities

of Kawau Bay. Auckland Regional Council.

Christianen, M. J., Govers, L. L., Bouma, T. J., Kiswara, W., Roelofs, J. G., Lamers, L. P., &
van Katwijk, M. M. (2012). Marine megaherbivore grazing may increase seagrass tolerance
to high nutrient loads. Journal of Ecology, 100(2), 546-560.

Craine, J. M., & Reich, P. B. (2005). Leaf-level light compensation points in shade-tolerant
woody seedlings. New Phytologist, , 710-713.

Cullen-Unsworth, L. C., Nordlund, L. M., Paddock, J., Baker, S., McKenzie, L. J., & Unsworth,
R. K. F. (2014). Seagrass meadows globally as a coupled social-ecological system:
Implications for human wellbeing. Marine Pollution Bulletin, 83(2), 387-

397. https://doi.org/10.1016/j.marpolbul.2013.06.001

Dahl, M., Asplund, M. E., Bjork, M., Deyanova, D., Infantes, E., Isaeus, M., Nystrom Sandman,
A., & Gullstrém, M. (2020). The influence of hydrodynamic exposure on carbon storage
and nutrient retention in eelgrass (Zostera marina L.) meadows on the Swedish Skagerrak
coast. Scientific Reports, 10(1), 13666.

Dijkstra, P., Thomas, S. C., Heinrich, P. L., Koch, G. W., Schwartz, E., & Hungate, B. A.
(2011). Effect of temperature on metabolic activity of intact microbial communities:
evidence for altered metabolic pathway activity but not for increased maintenance
respiration and reduced carbon use efficiency. Soil Biology and Biochemistry, 43(10), 2023-
2031,

Dos Santos, V. M., Matheson, F. E., Pilditch, C. A., & Elger, A. (2012). Is black swan grazing a
threat to seagrass? Indications from an observational study in New Zealand. Aquatic
Botany, 100, 41-50.

51


https://doi.org/10.1016/j.marpolbul.2013.06.001

Duarte, C. M., & Cebrian, J. (1996). The fate of marine autotrophic production. Limnology and
Oceanography, 41(8), 1758-1766.

Duarte, C. M., Dennison, W. C., Orth, R. J., & Carruthers, T. J. (2008). The charisma of coastal

ecosystems: addressing the imbalance. Estuaries and Coasts, 31, 233-238.

Duarte, C. M., Kennedy, H., Marba, N., & Hendriks, 1. (2013). Assessing the capacity of
seagrass meadows for carbon burial: Current limitations and future strategies. Ocean &
Coastal Management, 83, 32-38. https://doi.org/10.1016/j.ocecoaman.2011.09.001

Egea, L. G., Pérez-Estrada, C. J., Jiménez-Ramos, R., Hernandez, 1., Lépez-Lépez, S., & Brun,
F. G. (2023). Changes in carbon metabolism and dissolved organic carbon fluxes on
seagrass patches (Halodule wrightii) with different ages in Southern Gulf of
California. Marine Environmental Research, 191,

106136. https://doi.org/10.1016/j.marenvres.2023.106136

El Allaoui, N., Serra, T., Colomer, J., Soler, M., Casamitjana, X., & Oldham, C. (2016).
Interactions between fragmented seagrass canopies and the local hydrodynamics. PLoS One,
11(5), e0156264.

El-Hacen, E. M., Bouma, T. J., Govers, L. L., Piersma, T., & OIff, H. (2019). Seagrass
sensitivity to collapse along a hydrodynamic gradient: evidence from a pristine subtropical

intertidal ecosystem. Ecosystems, 22, 1007-1023.

Fahimipour, A. K., Kardish, M. R., Lang, J. M., Green, J. L., Eisen, J. A., & Stachowicz, J. J.
(2017). Global-scale structure of the eelgrass microbiome. Applied and Environmental
Microbiology, 83(12), 3391.

Fonseca, M. S. (2008). Edge Effect. In S. E. Jgrgensen, & B. D. Fath (Eds.), Encyclopedia of
Ecology (pp. 1207-1211). Academic Press. https://doi.org/10.1016/B978-008045405-
4.00486-9

Fourqurean, J. W., Duarte, C. M., Kennedy, H., Marba, N., Holmer, M., Mateo, M. A.,
Apostolaki, E. T., Kendrick, G. A., Krause-Jensen, D., & McGlathery, K. J. (2012).
Seagrass ecosystems as a globally significant carbon stock. Nature Geoscience, 5(7), 505-
5009.

