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Abstract

Coastal ecosystems are vital in providing ecosystem services such as coastal protection,
habitat provision and increasing biodiversity. With increasing global atmospheric CO>
concentrations and a warming climate, their ability to sequester large amounts of carbon
within their biomass and soil, relative to their occupied area, has been of increased interest.
The soil carbon salt marshes and mangroves sequestered is however under threat due to
anthropogenic impacts and processes changing the formation and development condition of
these ecosystems. Insufficient sediment supply and rising sea levels are threatening to drown
these systems and turn a healthy ecosystem into an erosional stage. In particular the effect
of erosion on soil characteristics and processes has to be understood to determine the
emission of carbon to the atmosphere and thus their carbon storage capacity. This thesis aims
to determine 1) the effect of geomorphic condition on the soil to atmosphere emission of
CO2 within salt marshes and mangroves, 2) the hydrodynamic influences on soil processes
such as soil temperature within salt marshes, 3) the difference between carbon fluxes at salt
marsh sites of differing geomorphic conditions. Geomorphic condition was found to
significantly influence CO2 emissions at salt marsh sites, with eroding sites having a greater
emission rate. The emission rate of CO2 was further influenced by the tidal cycle as well as
the interaction of groundwater level and soil temperature. The effect of geomorphic
condition on CO; emissions was also studied within mangrove forests, showing however no
significant relationship. Soil processes driving the remineralization of carbon to CO2, such
as soil temperature was found to be influenced by tidal driven hydrodynamics (i.e., current
velocity and groundwater levels) and to be seasonal dependent. Geomorphic different coastal
ecosystems were further expected to receive carbon sources of different origins. Within the
mangrove ecosystems these differences were observed within the soil cores at depth,
indicating a change in carbon origin, although with site specific variations. Sediment
deposited on a salt marsh flat was however only significantly different between geomorphic
conditions in the percentage of inorganic carbon. The results emphasise the connectivity of
coastal hydrology and wetland soil processes, not only driving the carbon delivery to the
wetlands but also the processes influencing its storage and emission. The conservation and
restoration of vegetated coastal habitats does therefore need to address this connectivity in

order to maintain and preserve the immense carbon storage capacity of these ecosystems.
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1 Introduction



1.1 Carbon cycle

The global carbon cycle describes the movement of carbon between the atmosphere
biosphere, lithosphere, and hydrosphere. In the atmosphere it takes predominantly the form
of carbon dioxide (CO.), which is taken up by plants in their biomass through photosynthesis
and accumulates in the associated soils (Shields, 2005). Carbon returns to the atmosphere
through multiple mechanisms, i.e., through decomposition and the respiration of organic
matter or by combustion of long-term geologic pools, i.e., fossil fuels (Figure 1.1).
Atmospheric carbon has increased in concentration and has reached the highest level in the
last 2 million years with 410 ppm in 2019 (IPCC, 2023) and reaching 419 ppm in 2023
(Copernicus, 2024).

The increase in CO», a greenhouse gas (GHG), in the atmosphere is trapping infrared
radiation within the Earth’s atmosphere and subsequently increasing global temperatures (by
1.09 °C in 2011-2020 relative to the 1850-1900 average (IPCC, 2023)). The main cause of
atmospheric increase in COz is the burning of fossil fuel, which releases the stored carbon
(IPCC, 2023). Climate change mitigation strategies include the reduction of anthropogenic
released CO- and other GHGs as well as the increased capture of atmospheric carbon (IPCC,
2023).

€03

Atmosphere Carbon Cycle

Figure 1.1 Schematic of the global carbon cycle (from: National Oceanic and Atmospheric
Administration, 2019).



1.2 Vegetated coastal ecosystems and blue carbon

Vegetated coastal ecosystems (VCE) occur globally at the interface between terrestrial and
coastal environments (Duarte, 2017). These systems comprise of habitats such as mangrove
forests, tidal marshes, sea grass beds and macroalgae and cover approximately 36 - 185
million hectares (360,000 - 1,850,000 km?) of coastlines globally (Macreadie et al., 2021).
The uncertainty stems from uncertainties in the distribution of sea grass beds and tidal
marshes (Bunting et al., 2018; Jayathilake and Costello, 2018; Mcowen et al., 2017).

VCEs are of ecological and commercial importance through the services they provide. They
increase biodiversity, providing habitat, specifically nursery habitats, supporting fish
production (Janes et al., 2020; Ley and Rolls, 2018). The vegetation acts further as a wave
breaker and buffer zone, protecting the coast (Barbier et al., 2011). Wave and current energy
are dissipated through the vegetation and have thus a lower impact on coastal areas (Méller
et al., 2014; Zhao et al., 2017). The vegetation also enhances sediment capture helping
consolidate the soil, thus reducing coastal erosion (Feagin et al., 2015). The importance of
VCEs for coastal protection is increasingly recognised, evident in their inclusion in coastal
planning strategies (Temmerman et al., 2013).

The importance of VCEs (mangrove forests, tidal marshes and sea grass beds) in relation to
climate change mitigation is due to their ability to capture and store carbon either in their
above- and belowground biomass or sequestering it in the soil (Mcleod et al., 2011). Indeed,
these ecosystems sequester a greater amount of carbon per unit area of habitat than terrestrial
ecosystems such as boreal and tropical forests (Duarte et al., 2005; Mcleod et al., 2011). The
importance of these habitats has been recognised globally by naming the sequestered carbon
“blue carbon”, a policy term aimed at increasing the political awareness around the
importance of these habitats in the global carbon system (Mcleod et al., 2011). This
ecosystem service is seen as one important asset in combating and mitigating climate change
(Duarte et al., 2013; Lecerf et al., 2021). Indeed, coastal and marine ecosystems have been
incorporated by 46 countries in their mitigation solutions to address climate change as part
of their Nationally Determined Contributions (Lecerf et al., 2021).



1.2.1 Salt marsh

Saltmarshes are formed along soft sediment coasts in temperate regions (Duarte, 2017). The
salt marsh extent ranges from the mudflat towards the boundary with terrestrial vegetation
and divided into lower, middle, and upper marsh area (Foster et al., 2013). Where the
seaward extent of the marsh zonation is based upon the inundation frequency (Balke et al.,
2016). Inundation characteristics further determine the type of salt marsh vegetation. The
initial estimates of global saltmarsh area were 20,000 - 38,000 km? (Chmura et al., 2003;
Woodwell and Pecan, 1973), with a revised estimate of the global saltmarsh area at 54,951
km?, incorporating both field surveys, remote sensing, and ground-truthing of data (Mcowen
etal., 2017).

A total extent of 468.5 — 491.93 km? (46,850-49,193 ha) of salt marsh habitat is estimated
to be in the UK, encompassing Great Britain and Northern Ireland (Foster et al., 2013). They
are distributed around the UK coastline, predominantly located within estuaries, and bays,
however also at loch/fjord heads (Adam, 1978; Haynes, 2016; Figure 1.2). Coastal
management actions are increasingly recognising the value of salt marsh habitats, mainly for
flood prevention and protection (Crooks et al., 2002; Mdéller et al., 2014).

Salt marshes are however experiencing stresses and are heavily impacted by anthropogenic
influences. Salt marshes are lost in the UK because of agricultural and industrial land
reclamations (Foster et al., 2013), however also due to erosion and sea-level rise leading to
blocked habitat migration further landwards, i.e., coastal squeeze (van der Wal and Pye,
2004; Wolters et al., 2005). Restoration efforts are in place to conserve these important
habitats, mainly using managed realignment schemes by breaching tidal defences and
reinstating tidal inundations (Adams et al., 2021; Burden et al., 2013). A UK salt marsh code
is being developed to investigate the feasibility for carbon credits for managed realignment
projects (Burden et al., 2023). Sites are further protected through UK policies such as the
Wildlife and Countryside Act 1981 c. 69, Habitats and Species Regulations 2010 and the
Biodiversity Action Plan (Foster et al., 2013).
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Figure 1.2 Salt marsh extent of Great Britain, has been exaggerated by 1.5 times to
increase visibility (from: Smeaton et al., 2022).

1.2.2 Mangroves

Mangroves are a group of plants adapted to diverse coastal habitats. Growing as shrubs,
trees, and ferns (Tomlinson, 2016), and distributed along coastlines in soft sediments
(Rastogi et al., 2021). They occur primarily in the tropics but are also found in the temperate
zones, controlled by temperature related limits (Quisthoudt et al., 2012). Their global range
is restricted approximately to latitudes between 32° N and 38° S (Rastogi et al., 2021). They
are able to grow in a variety of salinities and inundation regimes, although restricted to
sheltered shorelines with lower wave energy (Rastogi et al., 2021), establishing differing
geomorphic systems, among others: deltaic, tidal, composite, fringing barriers (Rastogi et
al., 2021). The global area estimate for mangrove forests has been estimated at 147,000 km?
(Leal and Spalding, 2022).

The Mekong River Delta in the south of Vietnam is the third largest delta worldwide

(Coleman and Huh, 2004). Mangrove records have been preserved in sediment cores and
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date back to 6000 to 5000 years BP (Nguyen et al., 2000). However, large-scale losses of
mangrove forests have occurred in the period from 1816 to the 21% century, whereby only
680 km? of the once 40,000 km? of mangroves remain (Nguyen et al., 2016). Drivers of
mangrove loss are different for the period before and after the Viethamese war, 1954-1975
(Nguyen et al., 2016). The construction of canals and waterways as well as agricultural
developments were the primary drivers of mangrove area losses before the Vietnamese war
(Nguyen et al., 2016). During the war, clearing and defoliation led to an estimated loss of
270 km? within the Mekong Delta (Nguyen et al., 2016; Orians and Pfeiffer, 1970). In the
period following the war, mangroves were lost due to timber and charcoal production, and
deforestation to construct ponds for shrimp aquaculture (Vo et al., 2013). The construction
of canals and dykes further led to changes in inundation regimes and sediment deposition,
facilitating shoreline erosion or smothering of mangroves (Anthony et al., 2015; Besset et
al., 2019; Fagherazzi et al., 2017).

Charlotte Harbor, west Florida in the United States of America is an estuarine system with
an extent of approx. 700 km? with mangrove-seagrass shorelines (Poulakis et al., 2003). The
areas of mangrove forests and salt marshes are publicly owned or protected (Pierce et al.,
2004), with the Charlotte Harbor Preserve State Park covering about 190 km? (Charlotte
Harbor Preserve State Park, 2024). The region can be categorised as a subtropical climate

with wet and dry seasons (US Department of Commerce, n.d.).



1.3 Blue carbon stocks

Coastal vegetated ecosystems, such as salt marshes and mangroves, are referred to as blue
carbon ecosystems, as they store organic carbon within their biomass and sediments (Mcleod
et al., 2011). Carbon, stored by mangrove and salt marsh systems for sequestration is either
allochthonous or autochthonous. Sequestration describes the capacity of an ecosystem to
capture and store carbon and is counteracted by the amount of carbon emitted from the
system. If the sequestration of carbon is offset by the emission of carbon, the system is
classified as a carbon source, the opposite being a carbon sink (Macreadie et al., 2013).
Allochthonous carbon is produced outside the system and is transported into the system, i.e.,
by tides, rivers, or groundwater, with macro- algae and phytoplankton being important
sources of organic matter (Xia et al., 2021). Autochthonous carbon is carbon produced in
the same system, in the case of mangrove and salt marshes, it is the vegetation itself that
provides carbon by litterfall, standing and dead biomass. The relative contribution of organic
carbon from different carbon sources to mangrove and salt marsh soils is spatially variable
across sites and regions (Bouillon et al., 2003; Middelburg et al., 1997). Primarily influenced
by elevation and distance to sediment sources such as tidal creeks and the vegetation seaward
edge, controlling the inundation frequency and duration (Fagherazzi et al., 2012).
Delineating the carbon origin can be achieved using carbon stable isotope ratios, the relative
abundance of heavy (C*®) to light (C'?) carbon atoms (Mueller et al., 2019; Saintilan et al.,
2013). The relative proportions of carbon stable isotopes vary based on the source of carbon
and the photosynthetic pathways between plants (Saintilan et al., 2013). The variable origin
of autochthonous vs. allochthonous carbon in wetland soils has implications on ecosystem
scale carbon budgets, carbon crediting, and effective offsetting of GHGs (Needelman et al.,
2018). Deposited organic carbon (OC) in the top-soil of salt marshes is often autochthonous,
whereas the long-term storage of OC is of allochthonous origin (Van De Broek et al., 2018).
Thus, it has been argued that the sequestering of old allochthonous carbon, which originated
outside of the salt marsh, does not contribute to the removal of current atmospheric CO>
(Komada et al., 2022; Van De Broek et al., 2018), but may help to prevent it returning to the
atmosphere. It does however highlight the need for assessments of blue carbon accounting

across habitat boundaries as proposed by Krause et al., (2022).

Organic carbon is stored within the ecosystems in the above-ground biomass (wood,
rhizomes, leaves), the below-ground biomass (roots), as well as the soil (Alongi, 2020). The
average carbon stock of mangrove forest and saltmarshes globally has been estimated to be

738.9 + 27.9 Mg Corg ha and 334.4 + 3.5 Mg Corg ha?, respectively (where 1 Mg equals
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1,000,000 g) (Alongi, 2020). The median values and the percentage of total carbon stock
stored in each component is summarized from Alongi (2020) in Table 1.1.

Table 1.1 Median Corg content in mangrove and saltmarsh habitats. Edited from (Daniel M.
Alongi, 2020). Summed median carbon stocks (percentage total storage). Soil depth of 1m.

Ecosystem Median carbon stocks in Mg Corg ha't
(percentage total storage)
Mangrove, added components 628.8
Above-ground biomass 94.1 (14.97)
Below-ground biomass 34.2 (5.44)
Soil 500.5 (79.6)
Saltmarsh 294.2
Above-ground biomass 2.4 (0.816)
Below-ground biomass 9.6 (3.26)
Soil 282.2 (95.92)

1.4 Factors influencing soil carbon sequestration

Sequestered carbon is naturally lost from mangrove and salt marsh systems (Table 1.2). The
pathways are either directly into the coastal environment as litter, as particulate, or dissolved
organic carbon (POC / DOC) (Alongi, 2020; Bouillon et al., 2008; Sippo et al., 2019, 2020),
or by remineralization and consequent emission in gaseous form to the atmosphere as either
CO2 or methane (CH4) (Alongi, 2020; Atwood et al., 2017; Bouillon et al., 2008; Bulmer et
al., 2017; Cahoon et al., 2003; Lang’at et al., 2014; Lovelock et al., 2011; Lovelock et al.,
2017a; Sidik and Lovelock, 2013). Microbes are consuming organic matter deposited at or
near the sediment surface, during which CO- is produced as a product of aerobic respiration
under the availability of oxygen (Kristensen et al., 2008). Therefore, the storage of carbon
within coastal ecosystems, such as salt marshes and mangroves, is particularly efficient, as
the soil is often waterlogged and anoxic, preventing aerobic respiration. Although the lack
of oxygen may lead to the production of CH4 through methanogenesis, an anaerobic process
(Pendleton et al., 2012).



Table 1.2 Natural carbon fluxes from mangrove forests and salt marshes. Fluxes based on
global mangrove area of 86,495 km?; salt marsh area: 54,951 km? (Alongi, 2020).

Habitat Pathway Carbon loss Reference
Mangroves CO; emissions (soil - 53TgCat Alongi, 2020
atmosphere) 42+31TgCat Bouillon et al., 2008
POC export (soil - 190.24 TgC a* Alongi, 2020
water) 21+22TgCa?l Bouillon et al., 2008
Salt marshes COz emissions (soil — 31TgCat Alongi, 2020
atmosphere)
POC export (soil — 469 TgCat Alongi, 2020
water)

Natural carbon loss from mangroves and salt marshes is accelerated through the disturbance
of these habitats (Pendleton et al., 2012). The loss or degradation of coastal vegetated
ecosystems results in the loss of carbon sequestration potential (Chmura et al., 2003; Duarte
et al., 2005; Pendleton et al., 2012), and potentially in the remineralization of buried carbon
to CO2 and its atmospheric emission (Lovelock et al., 2017a; Pendleton et al., 2012). The
rate of remineralization is dependent on abiotic and biotic factors, primarily driving
microbial activity and access to carbon (Lovelock et al., 2017a; Spivak et al., 2019).

For example, soil respiration is influenced by the tidal cycle and groundwater level,
regulating the availability of oxygen within the soil (Chen et al., 2022; Cui et al., 2021).
Greater and longer inundations and higher groundwater levels can waterlog the system,
preventing the exchange with oxygen and thus reducing soil respiration (Chen et al., 2022),
alternatively more frequent inundations can contribute to higher particulate and dissolved
carbon outwelling (Cai, 2011). Microbial activity and thus the production of GHG is further
positively affected by temperature, which in turn can be controlled by inundation and the
exchange of porewater with seawater (Jacotot et al., 2019; Kirwan et al., 2014). In this
regard, climate change will have a profound impact on CO; emissions from coastal
ecosystems through changed temperatures and sea-level rise, leading among others to
changed inundation regimes (Lovelock et al., 2017b).

Sea-level rise requires coastal wetland systems to build up their elevation by accumulating
sediment and organic material to prevent drowning (Fagherazzi et al., 2020). The supply of
material and its’ importance for elevation gain differs between wetland types (Cahoon et al.,
2020). Minerogenic systems are highly reliant on mineral sediment supply, whereas biogenic

systems rely on soil organic matter accumulation through autochthonous carbon production
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(Cahoon et al., 2020). Consequently, a lack of sufficient sediment supply is leading to
wetland destabilization and coastal erosion (Fagherazzi et al., 2017; Ladd et al., 2019).

1.5 Biogeomorphology — Influence of vegetation on
geomorphology

1.5.1 Edge erosion

Ecosystem engineering species such as mangroves and salt marshes establish landforms
through the feedback between biological and physical processes, this being the concept of
bio-geomorphology (Viles, 2020). These are coastal systems, and as such subject to the
dynamic coastal environment, where waves, tidal inundations, sediment supply, and sea
level rise influence the growth and development of vegetation (Balke et al., 2013, 2016;
Bhargava et al., 2021). The establishment and evolution of these landforms is highly
dynamic and includes both eroding and expanding phases (Fagherazzi et al., 2013; Gedan et
al., 2011).

Vegetation can trap sediment through the decreased flow rate of water through the
vegetation, enabling sediment to settle (Mudd et al., 2010; Temmerman et al., 2012).
Increased sedimentation can lead to greater vegetation growth, which increases the sediment
trapping capacity further (Mudd et al., 2010). With increasing vertical elevation, a
consequence of sediment accretion, the salt marsh vegetation changes from a pioneer to an
established vegetation, characterized by higher diversity and strengthening of the marsh
platform through their root growth (Ford et al., 2016). With growing elevation, the location
of the hydrodynamic forcings on the marsh edge change and start undercutting the cliff
(Tonelli etal., 2010). With the undercutting of the cliff, the erosion process of the ecosystems
Is initiated (Brooks et al., 2021)

Salt marsh erosion is a worldwide phenomenon and a major driver of salt marsh area loss
(Campbell et al., 2022). The process of marsh edge erosion is initiated through
hydrodynamic forcings, i.e., tides, waves, and storm surges (Brooks et al., 2021). Starting
with the undercutting of the cliff, after which the substrate fails and topples over (Bendoni
etal., 2014; Brooks et al., 2021). Salt marsh edge erosion is complex with direct and indirect

drivers (Brooks et al., 2021), being researched through numerical modelling studies
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(Bendoni et al., 2019), field studies (Zhao et al., 2017), and laboratory studies (Bendoni et
al., 2014; Brooks et al., 2022; Ford et al., 2016). Sediment characteristics, which facilitate
salt marsh edge resistance against erosion have been reviewed by Brooks et al., (2021).
Sediment particle size (Feagin et al., 2009; Ford et al., 2016; Lo et al., 2017), and different
sediment organic content (Ford et al., 2016) are determining factors of marsh erodibility,
with erosion resistant sediment characterized by finer cohesive sediment within the clay-silt

fraction and higher organic content.

Not only do differential site properties dictate the propensity for erosion, but they are
presumably also directly and/or indirectly affecting differential carbon fluxes and carbon
sequestration capability (Figure 1.3). Differences in hydrodynamic forcings between eroding
and expanding sites determines the sediment supply, with insufficient supply being a cause
of erosion (Ladd et al., 2019). Through a differential sediment supply and exchange, the
organic matter supply to geomorphologically different marshes is thus also expected to be
affected (Roner et al., 2016). Grain size has a direct influence on water drainage (Cao et al.,
2021), and therefore also the oxygenation of the sediment. Erosion-prone sites, characterized
by coarser grains (Feagin et al., 2009; Ford et al., 2016; Lo et al., 2017) will have a greater
drainage capacity (Crooks et al., 2002) and thus a higher oxygenation rate (Mossman et al.,
2012), which potentially will affect remineralization rates and thus carbon storage capacities
(Alongi, 2020). Furthermore, eroding sites are more likely to have highly productive and
mature plant communities, resulting in greater carbon stores through more autochthonous
carbon input (Marchand, 2017).

co,

Prograding

Eroding

Figure 1.3 Schematic on carbon fluxes at geomorphic different salt marsh sites (left:
eroding condition; right: prograding condition). Export/import arrows represent
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hypothesised sedimentary carbon fluxes (thinner arrow = lower fluxes, thicker arrow =
higher fluxes).

12



1.6 Aims and research questions

The primary aim of this PhD thesis is to investigate the carbon storage capacity of coastal
wetlands under the influence of differing geomorphic conditions (Table 1.3; Figure 1.3),
with a focus on how the interaction between vegetation and geomorphic conditions
influences the carbon efflux from mangrove and salt marsh habitats. In addition, the study
quantifies the influence of erosion and prograding processes on carbon storage and efflux

and develops a model that connects biogeomorphological changes to carbon fluxes.

In Chapter 2, the sediment to atmosphere CO; efflux is quantified from a salt marsh with
eroding and prograding sections in Scotland. Further the influencing factors are identified,
demonstrating that hydrological and sedimentary conditions inherent to the site are
impacting soil to atmosphere CO; emissions. Tidal cycle, geomorphic condition, distance to
seaward vegetation edge, as well as the interaction between groundwater level and soil
temperature showed to have an impact on the CO> flux. Whereby eroding sites showed a
significantly greater emission of CO> than prograding sites, highlighting the importance of
geomorphic conditions in influencing soil respiration. It was further hypothesized that soil
temperatures are differently affected by hydrodynamic conditions, depending on the site’s

geomorphology.

Chapter 3 builds on the findings of Chapter 2, further elucidating the relationship between
hydrodynamic forcings and soil temperature at geomorphologically different salt marsh sites
in Scotland. With the use of “Mini-buoys” (in-situ micro-hydrodynamic sensors), current
and wave orbital velocities were measured and using the groundwater level, the influencing
factors on soil temperature were determined. Soil temperature at the salt marsh edges were,
contrary to our initial hypothesis, not influenced significantly by geomorphic conditions.
However, current velocity interacting with groundwater level as well as seasonal influence

of groundwater level drove soil temperature.

In Chapter 4 mangrove forests of differing geomorphic conditions in Florida (US) and the
Mekong Delta (Vietnam) are studied. The differences in carbon sources sequestered within
the soil as well as the soil to atmosphere CO. emissions between eroding and expanding
conditions are explored. Using the carbon stable isotope signature to delineate between
marine vs. terrestrial carbon, it was found that expanding sites had a greater marine influence

than eroding sites. The initial hypothesis that soil CO2 emissions to the atmosphere are
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dependent on the geomorphology was rejected, showing however site-specific results, which

could be indicative of the study’s limitations.

Chapter 5 examines the geomorphic influence on carbon fluxes through sediment
deposition and tidally influenced suspended sediment in a UK salt marsh. Seasonal and
spatial differences between carbon sources of deposited and suspended sediment at an

eroding and prograding salt marsh site were observed.
Chapter 6 synthesises the body of work presented, considering key findings from the

perspective of carbon fluxes and sequestration potential in salt marsh and mangrove

ecosystems. Remaining research gaps and potential future research questions are discussed.

Table 1.3 Thesis outline by topics discussed in each chapter.

Chapter Process Carbon cycle component  Ecosystem
Chapter 2; CO- respiration between Soil — atmospheric CO> Salt marsh;
Chapter 4  geomorphic different sites  emission Mangrove
Chapter 3  Hydrodynamic forcing Indirect influence on soil-  Salt marsh
influence on soil atmospheric CO2 emission
temperature
Chapter 4;  Source of carbon Carbon capture and Mangrove;
Chapter 5  sequestered and supplied to  sequestration Salt marsh

geomorphic different sites
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2 Sediment to Atmosphere CO: Efflux Increases at
Retreating Salt Marsh Edges

The following chapter is a reformatted version of a manuscript submitted to the Journal of:
Estuarine, Coastal and Shelf Science by Stolpmann, L.M., Balke, T. & Bass, A.M.
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Abstract

Coastal intertidal wetlands are dynamic and biodiverse habitats with carbon-rich
waterlogged soils. When the soil gets exposed to oxygen, carbon can be emitted as CO2 back
into the atmosphere. In this study we investigate whether contrasting stepped vs. gradual
marsh edge topography, resulting from lateral cliff erosion versus expansion influences the
soil-atmosphere CO> fluxes. CO> fluxes were quantified alongside groundwater level, soil
temperature, and local sediment grain size across an estuarine salt marsh with differing
seaward edge topography. We found that the CO> flux from the marsh soil was on average
greater at cliffed-eroding compared to sloped-prograding sites (0.7 + 0.11 g/m? hr and 0.26
+ 0.06 g/m? hr?, respectively). Soil respiration varied temporally with tidal cycle,
groundwater levels, soil temperature, and spatially with distance to the seaward vegetation
edge. Overall, fluxes during a neap cycle were significantly greater compared to spring tidal
cycles. Our study thus highlights that soil CO> efflux is affected by marsh topography
resulting from cliff formation and marsh edge undercutting, leading to carbon losses from
the remaining marsh platform. Our findings highlight the spatial and temporal variability of
carbon fluxes in a salt marsh environment and the importance of geomorphic form and

process in understanding coastal carbon dynamics.

Keywords
Salt marshes

Blue carbon
Erosion

Groundwater dipwell
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2.1 Introduction

Coastal intertidal wetlands (i.e., mangroves, salt marshes, seagrass) occupy the transition
zone between the terrestrial and marine environment. In addition to their unique biodiversity,
they provide a range of ecosystem services (Barbier et al., 2011), such as coastal protection
(Ford et al., 2016; Greenberg et al., 2014; Mdller et al., 2014; Worm et al., 2006), and carbon
storage (Mcleod et al., 2011). Due to their waterlogged saline soils and net sedimentation
salt marshes are globally sequestering carbon at a rate of approx. 48-59 Tg C y* (Wang et
al., 2021). Disturbances, such as relative-sea level rise, lack of sediment supply and coastal
erosion can significantly threaten salt marsh extent (Campbell et al., 2022). The last two
decades showed a net total salt marsh loss of 1,452.84 km? globally, (i.e., a rate of 0.28% y-
1 and hence the loss of the associated carbon stores and carbon sequestering function of
these habitats (Campbell et al., 2022).

When marshes shift from net sedimentation to lateral erosion previously deposited sediments
and associated sequestered carbon are mobilized (Braun et al., 2019; Theuerkauf et al.,
2015), exporting it either as dissolved/particulate organic carbon (D/POC), and/or dissolved
inorganic carbon (DIC) to coastal waters (Cai, 2011; Lovelock et al., 2017a). This leads to
an estimated global export from salt marshes to adjacent coastal waters of 0.60 £ 0.11, 5.28
+ 1.21 and 2.55 + 0.55 Mg C ha? y* of POC, DIC and DOC (mean + SE) respectively
(Alongi, 2020). Exposing the remaining sediments and sequestered carbon to oxygen can
further lead to the emission of CO- to the atmosphere (Lovelock, et al., 2017b), yet this has
rarely been quantified in the context of geomorphic form (i.e., topography such as

cliffed/undercut marsh edges) and process (i.e. sedimentation and erosion).

Soil processes and conditions, which can differ between marsh topography/geomorphic form
and can affect carbon stores, include the retention of groundwater (Van Putte et al., 2020) as
well as soil temperature (Bu et al., 2015b; Wang et al., 2007). Physical soil properties like
grain size and soil compaction directly interact with geomorphic processes and soil
biogeochemistry (Lo et al., 2017; Wang et al., 2017). Tidal inundation durations, depending
on marsh elevation, drives the import of allochthonous carbon onto the salt marsh (Xia et
al., 2021), soil anaerobic conditions and soil salinity, and thus directly affect aerobic

decomposition and thus outgassing of carbon (Cai, 2011).

Most studies estimate carbon loss in salt marsh ecosystems due to disturbances directly from
the change of carbon stocks (Bu et al., 2015a; Coverdale et al., 2014; Theuerkauf et al., 2015)
or from modelling the decomposition rate of organic matter dependent on the fraction
exposed to oxic conditions (Lovelock et al.,, 2017b). Direct measurements of carbon
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decomposition into CO2 and methane (CH4) production have been mainly performed
through incubation experiments (McTigue et al., 2021). Determining how geomorphic
processes leading to differing salt marsh topography affect soil-atmosphere CO; effluxes are

therefore crucial for accounting carbon budgets.

In this study we answer the question whether marsh topography (i.e., geomorphic form
resulting from geomorphic processes of lateral erosion vs. expansion) should be considered
when assessing overall carbon efflux from marsh soils in addition to active sediment fluxes
in and out of the marsh. We investigate the following research questions: (i) Does the soil-
atmosphere CO> flux differ between eroding and prograding salt marsh sites?; (ii) How do
eroding and prograding salt marsh sites differ in their soil properties, i.e., carbon content,
carbon stable isotopes (8'°C), indicating marine vs terrestrial carbon sources,
inundation/groundwater level and soil temperature?; (iii) Which soil properties statistically
determine CO> efflux? We hypothesized a higher soil-atmosphere CO; efflux from cliffed-
eroding salt marsh sites compared to sloping-prograding sites due to soil exposure associated
with cliff retreat. To our knowledge, we provide the first study to systematically contrast
soil-atmosphere CO; efflux between marsh topographies (geomorphic form) resulting from
geomorphic process (i.e., eroding vs. prograding). We believe that understanding the link
between geomorphic form and carbon dynamics in coastal wetlands will be of increasing

importance in a climate change future.
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2.2 Materials and Methods

2.2.1 Study site

Marsh topographic influence on soil-atmosphere CO> flux due to geomorphic change was
studied at the Caerlaverock salt marsh in the Solway Firth, UK (Figure 2.1). The study site
IS characterized by temperate climate with a macro-tidal range of over 8m (Cutts and
Hemingway, 1996). The salt marsh extends from west to east for approx. 8 km along the
north shore of the Solway Firth, with a width of up to 1km at the eastern side (Clyne et al.,
2007). The salt marsh has been classified as a sandy and sandy mud type, dominated by
grasses (Sghair, 2013).

Measurement locations
@ eroding, Well

@ prograding, Well
4 eroding, no Well

€@ prograding, no Well

Figure 2.1 Map of study location at Caerlaverock salt marsh, Scotland, UK. The inset map
shows the location within the UK. Sites with groundwater wells are marked with a circle,
sites without groundwater well are marked with a square. The black fill marks eroding
sites, the blue fill marks prograding sites.
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The linear retreat rate of the seaward marsh edge was calculated with the digital shoreline
analysis ArcGIS tool (DSAS) from the United States Geographical survey USGS
(Himmelstoss et al., 2018). The coastline was manually digitized using satellite images from
the years 2009, 2014, 2018 and 2019 (“EDINA Aerial Digimap Service,” 2018; “EDINA
Aerial Digimap Service,” 2014). Sites were classified as eroding or prograding, according
to the linear regression rate of the closest transect, showing either a cliff edge due to past

erosion or are sloping towards the mudflat resulting from the continued growth of the

seaward marsh edge (Figure 2.2).