52


https://doi.org/10.1016/j.ocecoaman.2011.09.001
https://doi.org/10.1016/j.marenvres.2023.106136
https://doi.org/10.1016/B978-008045405-4.00486-9
https://doi.org/10.1016/B978-008045405-4.00486-9

Fraser, M. W., Statton, J., Hovey, R. K., Laverock, B., & Kendrick, G. A. (2016). Seagrass
derived organic matter influences biogeochemistry, microbial communities, and seedling

biomass partitioning in seagrass sediments. Plant and Soil, 400, 133-146.

Frederiksen, M. S., & Glud, R. N. (2006). Oxygen dynamics in the rhizosphere of Zostera
marina: A two-dimensional planar optode study. Limnology and Oceanography, 51(2),
1072-1083.

Ganguly, D., Singh, G., Ramachandran, P., Selvam, A. P., Banerjee, K., & Ramachandran, R.
(2017). Seagrass metabolism and carbon dynamics in a tropical coastal
embayment. Ambio, 46, 667-679.

Gao, G., Beardall, J., Jin, P., Gao, L., Xie, S., & Gao, K. (2022). A review of existing and
potential blue carbon contributions to climate change mitigation in the
Anthropocene. Journal of Applied Ecology, 59(7), 1686-1699.

Githaiga, M. N., Frouws, A. M., Kairo, J. G., & Huxham, M. (2019). Seagrass removal leads to

rapid changes in fauna and loss of carbon. Frontiers in Ecology and Evolution, 7, 62.

Grech, A., Chartrand-Miller, K., Erftemeijer, P., Fonseca, M., McKenzie, L., Rasheed, M.,
Taylor, H., & Coles, R. (2012). A comparison of threats, vulnerabilities and management

approaches in global seagrass bioregions. Environmental Research Letters, 7(2), 024006.

Greiner, J. T., McGlathery, K. J., Gunnell, J., & McKee, B. A. (2013). Seagrass restoration

enhances “blue carbon” sequestration in coastal waters. PloS One, 8(8), e72469.

Gullstrom, M., Lyimo, L. D., Dahl, M., Samuelsson, G. S., Eggertsen, M., Anderberg, E.,
Rasmusson, L. M., Linderholm, H. W., Knudby, A., & Bandeira, S. (2018). Blue carbon
storage in tropical seagrass meadows relates to carbonate stock dynamics, plant—sediment
processes, and landscape context: insights from the western Indian Ocean. Ecosystems, 21,
551-566.

Ha, N., Manley-Harris, M., Pham, T., & Hawes, I. (2021). Detecting multi-decadal changes in
seagrass cover in tauranga harbour, new zealand, using landsat imagery and boosting
ensemble classification techniques. ISPRS International Journal of Geo-Information, 10(6),
371.

53



Herkdl, K., & Kaotta, J. (2009). Effects of eelgrass (Zostera marina) canopy removal and
sediment addition on sediment characteristics and benthic communities in the Northern
Baltic Sea. Marine Ecology, 30, 74-82.

Hovel, K. A., & Lipcius, R. N. (2001). Habitat fragmentation in a seagrass landscape: patch size
and complexity control blue crab survival. Ecology, 82(7), 1814-1829.

Huang, M., & Zhai, P. (2021). Achieving Paris Agreement temperature goals requires carbon
neutrality by middle century with far-reaching transitions in the whole society. Advances in
Climate Change Research, 12(2), 281-286. https://doi.org/10.1016/j.accre.2021.03.004

Infantes, E., Hoeks, S., Adams, M. P., van der Heide, T., van Katwijk, M. M., & Bouma, T. J.
(2022). Seagrass roots strongly reduce cliff erosion rates in sandy sediments. Marine

Ecology Progress Series, 700, 1-12.

Inglis, G. J. (2003). Seagrasses of New Zealand. World Atlas of Seagrasses: Present Status and

Future Conservation.University of California Press, Berkeley, California, , 148-157.

Ireland, C. R., Long, S. P., & Baker, N. R. (1984). The relationship between carbon dioxide
fixation and chlorophyll a fluorescence during induction of photosynthesis in maize leaves

at different temperatures and carbon dioxide concentrations. Planta, 160, 550-558.

Jankowska, E., Jankowska, K., & Wtodarska-Kowalczuk, M. (2015). Seagrass vegetation and
meiofauna enhance the bacterial abundance in the Baltic Sea sediments (Puck Bay).
Environmental Science and Pollution Research, 22, 14372-14378.

Jelbart, J. E., Ross, P. M., & Connolly, R. M. (2006). Edge effects and patch size in seagrass

landscapes: an experimental test using fish. Marine Ecology Progress Series, 319, 93-102.

Jones, T. C., Gemmill, C. E. C., & Pilditch, C. A. (2008). Genetic variability of New Zealand
seagrass (Zostera muelleri) assessed at multiple spatial scales. Aquatic Botany, 88(1), 39-
46. https://doi.org/10.1016/j.aquabot.2007.08.017

Kelly, J. A., Honeywill, C., & Paterson, D. M. (2001). Microscale analysis of chlorophyll-a in
cohesive, intertidal sediments: the implications of microphytobenthos distribution. Journal
of the Marine Biological Association of the United Kingdom, 81(1), 151-162.

54


https://doi.org/10.1016/j.accre.2021.03.004
https://doi.org/10.1016/j.aquabot.2007.08.017

Kennedy, H., Beggins, J., Duarte, C. M., Fourqurean, J. W., Holmer, M., Marba, N., &
Middelburg, J. J. (2010). Seagrass sediments as a global carbon sink: Isotopic
constraints. Global Biogeochemical Cycles, 24(4)

Kim, S. H., Suonan, Z., Qin, L., Kim, H., Park, J., Kim, Y. K., Lee, S., Kim, S., Kang, C., & Lee,
K. (2022). Variability in blue carbon storage related to biogeochemical factors in seagrass
meadows off the coast of the Korean peninsula. Science of the Total Environment, 813,
152680. https://doi.org/10.1016/j.scitotenv.2021.152680

Krause-Jensen, D., Duarte, C. M., Sand-Jensen, K., & Carstensen, J. (2021). Century-long
records reveal shifting challenges to seagrass recovery. Global Change Biology, 27(3), 563-
575.

Laurance, W. F., & Yensen, E. (1991). Predicting the impacts of edge effects in fragmented
habitats. Biological conservation, 55(1), 77-92.

Lavery, P. S., Mateo, M. A., Serrano, O., & Rozaimi, M. (2013). Variability in the carbon
storage of seagrass habitats and its implications for global estimates of blue carbon

ecosystem service. PloS one, 8(9), e73748.

Lloyd, D. S., Koenings, J. P., & Laperriere, J. D. (1987). Effects of turbidity in fresh waters of

Alaska. North American Journal of Fisheries Management, 7(1), 18-33.

Lorenzen, C. J. (1967, December). Vertical distribution of chlorophyll and phaeo-pigments: Baja
California. In Deep Sea Research and Oceanographic Abstracts (Vol. 14, No. 6, pp. 735-
745). Elsevier.

Lundquist, C. J., Jones, T. C., Parkes, S. M., & Bulmer, R. H. (2018). Changes in benthic
community structure and sediment characteristics after natural recolonisation of the seagrass
Zostera muelleri. Scientific Reports, 8(1), 13250.

Marba, N., Arias-Ortiz, A., Masqué, P., Kendrick, G. A., Mazarrasa, 1., Bastyan, G. R., Garcia-
Orellana, J., & Duarte, C. M. (2015). Impact of seagrass loss and subsequent revegetation

on carbon sequestration and stocks. Journal of Ecology, 103(2), 296-302.

55


https://doi.org/10.1016/j.scitotenv.2021.152680

Mateo, M., Cebrian, J., Dunton, K., & Mutchler, T. (2006). Carbon flux in seagrass

ecosystems. Seagrasses: Biology, Ecology and Conservation, , 159-192,

Matheson, F. E., & Wadhwa, S. (2012). Seagrass in Porirua Harbour: Preliminary Assessment
of Restoration Potential. Prepared for the Greater Wellington Regional Council by National

Institute of Water \& Atmospheric Research Limited.

Matheson, F. E., Lundquist, C. J., Gemmill, C. E. C., & Pilditch, C. A. (2011). New Zealand
seagrass — More threatened than IUCN review indicates. Biological Conservation, 144(12),
2749-2750. https://doi.org/10.1016/j.biocon.2011.08.020

Matheson, F. E., Reed, J., Dos Santos, V. M., Mackay, G., & Cummings, V. J. (2017). Seagrass
rehabilitation: successful transplants and evaluation of methods at different spatial
scales. New Zealand Journal of Marine and Freshwater Research, 51(1), 96-
109. https://doi.org/10.1080/00288330.2016.1265993

Matheson, F., Dos Santos, V., Inglis, G., Pilditch, C., Reed, J., Morrison, M., Lundquist, C., Van
Houte-Howes, K., Hailes, S., & Hewitt, J. (2009). New Zealand seagrass - General
Information Guide NIWA Information. (). chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://niwa.co.nz/sites/niwa.co.nz/files/imp

ort/attachments/A4-Seagrass-Guide.pdf

May, C. L., Koseff, J. R., Lucas, L. V., Cloern, J. E., & Schoellhamer, D. H. (2003). Effects of
spatial and temporal variability of turbidity on phytoplankton blooms. Marine Ecology
Progress Series, 254, 111-128.