Figure 2.2 Cliffed-eroding salt marsh site (a), and sloping-prograding salt marsh site (b) at
Caerlaverock salt marsh within the Solway Firth, Scotland, UK.

2.2.2 Field sampling

Soil-atmosphere CO; efflux, groundwater level, groundwater temperature, soil temperature
and soil cores were measured and taken at Caerlaverock salt marsh during sampling
campaigns from June 2021 to March 2022 (Table A.6).

Five vented groundwater wells of 1m depth were installed along the salt marsh coastline at
an initial distance of 3 m to the vegetation edge (Table A.7). Three groundwater wells were
installed at eroding (ER1; ER3; ER4) and two at prograding sites (PR5; PR7). The
groundwater well at site ER4 failed, with continued high readings following high tides due
to sand ingress and was excluded from the analysis. Groundwater wells were constructed
following the design by Van Putte et al., (2020), however no infilling with filter sand and
bentonite was done, as the salt marsh at Caerlaverock is of sandy sediment. Groundwater
well locations were determined with differential global positioning system (DGPS, version)

with a horizontal and vertical accuracy of ~2 cm. Non-vented pressure loggers (Rugged
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TROLL 100) were installed in the groundwater wells on 1% of July 2021 and readings were
taken with a frequency of 10 minutes until 9" of March 2022. Except for the groundwater
well at site PR7, where measurements were made from the 21% of October 2021, after a
faulty logger was exchanged. Groundwater pressure readings were corrected for atmospheric

pressure from local measurements.

Soil temperature loggers (HOBO Pendant® MX Water Temperature Data Logger, MX2201)
with an accuracy of 0.1°C were installed in August 2021 at all sites, at the corresponding
distance of the groundwater well, at a depth of 10 cm (Figure 2.1). Temperature

measurements were taken every 15 minutes.

One sediment core was taken to 1 m depth with an Edelman auger at each site with a
groundwater well. Included in the analysis are the cores from sites, which included
groundwater well measurements (i.e., ER1, ER3, PR5, PR7). Subsamples of 40 cm? were

taken every 10 cm on which all following soil analyses were performed (section 2.3).

Soil CO2 emission was measured in June, August, and November 2021, as well as in January
and March 2022 (Table A.7). This monitoring regime was selected to cover temporal
variations of CO; efflux across seasons, as this study is looking at influences on CO; efflux
due to the underlying soil conditions rather than through active sediment erosion. Soil-
atmosphere CO> emissions were measured during low tide at the 10 soil temperature
measurement sites (5 groundwater well and soil temperature; 5 soil temperature sites; Figure
2.1). At each site, measurements were performed within the vegetation at three positions
going landwards from the seaward vegetation edge at distances of 0.3 m, 1 m, and 3 m
(Figure 2.2). Flux was measured with a Licor (L1-850) using the closed-chamber method.
Measurements were performed in duplicates with a measuring time of two minutes each,
depending on gas accumulation time. A polynomial regression was used to calculate the rate
of change of CO2 concentration, subsequently used to calculate CO2 flux (g/m? hr!) (Bass
et al., 2016; Kutzbach et al., 2007).

P 273

Gas flux = (a x (=) x (Z2) x M) x (%) / 1000 x 3600 Equation 2.1

Where a = initial increase at time t = 0; p = Air pressure within the chamber; T = air
temperature in °C; M = molar weight of measurement gas; V = volume of chamber; A =

Area of chamber.
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2.2.3 Sediment sample processing

The four sediment cores to 1 m depth, were analyzed in 10 cm subsamples. Soil samples
were freeze dried for 48h after collection. Following freeze drying, bulk density, loss on
ignition (LOI), grain size, carbon content and carbon stable isotopes (5'3C) were determined
for every 10 cm subsample taken from the cores (n = 57). Loss on ignition was determined

to enable comparisons to a wider range of studies.

Bulk density was calculated by dividing the dry sediment weight by the subsampled volume
(Mobilian and Craft, 2021).

Grain size analysis was performed on approx. 5 g of the 10 cm subsamples with the use of
hydrogen peroxide (100 volumes > 30%) added to the samples and left for two hours to react
before more hydrogen peroxide was added and left to evaporate overnight (Gray et al., 2010).
Samples were then slowly heated from 80 °C to 100 °C until a clear layer of supernatant
formed, and the reaction ceased. They were transferred into centrifugal tubes and centrifuged
for 30 minutes at 2500 rpm then dried for 24 h at 90 °C. The grain size distribution was
performed with a Coulter Fluid module (LS230) for 3 runs of 90 seconds. To prevent
clogging, 25 ml of water and 5 ml of Calgon were added to the samples, placed for 3 minutes

into an ultrasonic bath before the sample was pipetted into the coulter module.

Isotopic carbon analysis of *3C and total carbon concentration measurements (mg/mg) were
performed on the freeze-dried 10 cm subsamples with a Picarro Cavity Ring-down
Spectrometer (G2201-i) coupled to a combustion module (A0201). For this analysis, approx.
5 mg of the subsamples were placed into weighted tin capsules. Inorganic carbon was
removed from freeze-dried subsamples with hydrochloric acid (1 M) and left to react
overnight until reaction ceased. Samples were washed to neutral pH before drying at 60°C.
Subsamples of approx. 20 mg were placed into weighted tin capsules and analysed for
organic carbon content and 8™Cog with the Picarro Cavity Ring-down Spectrometer
(G2201-i) coupled to a combustion module (A0201). Values of §*C and §*Cory are
presented in standard delta notation (%o) relative to the Vienna Pee Dee Belemnite (VPDB)
standard, with an accuracy of 0.2 to 0.3%. (Picarro, 2019). Carbon stable isotopic ratios are
indicative of the source of organic matter as well as its decomposition status (Lamb et al.,
2007).
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2.2.4 Statistical analyses

All statistical analyses were performed using R (4.1.1; R Core Team, 2021). Groundwater
level data for the analyses was taken from four sites (two eroding and two prograding).
Groundwater level was expressed as distance to the sediment surface (m). Groundwater well
inundation duration above the soil surface was calculated for the entire continuous
measurement period from October 2021 to March 2022 for all four groundwater wells using
the R VuInToolkit package (1.1.4; Hill, 2021). Spring low tide groundwater levels were

averaged over the continuous measurement period from October 2021 to March 2022.

Inorganic carbon percentage was calculated by subtracting the organic carbon percentage
from the total carbon percentage. Negative values of inorganic carbon percentages were
regarded as 0% inorganic carbon (Mueller et al., 2023).

Differences in groundwater level characteristics between sites were analyzed with Kruskal-

Wallis tests and Wilcoxon signed rank pairwise tests.

A series of Pearson’s correlations were performed between 1) inundation duration and well
elevation, 2) spring tidal low tide groundwater levels and well elevation, 3) spring tidal low
tide groundwater levels and inundation duration, as well as between 4) surface (0-50 cm)

sediment clay percentage (<4 um) and average spring low tide groundwater levels.

2.2.4.1 Mixed Effects Models

To determine the relationship between tidal cycle, erosion conditions, distance to cliff,
groundwater level, soil temperature and CO> efflux, a Generalized Linear Mixed Effects
Model (GLMM) and a Linear Mixed Effects Model (LMM) were selected. These models
were chosen due to the study design, making it possible to include repeated measurements
as random effects in the models. The most parsimonious models for both the GLMM and

the LMM were determined using likelihood ratio tests and AIC scores (Zuur et al., 2009).

Model 1 — Generalized Linear Mixed Effects Model

The influence of erosion status, tidal cycle, and distance to seaward marsh edge on soil-
atmosphere CO. efflux was analyzed using data from all sites (Figure 2.1, Table A.6),
including a total of 148 CO; efflux measurements. A Generalized Linear Mixed Effects
Model (GLMM) from the Ime4 R-package (1.1.28; Bates et al., 2015) was applied, as the

residuals were not normally distributed using a Linear Mixed Effects Model.
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Model 2 — Linear Mixed Effects Model

The effect of soil temperature, groundwater level and tidal cycle on CO> flux was analyzed
with a Linear Mixed Effects Model (LMM). The response variable of CO flux did not meet
the assumption of normality and was transformed using the cube root transformation, after
testing for normality following log and square root transformation. For the LMM, a subset
of measurements was used, taken at groundwater well sites, at the 3 m distance from the
seaward vegetation edge, in line with the groundwater well location and soil temperature
logger. A total of 32 CO; efflux measurements were included. Soil temperature and
groundwater level were both averaged over a 24-hour period prior to the CO2 flux

measurement.

Model 3 — Mixed Effects Models

The effect of erosion conditions on sediment characteristics were analyzed with Linear
Mixed Effects Models (LMM) or Generalized Linear Mixed Effects Models (GLMM) when
the response variable could not meet the assumption of normal distribution of residuals
following transformations. Model assumptions were analyzed using the DHARMa R-
package (Hartig and Lohse, 2022).

2.2.4.2 Time Series Analyses

Data from October 2021 to March 2022 was used to test the relationship between continuous
soil, groundwater, and air temperature as well as continuous groundwater level to different
marsh topographies resulting from geomorphic change. The difference in soil temperature
between site ER1 and site PR5 was calculated and a moving average with a period of 7 days
applied to smooth the data, calculated using the R-package zoo (Zeileis et al., 2023). Changes
in soil temperature were analyzed for site ER1 and site PR5. Site ER1 was chosen, as it is
the only eroding site with a groundwater well, from which a soil temperature logger was
safely retrieved in March 2022. Site PR5 was chosen as a contrast, as it can be regarded as
stable (i.e., no high eroding/prograding linear regression rate) to be able to observe any
potential changes in temperature due to cliff formation. By analyzing the difference in soil
temperature, the influence of air temperature was removed, as both sites are assumed to be

similarly influenced by the local ambient air temperature.

A different trend in soil temperature difference was observed from January 2022 onwards,

motivating the comparison of average soil temperature differences between the two periods,
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October to December 2021, and January to March 2022. Separate cross-correlations analyses
were applied for 2021 and 2022 between 1) groundwater level and soil temperature
difference; and 2) difference of air to groundwater temperature and soil temperature

difference.

2.3 Results

2.3.1 CO: efflux at prograding and eroding marsh edges

Sediment-atmosphere CO. efflux was compared between all measured salt marsh sites,
containing soil temperature loggers and/or groundwater wells. Soil CO, efflux was
significantly greater at eroding than prograding sites during the spring tidal cycle, 0.7 £ 0.11
g/m? hrt vs. 0.26 + 0.06 g/m? hr?, respectively (mean + SE; Figure 2.3, Figure 2.4, Table
A.2).

0.7+ 0.11 g/m2hr 0.26 + 0.06 g/m? hr

A Y2

N

2

Eroding Prograding

Figure 2.3 Schematic drawing of soil-atmosphere CO; flux (g/m? hrt) + SE from (a)
eroding, and (b) prograding salt marsh edges during spring tidal cycles.

2.3.2 Drivers of CO2 flux

Tidal cycle and measurement distance to the vegetation edge significantly influenced the
CO; flux (Figure 2.4, Table S1). During the neap tidal cycle CO> flux showed significant

variation, independent of the distance to the vegetation edge. However, during the spring
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tidal cycle the CO> flux increased with distance to the vegetation edge. During the spring
tidal cycle, CO- flux difference between eroding and prograding sites was amplified. The
effect of soil temperature, groundwater level and tidal cycle on CO; efflux was modelled
with a LMM using Site and Date as random effects. The interaction of soil temperature and
groundwater level had a significant effect on the CO: efflux (Figure 2.5, Table A.3, Figure
A.1). The relationship between soil temperature and CO. efflux depended on the
groundwater level. The efflux of CO, was lower at lower soil temperatures and higher

groundwater levels, whereas it was greater when groundwater levels dropped.

a) b)
Geomorphic process Tidal cycle
eroding @ prograding O neap spring ------

20 -+ | | . | | | | | |
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CO, flux g/m? hr
o
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I

neap spring 05 10 15 20 25 3.0
Tidalcycle Distance to cliff(m)

Figure 2.4 Relationship between CO; flux (g/m? hr) and a) Interaction of tidal cycle (neap
vs. spring) and geomorphic process (eroding vs. prograding); b) Interaction of
measurement distance to cliff/seaward vegetation edge (m) and tidal cycle (neap vs.
spring). Lines represent model fit through data as identified from a GLMM with “Site” as a
random intercept (Table S1), confidence bands and error bars represent 95% confidence
intervals. Tick marks along plot shows deciles of distribution of predictor variable.
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Figure 2.5 Effect of interaction between soil temperature and groundwater level (m) on
cube root transformed soil-atmosphere CO> efflux (g/m2 hr?) across eroding and
prograding sites identified from a LMM with “Site” as random intercept and “Visit” as
random slope (Table S2). Lines represent model fit through the data, with the confidence
bands representing the 95% confidence intervals. Data points are distribution of
standardized partial residuals.

The measured differences in low-tide groundwater levels among sites for spring tidal cycles
from November 2021 to March 2022 were significant among sites as well as within sites
(Table A.4, Table A.5). Sites showed fluctuations of low tide average groundwater levels
during spring tidal cycles, except for site PR7, where a decreasing trend in groundwater level
was apparent. Average groundwater level at low tides was lowest at ER1 and highest at PR7.
ER3 and PR5 showed the highest similarity (Figure 2.6).
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Figure 2.6 Average groundwater level (m) at low tide during spring tidal cycles from
November 2021 to March 2022 for sites ER1, ER3, PR5, PR7. Error bars represent £ 1 SD.

Inundation frequency (duration) above the marsh surface of groundwater wells was highest
at site PR7 with 4.79% (159. 9 h), followed by site ER1 (3.29%; 109.9 h); ER3 (2.73%; 91.2
h) and lowest at site PR5 (2.48%; 82.9 h; Table A.6). There was a significant negative
correlation between inundation duration and well elevation (r= -0.99, p-value < 0.05).
Inundation duration however, was not significantly correlated to groundwater level (r =0.75,
p-value = 0.25). Furthermore, groundwater level was not significantly correlated to site
elevation (r = -0.82, p-value = 0.18).

Changes in soil temperature were analyzed for site ER1 and site PR5. The difference in soil
temperature between ER1 and PR5 changed throughout the measurement period. Whereas
the moving average of the calculated difference did not show a trend from October to
December 2021, it was apparent for January to March 2022 (Figure 2.7). The average
difference in soil temperature in these periods was -0.26°C, October to December 2021, and
0.02°C between January and March 2022. During the period from October to December
2021 the soil temperature at site ER1 was greater than PR5 9.4% of the time, whereas it was
greater than PR5 64.5% of the time in the period from January to March 2022. The difference
between air temperature and groundwater temperature at site ER1 was on average -1.34°C

in 2021 and 0.01°C in 2022. During October to December 2021 the air temperature was
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14.5% of the time greater than the groundwater temperature at site ER1, in the period from
January to March 2022 it was 57% of the time.
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Figure 2.7 Moving average applied over 7 days on: Difference in soil temperature between
site ER1 and PR5 (black), groundwater level at site ER1 (red); difference between air
temperature and groundwater temperature at site ER1 (blue). Vertical line shows January
2022. Horizontal line at y = 0 shows no difference in soil temperature between site ER1
and PR5 and positive values show higher temperatures at the eroding site ER1 than
prograding site PR5 (red), and higher air temperature than groundwater temperature at site
ER1 (blue).

Cross-correlation analysis between groundwater level at site ER1 and soil temperature
difference between ER1 to PR5 for October to December 2021 showed that an increase in
groundwater level was associated with increased soil temperature differences after 0-7 hours
(lag = 0; r> = 0.41; Figure A.2). Whereas from January to March the cross-correlation
analysis showed a negative and weaker correlation between groundwater level and soil
temperature difference (lag = -28; r> = -0.3; Figure A.3). Here, increased groundwater levels
were associated with lower soil temperature differences up to 28 hours later. The cross-
correlation analysis of groundwater temperature difference to soil temperature is showing a
positive lag of 29 hours during up to the end of December (lag = 29; r? = 0.27; Figure A.4),
but a negative lag and correlation after January 2022 (lag = -21; r> = -0.14; Figure A.5). The
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differences in the air and groundwater temperature difference are lagging soil temperature
differences during the measurement period in the first half but leading during the second half

of the monitoring period.