Mazarrasa, 1., Lavery, P., Duarte, C. M., Lafratta, A., Lovelock, C. E., Macreadie, P. 1., Samper-
Villarreal, J., Salinas, C., Sanders, C. J., & Trevathan-Tackett, S. (2021). Factors
determining seagrass blue carbon across bioregions and geomorphologies. Global
Biogeochemical Cycles, 35(6), e2021GB006935.

McAlister, E. D. (1939). The chlorophyll-carbon dioxide ratio during photosynthesis. The
Journal of General Physiology, 22(5), 613-636.

56


https://doi.org/10.1016/j.biocon.2011.08.020
https://doi.org/10.1080/00288330.2016.1265993
https://niwa.co.nz/sites/niwa.co.nz/files/import/attachments/A4-Seagrass-Guide.pdf
https://niwa.co.nz/sites/niwa.co.nz/files/import/attachments/A4-Seagrass-Guide.pdf

Mills, V. S., & Berkenbusch, K. (2009). Seagrass (Zostera muelleri) patch size and spatial
location influence infaunal macroinvertebrate assemblages. Estuarine, Coastal and Shelf
Science, 81(1), 123-129. https://doi.org/10.1016/j.ecss.2008.10.005

Miyajima, T., & Hamaguchi, M. (2019). Carbon sequestration in sediment as an ecosystem
function of seagrass meadows. Blue Carbon in Shallow Coastal Ecosystems: Carbon

Dynamics, Policy, and Implementation, , 33-71.

Montoya, D., Alburquerque, F. S., Rueda, M., & Rodriguez, M. A. (2010). Species’ response
patterns to habitat fragmentation: do trees support the extinction threshold
hypothesis? Oikos, 19(8), 1335-1343. https://doi.org/https://doi.org/10.1111/j.1600-
0706.2010.18280.x

Moriarty, D. J. W., Iverson, R. L., & Pollard, P. C. (1986). Exudation of organic carbon by the
seagrass Halodule wrightii Aschers. And its effect on bacterial growth in the
sediment. Journal of Experimental Marine Biology and Ecology, 96(2), 115-
126. https://doi.org/10.1016/0022-0981(86)90237-6

Mortensen, B. J. D., & Dunphy, B. J. (2016). Effect of tidal regime on the thermal tolerance of
the marine gastropod Lunella smaragda (Gmelin 1791). Journal of Thermal Biology, 60,
186-194. https://doi.org/10.1016/j.jtherbio.2016.07.009

Nordlund, L., Koch, E. W., Barbier, E. B., & Creed, J. C. (2016). Seagrass ecosystem services

and their variability across genera and geographical regions. Plos one, 11(10), e0163091.

O'Meara, T., Gibbs, E., & Thrush, S. F. (2018). Rapid organic matter assay of organic matter
degradation across depth gradients within marine sediments. Methods in Ecology and
Evolution, 9(2), 245-253.

Oreska, M. P., McGlathery, K. J., & Porter, J. H. (2017). Seagrass blue carbon spatial patterns at
the meadow-scale. PloS One, 12(4), e0176630.

Oreska, M. P., Wilkinson, G. M., McGlathery, K. J., Bost, M., & McKee, B. A. (2018). Non-
seagrass carbon contributions to seagrass sediment blue carbon. Limnology and
Oceanography, 63(S1), S3-S18.

57


https://doi.org/10.1016/j.ecss.2008.10.005
https://doi.org/https:/doi.org/10.1111/j.1600-0706.2010.18280.x
https://doi.org/https:/doi.org/10.1111/j.1600-0706.2010.18280.x
https://doi.org/10.1016/0022-0981(86)90237-6
https://doi.org/10.1016/j.jtherbio.2016.07.009

Orth, R. J., Carruthers, T. J. B., Dennison, W. C., Duarte, C. M., Fourqurean, J. W., Heck, K. L.,
Hughes, A. R., Kendrick, G. A., Kenworthy, W. J., Olyarnik, S., Short, F. T., Waycott, M.,
& Williams, S. L. (2006). A Global Crisis for Seagrass Ecosystems. Bioscience, 56(12),
987-996. https://doi.org/10.1641/0006-3568(2006)56

Papadimitriou, S., Kennedy, H., Kennedy, D. P., Duarte, C. M., & Marb4, N. (2005). Sources of
organic matter in seagrass-colonized sediments: A stable isotope study of the silt and clay
fraction from Posidonia oceanica meadows in the western Mediterranean. Organic
Geochemistry, 36(6), 949-961. https://doi.org/10.1016/].orggeochem.2004.12.002

Paris Agreement to the United Nations Framework Convention on Climate Change, Dec. 12,
2015, T.1.A.S. No. 16-1104.