2.3.3 Soil characteristics

Percentage clay (<4 um) and organic carbon percentage were significantly different among
sites (Figure 2.8, Table A.7). Prograding site PR5 had a lower clay percentage than all other
sites (3.48 + 1.78 %, Figure 2.8) and at depth 140 cm 0 % clay. Site ER3 showed outliers at
depth 60 cm and 80 cm with 10.71 % and 12.51 %, respectively. The percentage of silt was
different between eroding and prograding conditions (Figure 2.8). Prograding site PR5
showed the lowest percentage silt with 25.61 + 7.16 %, followed by site PR7 (31.35 + 10.71
%). Sand percentage was greater at prograding sites than at eroding sites (PR5: 70.92 + 8.87
%; PR7: 62.76 + 13.10 %).

Prograding site PR5 had the highest 5'Corg signature with -22.89 + 3.68 %o and was
significantly different from both eroding sites ER1 and ER3, -26.48 £ 1.2 %o and -25.81 +
1.86 %o, respectively (Figure 2.8). Site PR7 was significantly different to the §3Corg
signatures of the eroding site ER1 (-24.7 + 1.95 %) (Figure 2.8). Organic carbon
concentrations was significantly different between sites but not between eroding and
prograding conditions (Figure 2.8). Site PR5 had the lowest organic carbon percentage with
0.15 £ 0.06 % and site PR7 the highest with 0.31 £ 0.23 %. There was no significant
difference between the inorganic carbon percentages between sites with prograding site PR7
having the highest percentage with 0.55 + 0.45 %, followed by ER1 (0.39 + 0.39 %), ER3
(0.33 £ 0.4 %), and PR5 (0.24 £ 0.33 %).

Surface (0-50 cm) sediment clay percentage (<4 pm) was correlated with the average
groundwater level at low tides during spring tidal cycles, although not significantly (r(2) =
0.93, p-value = 0.072).
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Figure 2.8 Boxplot of sediment analyses of 1 m soil cores taken at two eroding (white) and

two prograding (grey) sites (ER1; ER3; PR5; PR7). OC= Organic carbon (percentage),
8%3Corg (%o), IC= Inorganic carbon (percentage), clay (<4 pm), silt (4-63 um), and sand

(63-2000 um) percentages. Standard deviation showing variation with depth per core (ER1
n=14; ER3 n=14; PR5 n=15; PR7 n = 14).
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2.4 Discussion

2.4.1 CO: efflux at prograding and eroding marsh edges

The results confirm our initial hypothesis that cliffed-eroding sites showed a significantly
higher average soil-atmosphere CO; efflux than sloped-prograding sites and that this was
driven by altered soil conditions. This shows that the geomorphic form resulting from natural
geomorphic processes can have similar affects compared to direct anthropogenic
disturbances, such as soil extraction for embankments, increasing soil to atmosphere fluxes
due to oxygenation and temperature increase of the soil (e.g. (Lovelock et al., 2017a;
McTigue et al., 2021). Direct sediment removal from salt marshes due to coastal erosion
leads to the loss of 10.1 Mg CO; ha* y* or 4.3% of the stored carbon, assuming that 50% of
the OM will be oxidised over a time span of 30 years after erosion (Lovelock et al., 2017b).
Our study shows that soil to atmosphere losses of carbon at eroding marsh edges within the
remaining marsh platform need to be added to these calculations, and that even when erosion
has ceased, the altered geomorphic form (i.e., marsh cliff formation) continues to lead to

carbon losses.

Our measured CO2 emissions at cliffed-eroding sites during spring and neap tides (700 %
110 mg m hrt, 1445 + 209 mg m? hrl, mean + SE, respectively) were approx. 2 - 2.5-
times higher than the emission measured by Bu et al., (2015a). The site characteristics
following reclamation resemble the site conditions at our studied cliffed-eroding sites, where
changes to marsh topography let to higher CO2 emissions (Bu et al., 2015a). The overall
average soil respiration rate reported in our study is comparatively high in relation to other
wetland respiration rates (Cui et al., 2021). However, the CO> efflux is still well within the
range of 100-10,000 g m2 yr* for tidal salt marsh systems (Cao et al., 2020; Magenheimer
et al., 1996; Seyfferth et al., 2020). We suggest that soil to atmosphere losses of carbon over
longer timescales will need to include the rates of erosion and the difference between labile
vs. recalcitrant carbon pools in the soil (Lovelock et al., 2017b). A knowledge gap also
remains in determining the fate of any eroded particulate carbon. It is estimated that the
majority of sequestered carbon is mineralized after erosion and emitted as CO; to the
atmosphere, with about 25-50% of carbon subsequently being buried in ocean sediments
(Cai, 2011).
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2.4.2 Soil conditions resulting from geomorphic form

Eroding and prograding sites differed in their characteristics, i.e., groundwater level,
groundwater temperature, soil temperature, and sediment characteristics. Eroding marshes
were characterized by decreased groundwater levels, increased soil temperature and greater

silt percentage.

Our results, however, did not always show the hypothesized differences but displayed a
strong dependency on inundation. The studied salt marsh was only inundated during spring
tides. During neap tides there was no significant difference in CO. efflux between eroding
and prograding sites. However, during spring tides, tidal inundation influenced groundwater
levels and resulted in differing retentions of groundwater. Eroding sites showed a lower
groundwater retention following spring high tides than prograding sites. Higher soil moisture
during spring than neap tidal cycles has also been shown to decrease CO; efflux in other
tidal salt marshes (Bu et al., 2015b). Spring and neap tidal cycles are acting on a regular,
semi-lunar cycle. The impact of lower soil moisture on CO2 emission was further shown on
a longer timescale following land reclamation after dike construction (Bu et al., 2015a). Even
nine years after reclamation, the disturbed land emitted 3-times more CO (0.73 Mg ha* yr
1 COy) than the undisturbed salt marsh on Chongming Island with the Yangtze Estuary (Bu
et al., 2015a).

Soil temperature was higher at eroding sites in comparison to prograding sites and had a
positive effect on CO; efflux. Again, our findings indicate that geomorphic form and process
mediate soil conditions, being primary drivers of carbon fluxes, which have previously been
studied mainly for direct anthropogenic disturbances (Cui et al., 2021, Pendall et al., 2004).
Soil temperature has been shown to be influenced by the tidal hydrology (Wang et al., 2007),
though such a direct correlation was only observed at one of our sample sites, possibly due
to their relatively high elevation within the tidal frame. Increased groundwater levels at
eroding site ER1 corresponded to higher soil temperature and thus a smaller difference in
soil temperature between sites (ER1 to PR5). This relationship between soil temperature
difference and groundwater level was again very time-dependent and only true for the
measurement period until the end of December 2021 but does not hold true from January
2022 until March 2022. Our cross-season monitoring did highlight seasonal variability of
tides on groundwater saturation yet might need to be expanded to longer periods to fully
assess interdependencies and lag effects (e.g., of winter saturation) over time. The fact that

soil moisture dampens any change in soil temperature through groundwater due to higher
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heat capacity of water in comparison to soil (Seybold et al., 2002), complicates our

observations.

We did however show that lower groundwater levels together with higher soil temperature
resulted in higher soil respiration rates. This is in agreement with findings by Cui et al.,
(2021) from coastal wetlands in China, where the temperature sensitivity value of soil
respiration differed between wetlands with varying groundwater levels. This variable effect
of soil moisture has also been found in other ecosystems (i.e., temperate croplands, forests;
tropical rainforests), where the temperature sensitivity of soil respiration changed with

moisture level, depending on ecosystem type (Goodrick et al., 2016; Meyer et al., 2018).

Our study thus evidenced that geomorphic form of intertidal marshes, corresponding with

differing groundwater levels and soil temperature, indirectly affects carbon fluxes.

The soil properties, in particular soil carbon percentages (OC and IC) are not the deciding
factors impacting differences in soil-atmosphere CO> emissions between geomorphic
conditions. Organic carbon percentages were significantly different between sites of
prograding conditions and the inorganic carbon percentage shows no significant difference
between sites. Both can thus be regarded as minor importance on the emission of CO. Our
carbon stable isotope analyses further corroborates the potential importance of assessing
lability of carbon as this can refer to carbon origin as well as decomposition status (Lamb et
al., 2007). Greater *Corg Vvalues indicate marine carbon input, particularly evident within
the study area at prograding sites PR5 and PR7 (Xia et al., 2021). On the other hand, §*3Corg
values are also increasing with decomposition status and age of the carbon pool. Difference
in sediment characteristics, such as grain size, carbon concentration and carbon stable
isotope ratios will indirectly impact resistance to surface or lateral erosion (Brooks et al.,
2021; Lo et al., 2017) and should be further investigated in this context.

2.4.3 Limitations and considerations

Our study site is a minerogenic salt marsh and soil to atmosphere emissions of CO2 might
differ to biogenic marshes or mangroves (Balke and Friess, 2016). However, biogenic
marshes also experience cliff formation and undercutting leading to exposure of the deeper
soil layers with lateral erosion. Furthermore, not every aspect of soil biology has been
assessed, the relationship between soil temperature and soil microbial activity has been
inferred based on previous studies (Cui et al., 2021). Although our study is limited in
comparing eroding and prograding conditions at a single site, our results are within the range

of published carbon stocks and CO> emissions (Mason et al., 2022). Experimental excavation
44



of marsh cliff edges could yield further mechanistic insight beyond our study describing

natural geomorphic conditions.

2.4.4 Future implications for Blue Carbon

In view of accelerated sea level rise (Fagherazzi et al., 2020), increased storminess
(Pannozzo et al., 2023), and the restriction of riverine sediment input to the coastal system
(Fagherazzi et al., 2013), there is a clear need to better quantify the effects that coastal
erosion will have on wetland carbon storage in the future. Our study showed that salt marsh
edge erosion is not only impacting the direct erosion of soil carbon stock (Coverdale et al.,
2014; Lovelock et al., 2017b; McTigue et al., 2021) but also the emission of CO- to the
atmosphere by changes to the geomorphic form/topography of the system. Salt marshes with
a seaward scarp (whether still eroding or currently stable) provide lower carbon
sequestration potential compared to marshes with a gradual transition to the mudflat. This
has important implications for management and highlights that protecting marshes from
further lateral erosion using breakwaters or coir rolls will not stop the continued loss of
carbon from marsh soils where a cliff has already formed. Salt marsh conservation and
restoration does need to start before marshes are subject to erosion and cliff formation by
ensuring the continued supply of sediment to the coastline. Studies to assess future carbon
storage and emissions at eroding intertidal wetland edges, particularly marshes and
mangroves, should include future wetland width along the coast (Braun et al., 2019;
Theuerkauf et al., 2015), rates of erosion (Braun et al., 2019; Coverdale et al., 2014;
Pendleton et al., 2012) and the changes to marsh topography and groundwater levels (this

study).
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2.5 Conclusions

Our study demonstrated that within a single marsh area, geomorphic form (i.e., sloped vs.
cliffed) resulting from geomorphic process (i.e., progradation vs. lateral erosion) affects soil
conditions and hence soil to atmosphere carbon fluxes. Cliffed-eroding sites showed a
significantly higher CO efflux from the soil compared to sloped-prograding marsh edges.
This should be understood as additional loss of carbon to the active loss of organic matter
removal due to erosion. Enhanced soil to air carbon flux was predominantly driven by
differing groundwater levels and soil temperature. This could potentially improve our ability
to accurately assess the carbon storage potential of geomorphologically active salt marshes
due to topographic differences in addition to sediment flux due to erosion and deposition
alone. This may have important implications for coastal management and shows that cliffed
marsh edges increase soil carbon efflux even when erosion might have been halted. It is thus
crucial that sediment supply is maintained, and anthropogenic disturbance and pollution are
controlled to allow salt marshes to prograde where possible and to function as carbon sinks

into the future.
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3 Interactive Effects of Groundwater Level and
Tidal Current Velocity Influence Salt Marsh Soil
Temperature

The following chapter is a reformatted version of a manuscript submitted to the Journal of:
Limnology & Oceanography by Stolpmann, L.M., Ladd, C.J.T., Balke, T. & Bass, A.M.
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Abstract
Salt marshes are globally recognized as carbon storage hotspots. Microbial decomposition

of labile organic carbon is regulated by soil temperature. Yet, the role of morphological,
atmospheric, and tidal hydrology in moderating saltmarsh soil temperatures, and hence
carbon decomposition rates, has been hitherto overlooked. We examined the influence of
groundwater level (determined by rainfall, tidal inundation, and hydrostatic pressure), tidal
currents, and wave forcing on soil temperatures at eroding and expanding salt marsh edges
continuously for 9 months. High groundwater levels cooled soils in summer whereas
warmed them in winter. When groundwater levels were high, higher current velocities
lowered soil temperatures irrespective of the season. Higher levels of groundwater are
further insulating the soil from evaporation. We attribute this to greater seawater circulation
within the soil, increasing heat transfer between seawater, groundwater, and soil.
Hydrodynamic effects on soil temperature did not vary between sloping and cliffed salt
marsh edges. Soil temperatures followed air surface temperatures when groundwater levels
were low. Accounting for groundwater level and tidal current velocity effects on soil
temperature is especially important when considering the carbon storage capacity of salt

marshes.

Plain Language Summary

Salt marshes are at the intersection of the coastal and terrestrial environment and are
ecosystems that store large amounts of carbon within their soil. The amount of carbon stored
is impacted by the loss of carbon through temperature dependent respiration (i.e., CO>
degassing). However the relationship hydrological processes have on the soil temperature is
not clear. We determined the impact of tidal current velocity and groundwater level on soil
temperature over two contrasting seasons (summer vs winter). We find that the influence
groundwater level has on soil temperature is season dependent. Higher levels are cooling the
soils in summer, whereas warming them in winter. However when tidal current velocities
are high, the soils were cooled, irrespective of the season, attributed to the circulation of
seawater within the soil and greater potential of heat transfer. These findings are important

to include in calculations for salt marsh carbon budgets.
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3.1 Introduction

Salt marshes play an important role in climate regulation by sequestering and storing large
amounts of organic carbon below the ground (Mcleod et al., 2011). Across Great Britain,
salt marshes are found to store on average 11.55 + 1.56 kg C m (Smeaton et al., 2023). The
role of marshes as carbon sequesters is under threat from drivers such as climate change,
land reclamation, and sea level rise (SLR; Fagherazzi et al., 2020). Globally, salt marsh
habitat is being lost at a rate of 0.28% per year (Campbell et al., 2022). The loss of habitat
equates to direct losses in sequestered carbon (Macreadie et al., 2013) and may indirectly
affect carbon stocks by altering the morphology and hydrodynamics of salt marshes (Zhao
et al., 2017). The latter effects on carbon flux have been poorly studied to date. Identifying
the controls of carbon stock gains and losses is key in understanding the climate regulation
role of salt marshes.

Soil temperature is key in regulating saltmarsh carbon cycling (Kirwan et al., 2014; Schutte
et al., 2020). Higher soil temperatures drive microbially-mediated organic matter
decomposition (Tang et al., 2023), resulting in higher CO2 emissions (Cui et al., 2021;
Kirwan et al., 2014). Soil temperature in salt marshes is influenced by temperature
differences associated with air, tidal and groundwater sources (Moffett et al., 2008; Xin et
al., 2023).

Sediment-atmosphere exchange of heat, water vapour, and CO: is influenced by tidal
inundation (Moffett et al., 2010). Seawater infiltrates coastal aquifers through the upper
intertidal zone during the rising tide and exfiltrates through the lower intertidal zone with
the falling tide (Kuan et al., 2019). The extent of the seawater recirculation below-ground is
determined in part by the onshore pressure produced by wave forcing (Santos et al., 2012;
Xin et al., 2010). Groundwater level is therefore determined by differential infiltration and
exfiltration rates of seawater during flood and ebb tides (i.e., wave set-up). Higher time-
averaged onshore groundwater tables are reached from faster seawater infiltration during
flood tides compared to exfiltration during ebb tides. Seawater circulation within the aquifer
leads to 1) density-driven circulation; and 2) tide-induced circulation (Kuan et al., 2019).
The tide-induced circulation depends on pressure gradients, where higher tidal current
velocities and wave orbital velocities exert a greater pressure on the aquifer, inducing a
greater circulation of seawater (Kuan et al., 2019; Yu et al., 2022). When lower groundwater
levels coincide with higher soil temperatures, the CO, emissions are expected to increase
(Schultz et al., 2023; Stolpmann et al., under review).

The connection between hydrological influences (porewater exchange and submarine

groundwater discharge) on soil temperature and potential differences between geomorphic
55



conditions have been proposed in relation to carbon budgets (Guimond and Tamborski,
2021). Yet, seasonal variation in the interaction between meteorological, geomorphic, and

hydrological drivers on salt marsh soil temperature has hitherto been overlooked.

We hypothesise that (i) soil temperature is influenced by groundwater temperature and
level; (i) eroding sites have a lower groundwater level and thus a greater influence of other
factors, mainly air temperature; (iii) during summer groundwater level will have a cooling
effect and temperature changes are not as strong, whereas during winter the groundwater
will have an insulating effect, keeping the soil at higher temperatures; (iv) Groundwater
levels are influenced by tidal hydrodynamic factors (current and wave orbital velocity).
With stronger tidal currents, the groundwater levels are rising faster.

3.2 Materials and Methods

3.2.1 Study site

The study was conducted at the Caerlaverock salt marsh in the Solway Firth, Scotland, UK
(Fig. 1). The salt marsh is situated in a meso-tidal setting, experiencing alternating spring
and neap tides (Cutts and Hemingway, 1996). Caerlaverock has an extent of 8 km from east
to west (Clyne et al., 2007). The salt marsh has experienced erosion in the west and accretion
in the east over the last century (Hansom, 2003). With south-west of Caerlaverock Castle
the erosion rate has been calculated as 38.1 m yr-1 (Hansom, 2003). The grain size of the
study location study site is characterised as sandy loam, i.e., between 53.6 and 70.9 % sand
and 25.6 and 41.7 % silt (Stolpmann et al., under review).

3.2.2 Field measurements

Measurements were performed from June 2021 to March 2022. Four groundwater wells were
deployed along the seaward salt marsh edge: two (ER1, ER3) at eroding edges, and two
(PR5, PR7) at prograding edges (Table 1). Erosion/progradation rate was determined using
linear regression of cross shore lateral marsh change (Stolpmann et al., under review). The
groundwater wells were 1m deep and positioned 3 m from the seaward edge. A pressure data
logger (Rugged TROLL 100) was installed inside of the groundwater well at 1m depth, to
measure water level and temperature every 10 minutes. Soil temperature was measured with
a temperature logger (HOBO Pendant® MX Water Temperature Data Logger, MX2201)

adjacent to the groundwater wells at a soil depth of 10 cm. Temperature was logged every
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15 minutes. Mini buoys (i.e., acceleration sensors inside bottom mounted floats; Balke et al.,
2021, Ladd et al., 2024) were deployed on the tidal flat 2-3 m from the marsh edge in front
of the groundwater well sites to record intertidal hydrodynamics. Current and wave orbital
velocities were extracted for 1 minute time steps from 1Hz acceleration data (Ladd et al.,
2024).

Groundwater levels and tidal hydrodynamics were subsequently averaged over 15 minutes

to compare with soil temperature readings.

Table 3.1 Study site characteristics.

Site | Marsh Surface Elevation (m Mini Buoy Elevation (m Latitude Longitude
OD) OD) ) )

ER1 | 4.495 3.564 54.967452 -3.525752

ER3 | 4.549 3.375 54.969085 -3.534593

PRS5 | 4.62 4.186 54.965221 -3.509359

PR7 | 4.123 3.919 54.962923 -3.504087

39600(}.000W 392000.000W

7357000.000N

7353500.000N

0 250 500m
— A Eroding

@ Prograding

Figure 3.1 Study area within the Caerlaverock salt marsh, red triangles marking eroding and
blue circles marking prograding sites. Inset showing location of study area in the UK (black
circle).
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3.2.3 Data collation

Sea-surface temperature (SST) was extracted from satellite data with 1/36 degrees horizontal
resolution representing the study area (approx. 2km offshore at 54.94595, -3.51515;
Copernicus Marine Service Information (CMEMS), 2019), available in daily intervals. Air
temperature data was taken from Met Office, with hourly measurement from station 1023
Eskdalemuir (55.31184, -3.20545; Met Office, 2006). The station was selected based on
availability of air temperature throughout the period of the field measurements. Air

temperature as well as SST were interpolated to the measurement frequency of 15 minutes.

3.2.4 Statistical analysis

Statistical analyses were performed in R (4.1.1). Linear Mixed Effect Models (LMEMs)
were performed to test the influence of scaled hydrological variables on soil temperature.
Spatial and temporal dependency was accounted for by selecting the random effects using
the AIC score and p-value (Zuur et al., 2009). Site (i.e., ID) was set as random intercept.
Highly correlated variables (VIF > 3) were removed from the analyses (Zuur et al., 2010).
The model was performed on data from periods during full inundation (as detected by the
groundwater logger) and filtered for the months of August and February. These months were
selected to represent soil temperature differences between summer and winter. Two LMEMSs
were performed to test 1) all locations and 2) expanding and eroding marsh edges separately
on the overall interaction of groundwater level, current velocity, and season on soil
temperature. Model variables were dropped from the full model using an iterative approach,
where variables were removed based on the AIC score and p-value (Zuur et al., 2009).
Predicted model results of soil temperature were descaled to make visual interpretation
easier.

Cross-correlation analyses were conducted to determine relationship between variables
excluded from the LMEMSs and soil temperature for both August and February. Data was
further divided into rising and falling tides and 20 cm increments in groundwater level (i.e.,
-1m to 0.8m, -0.8 to -0.6m, and so on).

Differences in mean temperature (air, groundwater, soil, and SST) during August and
February were examined using a Kruskal-Wallis rank sum test appropriate for non-

parametric data.
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3.3 Results

3.3.1 Relationship between hydrodynamics and temperature

Throughout August, soil and air temperature showed a sinusoidal relationship with maxima
during the day and minima during the night (), with soil temperature being consistently
~3.96°C greater than air temperature. A difference in soil temperature minima and maxima
can further be seen during spring tides between sites (). Soil temperature between sites
showed slightly greater maxima at site PR5 (10" August 2021) in comparison to the other
sites (). No data was available for site PR7 for August 2021. Sea surface temperature
remained stable, with slight decreases later in the month. Sea surface temperatures were
~2.38°C higher than groundwater temperatures. Groundwater temperature remained stable,
at temperatures between those measured in the air and soil. Groundwater level showed a
semi-diurnal tidal signal with clear neap and spring tidal cycles. Groundwater levels showed
a similar pattern between sites, with levels at site PR5 decreasing at a slower rate during low
tide in comparison to sites ER1 and ER3. Air, soil, groundwater, and sea surface
temperatures were significantly different from each other during August (H (3) = 18718; p-
value < 0.0001; ).

Throughout February, no diurnal pattern of soil and air temperature changes were evident ().
Air temperature over this period showed high standard deviation (). Soil temperature was
greater than air temperature and SST by ~1.24°C and 0.91°C, respectively. Groundwater
temperatures were higher still, reaching temperatures of 6.25°C. Groundwater levels
exhibited semi-diurnal tides and spring-neap cycles, which were less evident for site PR5 ().
Temperature differences between air, soil, groundwater, and sea surface was significant
during February (H (3) = 8524.4; p-value < 0.0001; ).
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Figure 3.2 A: current velocity (yellow) and groundwater level (blue) for August 2021
study period; B: soil temperature (red) and groundwater temperature (blue) change over
time per site throughout August. Air temperature (purple) and sea surface temperature
(yellow) are shown for entire coastline and region.
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3.3.2 Influence of hydrodynamics on soil temperature

Cross-correlation between variables excluded from the Linear Mixed Effects model to avoid
collinearity (Zuur et al., 2010), revealed that the highest correlation to soil temperature was
from air temperature during August, for falling, rising, and combined tidal cycles (ccf=0.71,
0.66, 0.7, respectively). During February air temperature also had the largest cross-
correlation for falling and rising tides (ccf = 0.87, 0.90), but for the overall tidal cycle it was
groundwater temperature (ccf = 0.09).

Table 3.2 Cross correlation between temperature (air and groundwater) and soil
temperature for August 2021 and February 2022.

Tidal cycle Groundwater | Variables Ccf at lag = 0 (August) | Ccf at lag = 0 (February)
level (m)

Rising & Overall Air — Soil 0.699 0.016 (not sig.)

Falling tide

Rising & Overall Ground — 0.162 0.09

Falling tide Soil

Rising tide Overall Air — Soil 0.659 0.904

only

Falling tide Overall Air — Soil 0.711 0.865

only

With increasing groundwater levels, the influence of air temperature on soil temperature
reduced from a maximum at -0.4 to -0.2m (ccf = 0.903) to a correlation coefficient of 0.658
at 0 to 0.2m. The groundwater temperature to soil temperature correlation coefficient
increased during the increase in groundwater level from 0.259 at -1m to -0.8m to 0.502 at -
0.2 to Om. Throughout February, the correlation between air temperature to soil temperature
remained high during high groundwater levels. The correlation between groundwater
temperature and soil temperature reduced to non-significant levels after approximately 5
hours (lag = 20).

Groundwater temperature is significantly cross correlated with soil temperature and vice
versa (Figure 3.6). The highest cross-correlation between groundwater temperature and soil
temperature during August is reached at positive lags, i.e., soil temperature had a greater
cross-correlation with groundwater temperature than the other way around. During February,
the reverse was observed — groundwater temperature led soil temperature (i.e., groundwater
temperature had a greater cross-correlation with soil temperature).

Air temperature and soil temperature showed high cross-correlation depending on the month

(Figure 3.6). Throughout August, the highest cross-correlation was two hours (lag = -8)
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where soil temperature was lagging air temperature. Throughout February, significant cross-
correlation coefficients were at positive lags, indicating that soil temperature was leading air
temperature.

Sea-surface temperature is significantly cross correlated with soil temperature and vice versa
(Figure 3.7). The highest cross-correlation between sea-surface temperature and soil
temperature during August is reached at positive lags, i.e., soil temperature had a greater
cross-correlation with sea-surface temperature than the other way around. During February,
the reverse was observed — sea-surface temperature led soil temperature (i.e., sea-surface

temperature had a greater cross-correlation with soil temperature).
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Figure 3.6 Cross correlations for August 2021 (A) and February 2022 (B) between
groundwater and soil temperature, and between air and soil temperature. ACF =
Autocorrelation function between variables; blue dotted line represents the confidence
interval.
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dotted line represents the confidence interval.
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3.3.3 Hydrodynamic influence on soil temperature

Soil temperature was significantly influenced by the interaction between groundwater level
and tidal current velocity (Table 3.3; Figure 3.9). The effect of groundwater level on soil
temperature was significantly different between August and February (Table 3.3). The three-
way interaction between groundwater level, tidal current velocity and month was marginally
insignificant (p-value = 0.08). Higher groundwater levels during August resulted in lower
soil temperatures, whereas soil temperatures increased with increasing groundwater levels
throughout February (Figure 3.8). Descaled soil temperatures showed a temperature
difference of ~3.33°C for changing groundwater levels from -0.9 m to 1 m during high tidal
current velocities of 0.5 m s-1.

Geomorphic condition was not a significant factor in influencing soil temperature during

groundwater logger inundation periods and was excluded from the optimal LMEM.

Table 3.3 LMEM of variables influencing soil temperature with ID as random intercept. X
denotes on interaction effect.

Temperature
Predictors Estimates Cl p
Groundwater level -0.03 | -0.05--0.01 | 0.007
Current velocity 0.05 0.02-0.09 | 0.003
Month (February) -2.02 | -2.09--1.95 | <0.001

Groundwater level x Current velocity | -0.02 | -0.04--0.01 | 0.001

Groundwater level x Month 0.08 0.04-0.11 | <0.001
(February)
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Figure 3.9 Schematic of linear mixed effects model results of groundwater level and tidal
current velocity influence on soil temperature at salt marsh edges. Arrow length represents
current velocity; long = high, short = low. A: High tidal current velocity lowers soil
temperature during high groundwater levels (left) and increases soil temperature during low
groundwater levels (right). B: Low tidal current velocity increases soil temperature during
high groundwater levels (left) and lower soil temperature during low groundwater levels

(right).
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3.4 Discussion

The objectives of the study were to determine the groundwater and tidal hydrological
influence on soil temperature at salt marsh sites with differing geomorphic conditions. We
find that the temperature of marsh edge soils follows air and sea surface temperature, which
are moderated by seasonally dependent cooling or warming effect from groundwater level
and tidal current velocity. Our work identifies the important and hitherto overlooked role of
hydrodynamic influence on temperature-dependent salt marsh processes such as carbon
sequestration. Moderation of soil temperature by high groundwater level was dependent on
the season. The relatively stable groundwater temperatures warmed the marsh surface during
winter and cooled it during summer. Higher groundwater levels provided a thermal buffering
capacity, insulating the soil from temperature changes through the export of latent heat to
the atmosphere (Befus et al., 2013). The effect of tidal inundations during warm seasons has
also been observed to lower the soil temperature during high tides and increase soil
temperature during low tides (Huang et al., 2019).

Tidal inundation might have a different effect on the carbon storage capabilities of salt
marshes depending on their geographic location. Thus, in areas with colder seawater
temperatures, tidal inundations might stabilise and reduce soil respiration, by decreasing soil
temperatures. Although the effect of flooding might override any changes to soil
temperature, i.e., systems experiencing tidal flooding had greater CO2 emissions than non-
tidal systems as soil temperatures warmed (Krauss et al., 2012; Wang et al., 2019).
Combined effects of SLR and ocean warming might lead to increased soil respiration rates
and higher emissions of CO; if wetlands are periodically flooded and experience insufficient
vertical accretion.

Stronger tidal currents were also found to lower soil temperatures regardless of season. Tidal
currents circulate seawater within the soil, fuelling porewater exchange and submarine
groundwater discharge (SGD) at a scale of (<m) and (>m), respectively (Taniguchi et al.,
2019). Higher tidal current velocities can increase seawater circulation within the soil (Befus
et al., 2013; Wilson and Morris, 2012). Greater circulation of relatively colder seawater
within the soil during larger currents and higher groundwater levels led to lower soil
temperatures. Such conditions could also occur during storm surges, along with potential
changes in salinity having an effect on GHG emissions (Capooci et al., 2019). The decrease
in soil temperature might lead to lower soil respiration. Field measurements of soil-
atmosphere CO2 emission have been shown to decrease during storm surge conditions
(Diefenderfer et al., 2018), whereas experimental storm surge reconstruction of decreased

porewater salinity was found to increase GHG emissions. (Capooci et al., 2019).
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The implications of tidal hydrodynamic influence on soil temperature of microtidal marshes
will likely be different. Although their greater organic matter content (Allen, 2000;
Bartholdy et al., 2014) might be leading to increased soil respiration, their more frequent
tidal inundations might lower soil oxygenation rate and reduce the influence of air
temperature on soil temperature. Such contrary processes and influencing factors indicate
the need for future work, especially in relation with groundwater and tidal hydrodynamic
influences on soil temperature.

Research on the effects of hydrodynamics on coastal wetland temperatures has been limited.
Xin et al., (2023) found, investigating soil temperature distributions and influences of
groundwater along a creek-marsh section, that increased porewater circulations led to greater
heat loss from salt marsh soils. Based on the results, the marsh-creek cross section was
characterised into distinct zones according to the soil temperature influences. Soil
temperature within the high marsh was influenced by meteorological fluctuations; the near-
creek zone by tide-induced porewater circulation; and the low-elevation by reduced
sediment-atmosphere heat exchange (Xin et al., 2023). Following this zonation, the soil
temperature influence at our study site can be classified as tide-induced porewater
circulation, experiencing significant changes due to meteorological factors during non-
inundation periods.