Park, S. G., & Bay of Plenty (N.Z. : Region). Environment B.O.P. (1999). Changes in
Abundance of Seagrass (Zostera Spp.) in Tauranga Harbour from 1959-96. Environment
BOP.

Parker, J. G. (1983). A Comparison of Methods used for the Measurement of Organic Matter in
Marine Sediment. Chemistry and Ecology, 1(3), 201-
209. https://doi.org/10.1080/02757548308070802

Pazzaglia, J., Nguyen, H. M., Santillan-Sarmiento, A., Ruocco, M., Dattolo, E., Marin-Guirao,
L., & Procaccini, G. (2021). The genetic component of seagrass restoration: What we know
and the way forwards. Water, 13(6), 829.

Pérez, M., & Romero, J. (1992). Photosynthetic response to light and temperature of the seagrass

Cymodocea nodosa and the prediction of its seasonality. Aquatic Botany, 43(1), 51-62.

Petsch, S. T., Berner, R. A., & Eglinton, T. I. (2000). A field study of the chemical weathering of

ancient sedimentary organic matter. Organic Geochemistry, 31(5), 475-487.

Prentice, C., Poppe, K. L., Lutz, M., Murray, E., Stephens, T. A., Spooner, A., Hessing-Lewis,
M., Sanders-Smith, R., Rybczyk, J. M., & Apple, J. (2020). A synthesis of blue carbon
stocks, sources, and accumulation rates in eelgrass (Zostera marina) meadows in the
Northeast Pacific. Global Biogeochemical Cycles, 34(2), e2019GB006345.

58


https://doi.org/10.1641/0006-3568(2006)56
https://doi.org/10.1016/j.orggeochem.2004.12.002
https://doi.org/10.1080/02757548308070802

Rahayu, Y. P., Solihuddin, T., Kusumaningtyas, M. A., Afi Ati, R. N., Salim, H. L., Rixen, T., &
Hutahaean, A. A. (2019). The sources of organic matter in seagrass sediments and their
contribution to carbon stocks in the Spermonde Islands, Indonesia. Aquatic
Geochemistry, 25, 161-178.

Rasband, W. S. (2022). ImageJ [computer software]. U. S. National Institutes of Health,
Bethesda, Maryland, USA:

Reich, P. B., Walters, M. B., Tjoelker, M. G., Vanderklein, D., & Buschena, C. (1998).
Photosynthesis and respiration rates depend on leaf and root morphology and nitrogen
concentration in nine boreal tree species differing in relative growth rate. Functional
Ecology, 12(3), 395-405.

Reidenbach, M. A., & Timmerman, R. (2019). Interactive effects of seagrass and the
microphytobenthos on sediment suspension within shallow coastal bays. Estuaries and
Coasts, 42(8), 2038-2053.

Ricart, A. M., Pérez, M., & Romero, J. (2017). Landscape configuration modulates carbon

storage in seagrass sediments. Estuarine, Coastal and Shelf Science, 185, 69-76.

Ricart, A. M., York, P. H., Bryant, C. V., Rasheed, M. A., lerodiaconou, D., & Macreadie, P. I.
(2020). High variability of Blue Carbon storage in seagrass meadows at the estuary
scale. Scientific Reports, 10(1), 5865.

Ricart, A. M., York, P. H., Rasheed, M. A., Pérez, M., Romero, J., Bryant, C. V., & Macreadie,
P. 1. (2015). Variability of sedimentary organic carbon in patchy seagrass
landscapes. Marine Pollution Bulletin, 100(1), 476-
482. https://doi.org/10.1016/j.marpolbul.2015.09.032

Risgaard-Petersen, N., Meyer, R. L., & Revsbech, N. P. (2005). Denitrification and anaerobic
ammonium oxidation in sediments: effects of microphytobenthos and NO3-. Aquatic
Microbial Ecology, 40(1), 67-76.

Robbins, B. D., & Bell, S. S. (1994). Seagrass landscapes: a terrestrial approach to the marine
subtidal environment. Trends in Ecology & Evolution, 9(8), 301-304.

59


https://doi.org/10.1016/j.marpolbul.2015.09.032

Rutherford, J. C., Blackett, S., Blackett, C., Saito, L., & Davies-Colley, R. J. (1997). Predicting
the effects of shade on water temperature in small streams. New Zealand Journal of Marine
and Freshwater Research, 31(5), 707-721.