Groundwater levels have an important, but previously overlooked buffering effect on salt
marsh edge soil temperature. With a predicted soil temperature difference of up to 3.33 °C
during changing groundwater levels, the implications are particularly relevant for projects
aiming to restore wetlands to increase blue carbon storage (McMahon et al., 2023). The main
restoration method in the UK and Europe is the managed realignment (MR), the breaching
of tidal barrier (French, 2006). Resulting in marshes that are often characterized by reduced
groundwater dynamics, higher average groundwater levels, and a lower number of tidal
creeks (Lawrence et al., 2018; Spencer et al., 2017; Van Putte et al., 2020). Enhancing
groundwater drainage and lowering the average groundwater level of the marsh can be
achieved with the creation of small tidal creeks (Lawrence et al., 2022; Van Putte et al.,
2020; Wolters et al., 2005). Consequently, considering our findings, a greater channel
network will also increase the carbon storage value of restored sites, as the increased
circulation of seawater within the sediment will lower the soil temperatures and inhibit the
remineralization of deposited organic matter (Cui et al., 2021).

Unlike groundwater level and current velocity, geomorphic conditions (sloped vs. cliffed
marsh edge) didn’t lead to significantly different soil temperatures, and no significant

interactions of hydrodynamic variables on soil temperature during conditions inundating the
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groundwater logger. This was unexpected as soil temperature changed between sites with
different geomorphic conditions, i.e., cliffed-eroding (ER1) and sloping-prograding (PR5)
sites during the measurement period October-December 2021 compared to January-March
2022 (Stolpmann et al., under review). Differential soil temperatures between geomorphic
conditions could be due to the inclusion of all measurement time periods, also incorporating
neap tidal cycles. The significantly different groundwater retention at sloping-prograding
sites following spring tidal cycles (Stolpmann et al., under review) could lower the soil
temperature due to the evaporative cooling effect (Moffett et al., 2010). Thus, the carbon
storage value of sloping-prograding sites would improve in comparison to cliffed-eroding
sites, supporting arguments for salt marsh restoration from a blue carbon storage perspective
(McMahon et al., 2023).

Soil temperature has previously been found to be driven predominantly by marsh elevation,
rather than flooding by tidal waters (Alber and O’Connell, 2019). Linear models showed
that an increase in elevation of 0.5m, led to an increase in soil temperature by 0.9 to 1.7°C,
irrespective of tidal flooding (Alber and O’Connell, 2019). This disagrees with our results,
where flooding was the main driver of soil temperature changes. However, marsh elevation
change also leads to a change in groundwater level, as higher marshes are flooded less
frequently, and groundwater levels are lower than at low elevation marshes. Thus, the
negative relationship between soil temperature and elevation found by Alber and O’Connell
(2019) could be explained by the positive relationship between soil temperature and

groundwater level found by our study.

3.5 Conclusions

This study set out to determine the influence of groundwater and tidal hydrological variables
on soil temperature. The research showed that soil temperature is significantly influenced by
the interaction of groundwater level and tidal current velocity, as well as by groundwater
level and season. The influence of hydrological factors on soil temperature is however not
dependent on the geomorphology of the site (i.e., sloping vs cliffed). Salt marsh soil
temperature is however expected to increase due to rising ocean temperatures and higher air
temperatures and with it, soil respiration and CO2 emissions. Higher groundwater levels and
lower tidal current velocities leading to lower oxygenation of the soil can lower the soil CO>
emissions. This could for example be achieved at gently sloping salt marsh sites, particularly

due to lower groundwater drainage during spring tidal cycles.
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4 Differing soil carbon source depending on
geomorphic condition at mangrove coastlines

81



Abstract

Mangrove forests provide essential ecosystems services to coastal areas, such as coastal
protection and carbon sequestration. Increasing anthropogenic and hydrodynamic pressure
on these systems are leading to coastal erosion and habitat loss, affecting not only the carbon
already stored within the soil but also their future carbon storage potential. This study aimed
to elucidate if geomorphologically different mangrove systems (eroding vs expanding) have
different carbon storage capacities, utilising the Mekong Delta in Vietnam and Charlotte
Harbor Preserve State Park in the U.S. as case studies. Sediment cores were taken and
sediment to atmosphere CO. emissions were measured at varying distances to the seaward
vegetation edge. Eroding and expanding sites only differed significantly in soil samples in
Florida for grain size percentage as well as loss on ignition percentages. Soil characteristics
were site-specific for samples from Vietnam. The carbon stable isotope ratio (§*3C) was not
significantly different between geomorphic conditions, showed however differences
between depths, reflecting differential organic carbon sources. At expanding systems, it is
primarily marine derived vs. terrestrial in the eroding. Finally, we discuss the applications

of sediment carbon isotope measurements for coastal biogeomorphology.
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4.1 Introduction

Mangrove forests are vital in providing essential ecosystem services, for instance coastal
protection and carbon sequestration (Barbier et al., 2011; Mcleod et al., 2011). Due to
anthropogenic pressures and climate change, mangrove ecosystems are experiencing global
losses and disturbances, primarily by deforestation (Richards and Friess, 2016). Future
carbon sequestration potential as well as already sequestered carbon is thereby lost (Arias-
Ortiz et al., 2020).

The soil carbon storage potential of mangrove forests depends on age, structure and other
geomorphic factors (Chen et al., 2018; Cinco-Castro et al., 2022; He et al., 2018; Marchand,
2017; Yang et al., 2014). For example, younger stands have a greater potential for capturing
tidally introduced sediment and have a faster carbon accumulation rate within their biomass
than the soil (Chen et al., 2021), however the soil carbon sequestration increases in efficiency
with increasing mangrove age (Alongi et al., 2004). However, it takes longer for created
adult trees to reach the equivalent peat layer compared to a natural mangrove forests, approx.
55 years opposed to <15 years in younger stands (Osland et al., 2020). This has been
attributed to the faster development of vegetation than the soil properties to sequester carbon
(Osland et al., 2012). The carbon storage of mangroves is offset by the loss of carbon from
the systems, which is dependent on biogeochemical and geomorphic conditions, influencing
the decomposition rate as well as the outwelling of carbon (Spivak et al., 2019).
Incorporating stable carbon isotope analyses (5°C signature) into sediment organic matter
source analysis has been used to determine the relative contribution of local (autochthonous)
vs external (allochthonous) organic matter to the system (S. Bouillon et al., 2008; Tue et al.,
2011). Higher values of 8*3C, thus a higher ratio of C13 to Cy. isotopes, are indicative of a
marine origin, i.e., -19 %o_ and lower signatures, i.e., -26 %o, of a terrestrial origin (Barber et
al., 2017). The carbon origin between mangrove forests of differing geomorphic conditions
can determine their carbon storage potential, which has been studied for mangroves of
different ages and positions within the tidal frame (Marchand 2017). Although it has not
been used to differentiate between mangrove systems of varying erosion conditions.

The aim of this study was to determine the geomorphic influence on sediment carbon source
and soil to atmosphere CO2 emissions from mangrove forests of differing minerogenic types,
due to inherently different soil carbon percentages. For this purpose, eroding and expanding
mangrove sites within the Mekong Delta and the west coast of Florida, US were sampled. It
was hypothesized that eroding and expanding sites differed in their predominant carbon

source with expanding sites having a greater allochthonous carbon, and eroding sites a
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greater autochthonous carbon supply. It was further hypothesized that eroding sites had a
greater CO: efflux than expanding sites as this mechanism was previously found at

geomorphically contrasting salt marsh sites (Chapter 2).

4.2 Materials & Methods

This study was performed within mangrove forests in Florida, US and the Mekong delta in
Vietnam in August and August/September 2022, respectively (Figure 4.1, Figure 4.2). In
Florida the study was conducted in Charlotte Harbor, an estuarine system comprising of
mangrove-seagrass shorelines (Poulakis et al., 2003). The climate is subtropical, seasons are
divided into wet, June — October, and dry season, November — May (Table 4.1). In Vietnam,
the study was conducted within the Mekong Delta at three sites, Ca Mau, Kien Giang, and
Soc Trang with both eroding and expanding conditions (Figure 4.2, Table 4.1). The climate

is tropical, with dry and wet season.

Table 4.1 Climate characteristics at study sites. Florida: summer (June/July/Aug);
Vietnam: wet (May to November), dry (December to April). Data from: Florida (1991 -
2020; US Department of Commerce, n.d.); Vietnam (Hong et al., 2019).

Variable Florida, US Mekong Delta, Vietnam
Annual precipitation (mm) 1345.438 2000
Seasonal precipitation (mm) Summer: 670.814 Wet: 1800
Winter:172.21 Dry: 200
Average temperature (°C) Summer: 28.2 Wet: 30
Winter: 18.2 Dry: 20
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4.2.1 Field sampling

Soil cores were taken in Vietnam and Florida from all sites and conditions, i.e., eroding and
expanding Table 4.2. Sediment samples were taken at low tide. Soil cores were taken at 10
m from the seaward vegetation edge to a depth of 0.6 m in Vietnam, and to a depth of 1 m
in Florida. Soil cores were subsampled into 10 cm parts. No reference isotopic samples were
collected, however, for the purpose of this study, the relative differences between the eroding
and expanding mangrove forests are of interest.

CO> flux was measured with a Licor gas analyser (LI-850) with chamber equilibration
method using black PVVC sediment chambers (diameter of 8.5 cm with a varying headspace
from 624.2 cm?® to 1,588.86 cm?, Table 4.2). Care was taken to not include rhizomes and
other vegetation when placing the chamber. Flux measurements were done in duplicates with
2 minutes per measurement. The final CO; flux (g m hrt) was calculated with a polynomial
regression, which was fitted to the initial increase in CO2 concentration at time t = 0, as

outlined in Bass et al., (2016). Fluxes were calculated using the following equation:

Gas flux = (a X (L) X ( 273 ) X M) X (X) /1000 x 3600  Equation 4.1

1013 T+273

Where gas flux is measured in g/m? hr; a = initial increase in CO2 concentration at time t=0;
p = air pressure within the chamber [mb]; T = air temperature [°C]; M = molar weight of
measurement gas; V = volume of chamber [m®]; A = Area of chamber [m?].

Table 4.2 Sampling structure at study sites with number of transects for measurements
taken.

Country Location(s) Sites Transect soil Transect CO2
cores flux
Vietnam Ca Mau Eroding 1 2
Expanding 1 2
Kien Giang Eroding 1 2
Expanding 1 0
Soc Trang Eroding 2 5
Expanding 2 2
Florida Charlotte Harbor Eroding 1 1
Expanding 1 1
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4.2.2 Sample processing

Sediment samples were freeze dried for 36 hours to allow for further processing. After freeze
drying, samples were processed for loss on ignition (LOI), grain size, carbon content and
carbon stable isotopes (8*3C) analyses. The loss on ignition technique (LOI) was used to
determine total organic matter content, by placing a subsample at 550°C for the duration of
four hours and quantifying the weight differential.

Grain size was analysed with Bettersize 2600 particle size analyser on a subsample of 5 g.
Organic matter was removed with the use of hydrogen peroxide (100 volumes > 30%).
Hydrogen peroxide was added to the samples and after two hours added again, before left to
evaporate overnight. Samples were slowly heated from 80°C to 100°C, until a clear layer of
supernatant formed, and the reaction stopped. Following this, the samples were centrifuged
at 2500rpm for 30 minutes and dried at 90°C for 24 h.

A Picarro Cavity Ring-down Spectrometer (G2201-i), coupled to a combustion module
(A0201) was used to perform the isotopic carbon analysis of §3C, presented in standard
delta notation (%o) relative to VPDB standard, as well as carbon concentration measurements
(mg/mg) and carbon percentage (% per sample weight) on the freeze-dried subsamples. The
sampling accuracy for 8*3C in carbon dioxide is between 0.2 to 0.3%o (Picarro, 2019).

Subsamples were placed into weighted tin capsules.

4.2.3 Statistical analysis

Shoreline change was calculated using DSAS v5.1 from the U.S. Geological Society
(Himmelstoss et al., 2021). With shorelines digitised using Google Earth Pro (“Google Earth
Pro,” 2024) satellite images between 2010 and 2022. Images were used where no cloud cover
was present. The Linear Regression Rate (LRR) was calculated and presented as m yr™.
Negative values represent a loss of shoreline (erosion) and positive values a gain of shoreline
(expansion/progradation).

Data was analysed with R (RStudio 2022.12.0+353). A detailed list of analyses performed
on the data is provided in (Appendix C). Soil to atmosphere CO- flux measurements as well
as soil characteristics were analysed using Linear Mixed Effects Models, incorporating
random factors to account for the nested study designs. Logarithmic, logit and arcsine
transformation were applied if residuals were not normally distributed. Correlations between
soil characteristics has been determined for the combination of both eroding and expanding

conditions.
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A principal component analysis (PCA) was conducted on sediment properties from all sites
(Vietnam and Florida) to characterize the soil properties. The PCA was performed on scaled

data using the R package prcomp (R Core Team, 2017).

Relative contribution of Cs terrestrial plants to organic carbon in mangrove sediment cores
was calculated using Equation 4.2 as calculated by Tue et al., (2011) and analysed using the

Wilcoxon rank sum test and t-test.

Slscsed_ 813Cm
813Cy— 813Cyy

f.(%) = x 100 Equation 4.2

The relative contribution of Cs terrestrial plant sources (%) is fi; where §*3Csed, 8*3Cy, §°Cnm
are carbon stable isotope values of sediment, Cs terrestrial plants and marine phytoplankton,
respectively. This study used a value of -22.1%o for 53Cm, as it was reported for marine
phytoplankton from the South China Sea (Liu et al., 2007). A value of -29.4%. was used for
313Cy, being the lower range limit of §*3C signatures from mangrove leaves (Bouillon et al.,
2008). Isotopic reference signatures were used for the analysis of samples from Florida and

Vietnam.

4.3 Results

4.3.1 Sediment characteristics

All soil characteristics at sites in Vietnam were not significantly different between eroding
and expanding conditions, but showed site specific variations (Table C.1, Figure C.1, Figure
4.3). With eroding and expanding conditions at Ca Mau, Vietham showing greater
differences in soil characteristics. The eroding and expanding site in Florida showed
significant differences in clay, silt and percentages, as well as median grain size (D50) and
the loss on ignition percentage (LOI; Table C.1).

All eroding sites sampled in Vietnam showed a lower 3'3C signature throughout the core
than the expanding sites (Figure 4.4). These differences between eroding and expanding
conditions are significant until the depth of 20 cm (Table C.2

88



Country Variable ~ Condition [expanding] | Transformation | Estimate | t-value | p-value

Vietnam Carbon concentration (mg) Square root -0.055 -0.706 | 0.553
Carbon percentage Arcsine -0.016 -0.65 0.582
Clay percentage NA -0.623 -0.065 | 0.954
Silt percentage NA 7.346 1.717 | 0.093
Sand percentage Logarithmic 0.306 0.612 | 0.604
Carbon isotope ratio (6*3C) Square root 0.788 1.834 | 0.142
Median grain size (D50) Reciprocal -0.048 -0.453 | 0.695
Loss on ignition percentage (LOI) NA -1.007 -0.366 | 0.75

Florida (US) | Carbon concentration (mg) NA -0.136 -2.056 | 0.056
Carbon percentage NA -2.929 -1.661 | 0.115
Clay percentage Logit -0.43 -2.739 | 0.024
Silt percentage NA -13.848 -2.947 | 0.017
Sand percentage NA 18.538 3.15 0.012
Carbon isotope ratio (6*3C) NA 0.526 1.154 | 0.265
Median grain size (D50) Square root 2.311 2.766 0.034
Loss on ignition percentage (LOI) | NA -7.214 -2.601 | 0.019

). Carbon stable isotope signatures between the surface (0 cm) and at 50 cm depth were

significantly different at expanding sites in Vietnam (Table C.3). Further it was noted that

the surface 8'C value was greater at the eroding site than the expanding site in Florida

(Figure 4.4). Carbon percentage was greater for samples from Florida than from Vietnam,
8.69 £ 4.02 % and 1.7 £+ 1.44 %, respectively (Figure 4.3
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Country Variable ~ Condition [expanding] | Transformation | Estimate | t-value | p-value

Vietnam Carbon concentration (mg) Square root -0.055 -0.706 | 0.553
Carbon percentage Arcsine -0.016 -0.65 0.582
Clay percentage NA -0.623 -0.065 | 0.954
Silt percentage NA 7.346 1.717 ] 0.093
Sand percentage Logarithmic 0.306 0.612 | 0.604
Carbon isotope ratio (§*°C) Square root 0.788 1.834 | 0.142
Median grain size (D50) Reciprocal -0.048 -0.453 | 0.695
Loss on ignition percentage (LOI) NA -1.007 -0.366 | 0.75

Florida (US) | Carbon concentration (mg) NA -0.136 -2.056 | 0.056
Carbon percentage NA -2.929 -1.661 | 0.115
Clay percentage Logit -0.43 -2.739 | 0.024
Silt percentage NA -13.848 -2.947 | 0.017
Sand percentage NA 18.538 3.15 0.012
Carbon isotope ratio (§*°C) NA 0.526 1.154 | 0.265
Median grain size (D50) Square root 2.311 2.766 | 0.034
Loss on ignition percentage (LOI) | NA -7.214 -2.601 | 0.019

). Carbon percentage was greater at eroding sites for both Vietnam (2.05 + 1.89 % vs 1.36 +
0.7 %) and Florida (10.23 £ 4.85 % vs 7.3 £ 2.62 %), however not significantly (Figure 4.3,

Table C.1
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Country Variable ~ Condition [expanding] | Transformation | Estimate | t-value | p-value

Vietnam Carbon concentration (mg) Square root -0.055 -0.706 | 0.553
Carbon percentage Arcsine -0.016 -0.65 0.582
Clay percentage NA -0.623 -0.065 | 0.954
Silt percentage NA 7.346 1.717 | 0.093
Sand percentage Logarithmic 0.306 0.612 | 0.604
Carbon isotope ratio (6*3C) Square root 0.788 1.834 | 0.142
Median grain size (D50) Reciprocal -0.048 -0.453 | 0.695
Loss on ignition percentage (LOI) NA -1.007 -0.366 | 0.75

Florida (US) | Carbon concentration (mg) NA -0.136 -2.056 | 0.056
Carbon percentage NA -2.929 -1.661 | 0.115
Clay percentage Logit -0.43 -2.739 | 0.024
Silt percentage NA -13.848 -2.947 | 0.017
Sand percentage NA 18.538 3.15 0.012
Carbon isotope ratio (6*3C) NA 0.526 1.154 | 0.265
Median grain size (D50) Square root 2.311 2.766 0.034
Loss on ignition percentage (LOI) | NA -7.214 -2.601 | 0.019

). The LOI percentage was greater at sites in Florida than Vietnam. Also showing

significantly greater values at eroding (21.41 + 8.35 %) than expanding (14.19 + 2.61 %)
sites in Florida. Whereas in Vietnam the eroding site had a LOI percentage of 7.12 + 3.99
%, and the expanding site of 6.54 + 3.2 %.

Clay percentages were greater at the Vietnamese study site compared to the Florida sites,
but not different between eroding and expanding sites in Vietnam (28.22 + 18.53 % vs 28.47
+ 11.86 %). Whereas in Florida the difference was significant (9.56 £+ 6.46 % vs 4.69 £ 3.26
%). Silt percentages were significantly greater at eroding sites than expanding sites in
Florida (34.41 + 17.57 % vs 20.11 * 6.98 %). Whereas in Vietnam the silt percentage was
slightly greater at expanding sites than eroding sites (46.08 + 22.01 % vs 38.73 £ 21.44 %).
Sand percentages showed greater values for Florida than Vietnam. With significantly greater
sand percentages at the expanding site than the eroding site in Florida (75.2 + 9.72 % vs
56.04 + 23.75 %), and similar values in Vietnam (eroding: 30.77 + 35.96 %; expanding:
27.73 £29.9 %).

Table 4.3 Summary of lateral change of mangrove seaward edge (Linear Regression rate
LRR; m yr?) of sampling transects in Florida (Charlotte Harbor) and Vietnam (Ca Mau,
Kien Giang, Soc Trang).

Site Condition Transect | LRR (myr?) | Soil texture
Charlotte Eroding 1 -0.955 Sandy Loam
Harbor
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Expanding/Stable 1 -0.065 Loamy Sand
Ca Mau Eroding 1 -7.49 Silty Clay
Expanding 1 50.41 Silty Clay Loam
Kien Giang Eroding 1 -0.845 Silty Clay
Expanding 1 32 Silty Clay
Soc Trang Eroding 1 -5.83 Loamy Sand
4 -6.34 Sandy Clay Loam
Expanding 1 24.95 Clay Loam
2 24.95 Sandy Clay Loam
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Figure 4.4 Stable carbon isotope signature (5'*C) by depth for geomorphic different (eroding
= blue; expanding = orange) mangrove forests in Florida (left; n = 1) and Vietnam (right; n
= 4; except where shown). Error bars represent standard deviation between sampling sites
(Ca Mau, Kien Giang, Soc Trang).
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4.3.2 Relative contribution of C3 terrestrial carbon to mangrove
sediments

The relative contribution of Cs terrestrial plants to mangrove sediments is significantly
different between eroding and expanding conditions in Vietnam (W = 442, p-value = 1.869e-
05). Eroding sites showed a greater contribution than expanding sites. The relative
contribution was not significantly different between eroding and expanding conditions in

Florida (t(17) = 1.1539; p-value = 0.2645).

4.3.3 Sediment — atmosphere CO2 emissions

CO: flux was not significantly different between eroding and expanding conditions for
Vietnam (t = -2.135, p-value = 0.165) or Florida (t = 0.958, p-value = 0.406). Showing on

average larger CO2 emissions at eroding sites (Figure 4.5).
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Figure 4.5 CO2 flux (g m? hr) between mangrove forests in Florida and Vietnam and
between geomorphic conditions (blue = eroding; orange = expanding).
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4.3.4 Correlations

There is a moderate correlation between the 3'3C signature and LRR (cor = 0.67, p-value
<0.001) as well to carbon concentration (cor = -0.51, p-value < 0.001; Figure 4.6).
Significant correlations also show among grain size percentages (clay, silt, sand) and among
the different representations of carbon concentrations (carbon concentration, carbon

percentage and LOI).
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Figure 4.6 Correlation matrix for eroding and expanding sites including Florida and
Vietnam sites. Numbers and colours represent correlation coefficient and crossed out circles
are not significant correlations (p-value <0.05). §!3C = carbon stable isotope signature; LRR
= Linear Regression Rate (m yr?); Clay, silt, sand percentage; LOI (%) = Loss on ignition
percentage; Carbon (%) = total carbon percentage; Dso = median grain size (um).
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4.3.5 PCA of sediment characteristics

PCA was performed on sediment and site characteristics from Florida and Vietnam to
explore the differences between sites and locations (eroding vs expanding) and determine
characterising variables. PCA performed on the combined data from Florida and Vietnam
showed principal components 1 and 2 (PC1, PC2) that explained a total of 72.5% of the
variation within the data (Figure 4.7). PC1 accounted for 39.02% of variation with clay
percentage and LRR with negative loadings and sand percentage and carbon percentage with
positive loadings. PC2 represented 33.49% of variation with negative loadings for carbon
concentration and LOI, and positive loadings for median grain size (Figure 4.7). Soil samples
from Florida were characterized by lower LRR, and lower clay and silt percentages, but
higher carbon and sand percentages. Samples from Vietnam could be divided into separate
groups. Samples from Soc Trang and Ca Mau being mostly separated along the PC1 axis.
Samples taken from Kien Giang overlapped with both sites and could be characterized by
lower PC2 loadings (lower LRR, 8'3C, clay and silt percentages).

Principal component analysis performed separately on data from Vietnam showed that a total
of 75.71% of the variation in the data was explained by PC1 and PC2 (Figure 4.8). Grouped

together are the Carbon percentage representations, clay, and silt, as well as Sand and Dsq.
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Figure 4.7 Principal component analysis (PCA) of sediment and site characteristics from
sediment from Vietnam and Florida, eroding and prograding sites combined, blue circles =
Ca Mau (Vietnam); yellow circle = Charlotte Harbor (Florida); grey circle = Kien Giang
(Vietnam); red circle = Soc Trang (Vietnam). Contribution scale refers to Eigenvalues.
Sediment characteristics are LOI = loss on ignition percentage; d13C = §**C (carbon stable
isotope ratio); C_conc_mg = Carbon concentration (mg/mg); C_per = Carbon percentage;
Clay = clay percentage, Silt = silt percentage; Sand = sand percentage, D50 = median grain
size (dso); LRR = linear regression rate (m yr-1). Point size represents Site mean.
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Figure 4.8 Principal component analysis (PCA) of sediment and site characteristics from
sediment from Vietnam, combining eroding and prograding sites, blue circle = Ca Mau,
yellow circle = Kien Giang; grey circle = Soc Trang. Contribution scale refers to
Eigenvalues. Sediment characteristics are LOI = loss on ignition percentage; d13C = §°C
(carbon stable isotope ratio); C_conc_mg = Carbon concentration (mg/mg); C_per = Carbon
percentage; Clay = clay percentage, Silt = silt percentage; Sand = sand percentage, D50 =
median grain size (dso); LRR = linear regression rate (m yr?). Point size represents Site
mean.
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Figure 4.9 Principal component analysis (PCA) of sediment and site characteristics from
sediment from Florida, blue circles = eroding site, yellow circles = expanding site.
Contribution scale refers to Eigenvalues. Sediment characteristics are LOI = loss on ignition
percentage; d13C = 8'3C (carbon stable isotope ratio); C_conc_mg = Carbon concentration
(mg/mg); C_per = Carbon percentage; Clay = clay percentage, Silt = silt percentage; Sand =
sand percentage, D50 = median grain size (dso); LRR = linear regression rate (m yr-1). Point
size represents Site mean.
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4.4 Discussion

4.4.1 Stable isotope analysis

The objective of the study was to determine the difference between carbon sources
contributing to soil carbon between differing geomorphic mangrove conditions. Further,
possible differences in organic matter decomposition state downcore, as well as influencing
soil conditions on soil to atmosphere CO2 emissions were studied.

There was no significant difference in carbon sources to soil carbon between eroding and
expanding mangrove forests at sites sampled in Vietnam or Florida, indicated by differing
carbon stable isotope signatures (8'C). These results are not in favour of our working
hypothesis. Eroding sites were expected to have a lower §'3C signature, indicating an
autochthonous carbon source. The results do however show high site-specific variations,
with Ca Mau showing a greater difference in 8'3C signatures between geomorphic
conditions. The 8*3C values measured at eroding sites (-27.6 + 2.3 %o) are within reported
d13C values for mangrove leaves (-29.4 %o to -27 %o; (Arias-Ortiz et al., 2020; Bouillon et
al., 2008). The increase in importance of organic matter derived from Cs terrestrial plants at
eroding sites with contributions at 100 % also suggests other organic matter sources than
mangroves. Satellite and land use maps indicate rice farming, melaleuca forests as
dominating land cover and land uses (Hauser et al., 2017; Son et al., 2015). Both, rice as
well as melaleuca being Cs plants, can contribute to the depletion of §*3C signature and a
relatively high Cs plant contribution to sedimentary organic matter (Sun et al., 2021). With
an LRR of -0.845 m yr!, current mangrove sites at Kien Giang were previously rice
dominated, based on satellite image observations from 2012 (“Google Earth Pro,” 2024).
Carbon could also have been transported from further inland onto the mangrove forests
during the wet season through run-off (Call et al., 2019).

Expanding sites had higher §'3C values (-25.76 + 1.29 %o Vs -28.62 + 2.85 %o) this suggests
a change in importance from autochthonous to allochthonous carbon, imported into the
system from the marine environment (Barber et al., 2017). The expanding sites at Ca Mau
and Soc Trang show significantly lower contribution of Cs terrestrial plant material and a
greater contribution of marine phytoplankton, demonstrating the relative importance of
marine sediments in mudflat sedimentation and thus the expansion and growth of mangrove
ecosystems (Cinco-Castro et al., 2022). Further it strongly suggests lower elevation and
higher inundation frequencies at expanding sites. The high expansion rate of 50.41 m yr? at
the expanding site at Ca Mau (Hauser et al., 2017; Son et al., 2015), further shows the
sediment influx and change from a mudflat to the expanding site, while relying on the
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external organic matter supply. Furthermore, the higher carbon stable isotope values at the
expanding site could indicate tidal flushing and export of mangrove organic matter before it

could be incorporated into the soil (Marchand et al., 2003).

As well as indicating the source of organic matter, §'*C can also provide insight into its
decomposition stage (Adame and Fry, 2016). The !3C values decrease throughout the cores
for sites in Vietnam. But only for the expanding sites these values are significantly different
between the surface, i.e., depth of 0 cm, and at a depth of 50 cm (-26.0 = 0.481 %o and -24.6
+ 0.806 %o, respectively). With an enrichment of +1.4 %o, this is indicating decomposition
and oxic conditions (Adame and Fry, 2016). Eroding sites are also showing an enrichment
of 813C throughout the core, but at the same time have a higher standard deviation associated
with them. An increase in 8*3C values was also observed following the cutting of mangroves
by Adame et al., (2018), attributed to decomposition of organic matter within the sediment.
Comparing the 5'3C signature to the organic carbon percentage at eroding sites, could show
if the signature is considered indicative of either the source of carbon or the decomposition
of organic matter. The 5*3C signatures, however, only showed a slight negative correlation
to carbon percentage at eroding sites (cor = -0.64) and no correlation for eroding and
expanding sites combined. Thus, 5'3C signatures are therefore mainly denoting the source
of organic matter within the system, rather than organic matter decomposition. Which also
becomes apparent when looking at the anomaly of the 5!3C value of the surface sediment in
Florida. The eroding site had a high §*3C value, opposed to the expanding site. Here the high
313C value is most likely due to the influence of marine organic matter (Adame et al., 2018;
Lovelock, 2008).

4.4.2 CO2 flux - no geomorphic influence

The CO> flux from the mangrove sediment to the atmosphere is within the range of other
studies performed within the Mekong Delta (Dusek et al., 2021; Vinh et al., 2019). With a
CO; emission of 0.31 + 0.74 g m hr! our measurements are within the range previously
reported for the wet season of 0.56 + 0.28 g m hr* (Vinh et al., 2019). There was however
no geomorphic influence on soil — atmosphere CO2 emissions, contrary to our hypothesis.
The CO2 emissions were expected to be greater at eroding sites than prograding sites, as
mature landwards sites were shown to emit more CO, than seaward fringing sites,
predominantly due to less tidal inundation and drier soils (Cameron et al., 2019; Chapter 2).
The CO: flux between geomorphic conditions may show differences when repeated during
the dry season. Differences in conditions between sites (i.e., hydroperiod, soil temperature)
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driving CO- emissions could be more variable and pronounced between seasons (Cameron
et al., 2019; Lovelock, 2008; Vinh et al., 2019). Indeed, lower CO; fluxes were measured
during the mid wet season, due to increased photosynthetic rate and lower respiration (Vinh
et al., 2019). Although also opposing trends were found. Where the higher rainfall during
the end of the wet season let to increased GHG emissions (Cameron et al., 2021; Hien et al.,
2018) mobilising organic-rich sediments and making those available for respiration (Spivak
etal., 2019).