Schwarz, A. M., Morrison, M., Hawes, |., & Halliday, J. (2006). Physical and biological
characteristics of a rare marine habitat: sub-tidal seagrass beds of offshore islands. Science

for Conservation, 269, 39.

Serrano, O., Gomez-Lopez, D. I., Sdnchez-Valencia, L., Acosta-Chaparro, A., Navas-Camacho,
R., Gonzalez-Corredor, J., Salinas, C., Masque, P., Bernal, C. A., & Marba, N. (2021).
Seagrass blue carbon stocks and sequestration rates in the Colombian Caribbean. Scientific
Reports, 11(1), 11067.

Sharma, S., Goff, J., Moody, R. M., Byron, D., Heck Jr, K. L., Powers, S. P., Ferraro, C., &
Cebrian, J. (2016). Do restored oyster reefs benefit seagrasses? An experimental study in the
Northern Gulf of Mexico. Restoration Ecology, 24(3), 306-313.

Short, F. T., Polidoro, B., Livingstone, S. R., Carpenter, K. E., Bandeira, S., Bujang, J. S.,
Calumpong, H. P., Carruthers, T. J., Coles, R. G., & Dennison, W. C. (2011). Extinction
risk assessment of the world’s seagrass species. Biological Conservation, 144(7), 1961-
1971.

Simpson, J., Bruce, E., Davies, K. P., & Barber, P. (2022). A blueprint for the estimation of

seagrass carbon stock using remote sensing-enabled proxies. Remote Sensing, 14(15), 3572.

Singh, S., Lal, M. M., Southgate, P. C., Wairiu, M., & Singh, A. (2022). Blue carbon storage in
Fijian seagrass meadows: First insights into carbon, nitrogen and phosphorus content from a
tropical southwest Pacific Island. Marine Pollution Bulletin, 176,

113432. https://doi.org/10.1016/j.marpolbul.2022.113432

Smith, T. M., Hindell, J. S., Jenkins, G. P., Connolly, R. M., & Keough, M. J. (2011). Edge
effects in patchy seagrass landscapes: The role of predation in determining fish
distribution. Journal of Experimental Marine Biology and Ecology, 399(1), 8-

16. https://doi.org/10.1016/j.jembe.2011.01.010

60


https://doi.org/10.1016/j.marpolbul.2022.113432
https://doi.org/10.1016/j.jembe.2011.01.010

Stankovic, M., Ambo-Rappe, R., Carly, F., Dangan-Galon, F., Fortes, M. D., Hossain, M. S.,
Kiswara, W., Van Luong, C., Minh-Thu, P., & Mishra, A. K. (2021). Quantification of blue
carbon in seagrass ecosystems of Southeast Asia and their potential for climate change
mitigation. Science of the Total Environment, 783, 146858.

Steele, J. t., & Baird, I. E. (1962). Further relations between primary production, chlorophyll, and
particulate carbon. Limnology and Oceanography, 7(1), 42-47.

Syvitski, J. P. M. (2003). Sediment fluxes and rates of sedimentation. In G. V. Middleton, M. J.
Church, M. Coniglio, L. A. Hardie & F. J. Longstaffe (Eds.), Encyclopedia of Sediments
and Sedimentary Rocks (pp. 600-606). Springer Netherlands. https://doi.org/10.1007/978-1-
4020-3609-5_180

Tan, Y. M., Dalby, O., Kendrick, G. A., Statton, J., Sinclair, E. A., Fraser, M. W., Macreadie, P.
I., Gillies, C. L., Coleman, R. A., & Waycott, M. (2020). Seagrass restoration is possible:
insights and lessons from Australia and New Zealand. Frontiers in Marine Science, 7, 617.

Terrados, J., & Borum, J. (2004). Why are seagrasses important?-Goods and services provided
by seagrass meadows. European Seagrasses: An Introduction to Monitoring and

Management, , 8-10.

Thomson, A. C., Trevathan-Tackett, S. M., Maher, D. T., Ralph, P. J., & Macreadie, P. 1. (2019).
Bioturbator-stimulated loss of seagrass sediment carbon stocks. Limnology and

Oceanography, 64(1), 342-356.

Thorhaug, A., Poulos, H. M., Lopez-Portillo, J., Ku, T. C. W., & Berlyn, G. P. (2017). Seagrass
blue carbon dynamics in the Gulf of Mexico: Stocks, losses from anthropogenic disturbance,
and gains through seagrass restoration. Science of the Total Environment, 605-606, 626-
636. https://doi.org/10.1016/j.scitotenv.2017.06.189

Thrush S., Schenone S., Azhar M., & Delmas, P. 2022. New integrative technologies for
ecological monitoring and rapid assessment of harbour and estuary ecological habitats and
health. Report to Auckland Council, 1-19.

61


https://doi.org/10.1007/978-1-4020-3609-5_180
https://doi.org/10.1007/978-1-4020-3609-5_180
https://doi.org/10.1016/j.scitotenv.2017.06.189

Touchette, B. W., & Burkholder, J. M. (2000). Overview of the physiological ecology of carbon
metabolism in seagrasses. Journal of Experimental Marine Biology and Ecology, 250(1),
169-205. https://doi.org/10.1016/S0022-0981(00)00196-9

Trivifio, A., Soler, G., & Guillén, J. E. (2016). Children perception of wrack-covered beaches
and beach grooming in SE Spain. In Frontiers in Marine Science. Conference Abstract: XIX
Iberian Symposium on Marine Biology Studies, http://dx. doi. org/10. 3389/conf.

FMARS (Vol. 219).

Turner, S. (1995). Restoring seagrass systems in New Zealand. Water & Atmosphere, 3: 9-11.

Turner, S., & Schwarz, A. (2006). Management and conservation of seagrass in New Zealand: an

introduction. Science for Conservation, 264(1), 80-91.

Ugarelli, K., Chakrabarti, S., Laas, P., & Stingl, U. (2017). The seagrass holobiont and its
microbiome. Microorganisms, 5(4), 81.

Unsworth, R. K. F., & Cullen, L. C. (2010). Recognising the necessity for Indo-Pacific seagrass
conservation. Conservation Letters, 3(2), 63-73. https://doi.org/10.1111/].1755-
263X.2010.00101.x

Unsworth, R. K., Bertelli, C. M., Cullen-Unsworth, L. C., Esteban, N., Jones, B. L., Lilley, R.,
Lowe, C., Nuuttila, H. K., & Rees, S. C. (2019a). Sowing the seeds of seagrass recovery

using hessian bags. Frontiers in Ecology and Evolution, , 311.

Unsworth, R. K., McKenzie, L. J., Collier, C. J., Cullen-Unsworth, L. C., Duarte, C. M., EKI&f, J.
S., Jarvis, J. C., Jones, B. L., & Nordlund, L. M. (2019b). Global challenges for seagrass
conservation. Ambio, 48, 801-815.

Valentine, J. F., Heck, K. L., Harper, P., & Beck, M. (1994). Effects of bioturbation in
controlling turtlegrass (Thalassia testudinum Banks ex Konig) abundance: evidence from
field enclosures and observations in the Northern Gulf of Mexico. Journal of Experimental
Marine Biology and Ecology, 178(2), 181-192. https://doi.org/10.1016/0022-
0981(94)90035-3

62


https://doi.org/10.1016/S0022-0981(00)00196-9
https://doi.org/10.1111/j.1755-263X.2010.00101.x
https://doi.org/10.1111/j.1755-263X.2010.00101.x
https://doi.org/10.1016/0022-0981(94)90035-3
https://doi.org/10.1016/0022-0981(94)90035-3

Van Katwijk, M. M., Bos, A. R., De Jonge, V. N., Hanssen, L., Hermus, D., & De Jong, D. J.
(2009). Guidelines for seagrass restoration: importance of habitat selection and donor
population, spreading of risks, and ecosystem engineering effects. Marine Pollution
Bulletin, 58(2), 179-188.

Van Katwijk, M. M., Thorhaug, A., Marba, N., Orth, R. J., Duarte, C. M., Kendrick, G. A.,
Althuizen, 1. H., Balestri, E., Bernard, G., & Cambridge, M. L. (2016). Global analysis of
seagrass restoration: the importance of large-scale planting. Journal of Applied
Ecology, 53(2), 567-578.

Vermaat, J. E., Agawin, N., & Fortes, M. D. (1998). The capacity of seagrasses to survive
increased turbidity and siltation: The significance of growth form and light

use. Oceanographic Literature Review, 6(45), 1002.

Vonk, J. A., Christianen, M. J., & Stapel, J. (2010). Abundance, edge effect, and seasonality of
fauna in mixed-species seagrass meadows in southwest Sulawesi, Indonesia. Marine
Biology Research, 6(3), 282-291.

Wageningen University. (2023, Mar 1). Why seagrass needs
space. Phys.org. https://phys.org/news/2023-03-seagrass-space.html

Walling, D. E. (2006). Human impact on land—ocean sediment transfer by the world's
rivers. Geomorphology, 79(3-4), 192-216.

Waycott, M., Duarte, C. M., Carruthers, T. J. B., Orth, R. J., Dennison, W. C., Olyarnik, S.,
Calladine, A., Fourqurean, J. W., Heck, K. L., Hughes, A. R., Kendrick, G. A., Kenworthy,
W. J., Short, F. T., & Williams, S. L. (2009). Accelerating loss of seagrasses across the
globe threatens coastal ecosystems. Proceedings of the National Academy of
Sciences, 106(30), 12377-12381. https://doi.org/10.1073/pnas.0905620106

Wei, M., Lundquist, C., & Schwendenmann, L. (2022). Sediment texture influences extracellular

enzyme activity and stoichiometry across vegetated and non-vegetated coastal ecosystems.

Wellington School of Architecture.New Zealand Sun Charts. Victoria University of Wellington.
Retrieved 15/02/2024,

63


https://phys.org/news/2023-03-seagrass-space.html
https://doi.org/10.1073/pnas.0905620106

from https://www.waqtn.ac.nz/architecture/centres/cbpr/resources/table-of-embodied-energy-

coefficients

Yarnall, A. H., Byers, J. E., Yeager, L. A., & Fodrie, F. J. (2022). Comparing edge and
fragmentation effects within seagrass communities: A meta-analysis. Ecology, 103(3),

e3603.

Zabarte-Maeztu, 1., Matheson, F. E., Manley-Harris, M., Davies-Colley, R., Oliver, M., &
Hawes, 1. (2020). Effects of fine sediment on seagrass meadows: A case study of Zostera
muelleri in pauatahanui inlet, New Zealand. Journal of Marine Science and
Engineering, 8(9), 645. https://doi.org/10.3390/JMSE8090645

Zabarte-Maeztu, 1., Matheson, F. E., Manley-Harris, M., Davies-Colley, R. J., & Hawes, I.
(20214a). Interaction of substrate muddiness and low irradiance on seagrass: A mesocosm
study of Zostera muelleri. Aquatic Botany, 175,

103435. https://doi.org/10.1016/j.aquabot.2021.103435

Zabarte-Maeztu, 1., Matheson, F. E., Manley-Harris, M., Davies-Colley, R. J., & Hawes, I.
(2021Db). Fine sediment effects on seagrasses: A global review, quantitative synthesis and

multi-stressor model. Marine Environmental Research, 171, 105480.

64


https://www.wgtn.ac.nz/architecture/centres/cbpr/resources/table-of-embodied-energy-coefficients
https://www.wgtn.ac.nz/architecture/centres/cbpr/resources/table-of-embodied-energy-coefficients
https://doi.org/10.3390/JMSE8090645
https://doi.org/10.1016/j.aquabot.2021.103435

	Abstract
	Acknowledgements
	List of Abbreviations
	List of Tables
	List of Figures
	1 Introduction
	2 Methods
	2.1 Study Site
	2.2 Patch Size
	2.3 Pilot Study
	2.3.1 ROMA Plate Preparation
	2.3.2 Deployment
	2.3.3 Data Analysis
	2.3.4 Results of the Pilot Study

	2.4 Main Study
	2.4.1 Sampling Processes
	2.4.1.1 Carbon Stocks
	2.4.1.2 Sediment Characteristics

	2.4.2 Lab Analysis
	2.4.2.1 Carbon Consumption
	2.4.2.2 Carbon Storage
	2.4.2.3 Chlorophyll a
	2.4.2.4 Sediment Organic Content

	2.4.3 Data Analysis


	3 Results of Main Study
	3.1 Patch Perimeter-to-Area Ratio
	3.2 Carbon Consumption
	3.2.1 Surface Layer Carbon Consumption by Patch Number
	3.2.2 Deep Layer Carbon Consumption by Patch Number
	3.2.3 Relationship between Carbon Consumption and Patch Perimeter-to-Area Ratio

	3.3 Relationship Between Sediment Characteristics and Carbon Consumption Rates
	3.3.1 Chlorophyll a
	3.3.2 Sediment Organic Matter
	3.3.3 Relationship Between Carbon Consumption Rate, Chlorophyll a Content, and Sediment Organic Matter Concentration

	3.4 Carbon Storage in Sediments
	3.4.1 Relationship Between Carbon Storage and Carbon Consumption


	4 Discussion
	4.1 Carbon Consumption Rates
	4.1.1 Macrofaunal Activity
	4.1.2 Across Sampling Locations
	4.1.3 Across Patches

	4.2 Environmental Factors
	4.2.1 Sediment Chlorophyll a Content
	4.2.2 Sediment Organic Matter

	4.3 Stored Carbon in the Sediment
	4.3.1 Across Sampling Locations
	4.3.2 Across Patches
	4.3.3 Relationship Between Carbon Storage and Consumption

	4.4 Conservation and Management of Seagrass
	4.5 Gap in Knowledge and Future Directions
	4.6 Conclusion

	References