4.4.3 Geomorphic conditions and implications for blue carbon

Mangrove sites have been identified as important sites for carbon sequestration due to their
organic-rich soils but low emissions of greenhouse gases due to anaerobic conditions
(Kristensen et al., 2008). There is however a difference in the origin of soil carbon between
geomorphic conditions, carrying implications for restoration projects. Mature mangrove
ecosystems are a significant store of autochthonous carbon, owing to their higher
productivity and greater above-ground biomass sequestering carbon through the fixation of
CO- from the atmosphere (Breithaupt et al., 2012; Komada et al., 2022; Marchand, 2017).
Expanding and younger mangrove sites on the other hand are a greater sink for allochthonous
carbon, allowing them to accrete vertically (Yang et al., 2014). Edge-erosion of mature
mangrove sites will need to be prevented, in order to preserve these habitats and guarantee
continuous sequestration of “fast” carbon (Komada et al., 2022).

Adding to the CO. fluxes from mangrove forests is the emission of methane (CHa),
considered a more potent greenhouse gas than CO2 (Rosentreter et al., 2018). Methane is
produced under anaerobic conditions and high fluxes have been measured in water-saturated
soils (Dusek et al., 2021). With an average CHa flux of 4,556.96 + 1,102.06 umol CH4 m
day (“Corrigendum,” 2020) and an average global carbon burial of 31.1 + 5.4 Tg C year™,
mangroves are contributing to the global warming potential, releasing ~1 — 1.5 g of CO>
equivalent of CH4 for every gram of CO2-eq C stored, making them net emitters of carbon
(“Corrigendum,” 2020). Methane emissions from mangroves are however highly variable,
differing between systems and no clear environmental drivers have been identified (Al-Haj
& Fulweiler, 2020). Potential methane emissions have however been shown to be lower from
older mangrove forests (Comer-Warner et al., 2022). Strengthening the case for further

studies including geomorphic conditions.
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4.5 Conclusion

The present study determined the geomorphic impact of eroding and expanding conditions
on soil properties and CO2 emissions from mangrove habitat in the Mekong Delta in Vietnam
and Charlotte Harbor National Park in Florida, US. The carbon stable isotope ratios showed
no significant differences between geomorphic conditions but indicated site specific reliance
on marine derived organic matter at expanding sites and terrestrial/mangrove organic matter
at eroding sites (Marchand, 2017). Contrary to our hypothesis, the CO, emissions were not
different between eroding and expanding conditions, which could be investigated in a
follow-up study further including seasonal variation. This study demonstrated that mangrove
rehabilitation projects can use carbon isotope ratios as a further assessment tool to determine

rehabilitation sites, prioritising sites with higher carbon sequestration potential.
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5 Carbon flux from geomorphically contrasting
salt marsh sites
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Abstract

Salt marshes are important carbon stores, increasing anthropogenic stressors on coastal
ecosystems are however threatening salt marsh survival in a period of accelerated sea level
rise. Sufficient sediment supply is needed to maintain salt marsh elevation within the tidal
frame and prevent erosion of sequestered soil carbon. This study investigates the differences
in carbon fluxes of a macro-tidal salt marsh with differing geomorphic conditions (i.e.,
eroding and prograding) in the Solway Firth, Scotland, UK. Carbon fluxes of in- vs.
outflowing tidal waters during winter (January/February) and summer (June/July) and
differential sedimentation on the marsh platform during winter were measured. This study
showed that the eroding salt marsh site had sediment deposited of significantly coarser grain
size (65.07 £ 10.1 pum vs 64.36 £+ 3.9 um) and lower inorganic carbon percentage (0.77 *
0.32 % vs 1.01 + 0.42 %) than the prograding salt marsh site. Though the sediment suspended
within the tidal creeks (averaged over in — and outflowing tides) showed no significant
difference between geomorphic conditions. This suggests that the site characteristics are
potentially significant influencers on sedimentation and thus the resilience of the marsh
environment. Furthermore, these results highlight the differential inorganic carbon
sequestration potential between geographically different marshes, adding to the growing

number of studies advocating for this property’s inclusion in carbon sequestration budgets.
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5.1 Introduction

Salt marshes are important coastal ecosystems. Besides the other ecosystem services they
provide (coastal flood protection and biodiverse habitat), their ability to sequester carbon is
increasingly recognised and valued (Macreadie et al., 2019; Mcleod et al., 2011). Alongside
being naturally prone to disturbances due to their situation between the coastal and terrestrial
environment, coastal ecosystems receive multiple stressors, direct anthropogenic stresses, or
related to climate change. Critically, threats related to sea level rise (SLR) need to be robustly
constrained, as marshes are at the interface between coastal and terrestrial systems. Salt
marshes are dynamic, cyclical systems and their continued existence is dependent on vertical
accretion (Reed et al., 1999). Only with sufficient sediment deposition will salt marshes be
able to keep up with SLR (Ladd et al., 2019). Indeed a global review of salt marsh accretion
rates found that 60% of marshes will not be able to accrete enough sediment to keep up with
SLR by 2100 (Crosby et al., 2016).

Marsh vulnerability to degradation, inability to accrete enough sediment, has conventionally
been measured with suspended sediment concentration (Fagherazzi et al., 2012). However,
suspended sediment concentration (SSC) alone has been shown not to be a reliable predictor,
as high SSC can also stem from an eroding marsh condition (Ganju et al., 2015). Leading to
the proposition that instead, the differential between flood and ebb SSC should be calculated,
quantifying the import and export of sediment (Ganju et al., 2015).

Sediment deposition and suspended sediment characteristics are also vital in understanding
the carbon flux in and out of the system and thus its carbon sequestration potential (Mudd et
al., 2009; Theuerkauf et al., 2015). Through the process of erosion, organic rich sediment is
lost from the salt marsh and may be a net source of carbon to the coastal environment
(Theuerkauf et al., 2015).

Using a bi-directional sediment sampler described by Elliott et al., (2017) is an inexpensive
way of measuring the SSC and characteristics of the flood and ebb tides separately. It further
provides the opportunity to sample locations, which are not easily accessible at high tide.
This study’s objective was to connect suspended sediment composition and sediment
deposition on the marsh platform with the erosional/accretional state of the salt marsh. The
specific aims of the study were to 1) determine sediment deposition at two tidal creek
catchments (eroding and prograding); 2) determine physical & chemical characteristics of
flood and ebb tide suspended sediment concentration (carbon content, carbon stable isotope
ratio and grain size) within two tidal creek catchments (eroding and prograding); 3)
determine the relationship between tidal levels at the salt marsh edge and sediment

deposition/suspended sediment concentration.
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It was hypothesised that eroding sites will have a greater percent of sediment originating
from the salt marsh deposited as well as suspended within the tidal waters. Prograding sites
will potentially show a greater percentage of sediment originating from the mud flat

deposited on the marsh as well as suspended within the tidal creeks.

5.2 Materials & Methods

5.2.1 Field study site

The study was conducted at the Caerlaverock salt marsh, Solway Firth, UK (Figure 5.1). The
salt marsh is 8 km in length (Clyne et al., 2007) and has geomorphic different conditions,
i.e., cliffed-eroding towards the west and sloping-prograding towards the east (Hansom,
2003). The marsh is characterised as meso-tidal and inundated diurnally during spring tides
(Cutts and Hemingway, 1996; Chapter 2). The Solway Firth salt marsh is predominately
comprised of C3 plants, resulting in a §'C carbon stable isotope ratios of -20 %o to -26 %o,
such as Puccinellia maritima, however also Spartina anglica, as a plant with the Cs
photosynthetic pathway has been introduced to the UK, which results in a carbon stable
isotope ratio of -12.4 %o to -14 %o (MacKenzie et al., 2004). A vegetation survey conducted
during the June deployment within 1m radius of the sediment deposition cups showed no

plant species utilising the C4 photosynthetic pathway (i.e., Spartina spp.).
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Figure 5.1 Map of study location at Caerlaverock salt marsh in Scotland, Solway Firth, UK.
Circle = suspended sediment sampler; triangle = sediment deposition cup; blue = prograding
site; red = eroding site. Inset map showing study location within Scotland.
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Figure 5.2 Map of eroding salt marsh study location at Caerlaverock salt marsh in
Scotland, Solway Firth, UK. Circle = suspended sediment sampler; triangle = sediment
deposition cup; red = eroding site. Inset map showing study location within Scotland.
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Figure 5.3 Map of prograding salt marsh study location at Caerlaverock salt marsh in
Scotland, Solway Firth, UK. Circle = suspended sediment sampler; triangle = sediment
deposition cup; blue = prograding site. Inset map showing study location within Scotland.
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5.2.2 Sample collection

Two tidal creeks within the Caerlaverock salt marsh were selected, one creek draining an
eroding stretch of marsh and one creek draining a prograding marsh (Figure 5.2, Figure 5.3).
Sampling was conducted during 2 spring tidal cycles in winter 2023 and summer 2023
(Table 5.1).

Sediment deposition cups were deployed adjacent to the tidal creeks on the salt marsh flats
in a 3x3 grid on both sites with a distance of 3m between cups. The sampling design
encompassed: two eroding conditions, 18 sediment deposition cups per condition
(locations), with two sampling times per deposition cup (Table 5.3).

Suspended sediment samplers were built following the instructions by Elliott et al., (2017).
The samplers were collecting water from the tidal creek. Suspended sediment from either
the inflowing or outflowing tide was retained within the sampler, depending on the
direction and shape of the inflow tube (Figure 5.4). One pair (inflowing and outflowing)
was placed in the tidal creek leading to an eroding site and another in a tidal creek to a
prograding salt marsh site (Table 5.2, Figure 5.5).

Non-vented pressure loggers (Rugged TROLL 100) were attached to the sediment
samplers and took readings with a frequency of 10 minutes. Water level pressure readings

were corrected for atmospheric pressure from local measurements.

Table 5.1 Measurement campaigns.

Dates Season Sediment deposition cups Suspended sediment samplers
17.01. - 31.01.2023 Winter Yes Yes
31.01.-17.02.2023 Winter Yes Yes
08.06. — 22.06.2023 Summer Yes Yes
22.06. —13.07.2023 Summer No Yes

Table 5.2 Suspended sediment sampler location and elevation of water level logger.

Site Season Easting Northing Elevation
Eroding Winter 302844.453 564536.819 3.248
Prograding Winter 303514.216 564390.44 3.235
Eroding Summer 302843.379 564534.879 3.158
Prograding Summer 303509.11 564385.581 3.093
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Table 5.3 Deposited sediment sample size per sampling campaign.

Site Location | Sampling campaigns Analysis Number of samples
Eroding 18 17.01. - 31.01.2023 Carbon analysis | 8
Grain size 12

Sediment weight | 14
31.01.2023 — 17.02.2023 | Carbon analysis | 10

Grain size 12

Sediment weight | 15
Prograding | 18 17.01. - 31.01.2023 Carbon analysis | 18

Grain size 18

Sediment weight | 18
31.01.2023 — 17.02.2023 | Carbon analysis | 10

Grain size 10

Sediment weight | 18

1.28m

. i B

—
||

[

105mm

Water flow direction,
flood tide

————

Figure 5.4 Schematic drawing of bi-directional suspended sediment sampler. Modified
from Elliott et al., (2017).
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Figure 5.5 Image of suspended sediment samplers within tidal creek.
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5.2.3 Sample analysis

Sediment samples were freeze-dried for 48 hours following collection. Subsamples were
taken to determine grain size, total carbon content, and total carbon stable isotope ratio
(8'3C), as well as organic carbon content and organic carbon stable isotope ratio (8*°C). The
grain size analysis could not be performed for some samples from the sediment deposition
cups, as not enough material was available.

The grain size analysis was performed on an approx. 5 g subsample treated with hydrogen
peroxide (100 volumes > 30%), which was left to react for two hours before more hydrogen
peroxide was added and left overnight (Gray et al., 2010). Samples were consequently heated
to 100 °C until the reaction ceased and a clear layer of supernatant formed. The samples
were centrifuged at 2500 rpm after which they were dried at 90 °C for 24 hours. The grain
size analysis was performed with Bettersize 2600 Particle Size analyser, for which 25 ml of
water and 5 ml of Calgon were added to the dried sample and put into an ultrasonic bath for
3 minutes. The sample was then pipetted into the analyser.

Carbon stable isotope ratio (8*3C) and carbon content (mg/mg) were analysed from the
freeze-dried subsamples using a Picarro Cavity Ring-down Spectrometer (G2201-i), which
was coupled with a combustion module (A0201). Samples were weighed into tin capsules.
The values of carbon stable isotope are presented in the standard delta notation (%o), which
is relative to the Vienna Pee Dee Belemnite (VPDB) standard. The sample accuracy for §°C
is between 0.2 to 0.3%o (Picarro, 2019).

Organic carbon content and stable isotope signature (5*Corg) Was determined on a freeze-
dried subsample. The sample was treated with HCI (3% vol) to remove inorganic carbon,
until it ceased to effervesce, diluted to neutral pH, and dried before a known mass was placed
in a tin capsule and analysed with the Picarro G2201-i coupled to a combustion module. The
difference between total carbon content and organic carbon content was used to quantify

inorganic carbon.

5X = 1000 * (—emple _ 1) Equation 5.1

Rstandard

Where X = §'3C and R is ratio of heavy and light isotopes (**C:*2C). §*3C expressed as parts

per mil (%o) differences relative to the Pee Dee belemnite international standard.
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5.2.4 Statistical analysis

All statistical analyses were performed using R-Studio (2022.12.0). Inorganic carbon
percentage below 0% was regarded as 0% percentage, further any samples with 8**Corg
signature below 5'3Crc were regarded as having 0% inorganic carbon (Mueller et al., 2023).
Statistical analyses on deposited sediment characteristics between geomorphic conditions
were performed using Linear Mixed Effects Models (sampling date nested within erosion
condition) with the Imer function of the Ime4 package (Bates et al., 2015). Data was
transformed to meet normality assumptions (Table 5.4). Suspended sediment characteristics
were analysed using two-way ANOVAs with an interaction between geomorphic condition
and season. Log transformation and arcsine transformation were applied to data which did
not meet the assumption of normal distribution of residuals. Statistical difference between
total carbon and organic carbon stable isotope signatures of deposited, suspended and
reference soil samples was calculated using paired t-tests, if differences between pairs were
not normally distributed, the paired samples Wilcoxon rank test was used.

Sediment weight differences for eroding and prograding site was calculated by subtracting
the weight of outflowing sediment from the inflowing sediment (Difference = Inflowing —
Outflowing).

Sediment particle size distribution was determined using the Kolmogorov-Smirnov two-
sample statistical test, following Phillips et al., (2000). The distribution of reference material
taken from the mudflat and salt marsh at both eroding and prograding site was compared to
i) deposited sediment at each geomorphic site; ii) retained suspended sediment during winter
and summer sampling campaigns; iii) retained suspended sediment for in- and outflowing
samplers.

Tidal inundations of sediment deposition cups were calculated for the entire winter
deployment and differences between geomorphic condition was statistically tested using the
Wilcoxon sign rank test. An exponential regression model was fitted to the relationship
between deposited sediment weight and inundation time. Correlations between organic
carbon percentage and the elevation of deposition cups and the distance to the tidal channel
were calculated using the Spearman's rank correlation test, as the assumption of normal
distribution was not met.

Difference in inundation duration of the suspended sediment samplers was tested using the
unpaired two-sample t-test between seasons for grouped geomorphic conditions (eroding

and prograding together).
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5.3 Results

5.3.1 Sediment deposition

Sediment deposited on the salt marsh flat at eroding and prograding sites during the winter
differed significantly in their sediment weight as well as in their clay and silt percentage
(Table 5.4). Silt percentage was significantly greater at prograding sites, whereas clay
percentage and sediment weight were significantly lower at prograding sites (Figure 5.6).
The difference between total and organic carbon stable isotope ratios (§*Crc, 8*3Corg) Of

deposited sediment during winter was significant (t=16.784; df = 45; p-value < 0.001).
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Figure 5.6 Boxplots of deposited sediment on salt marsh during winter (January and
February 2023) between eroding (n=44) and prograding (n=54) marsh. OC = organic carbon
percentage; 53Corg = Organic carbon stable isotope ratio; IC = inorganic carbon percentage;
d13Crc = total carbon stable isotope ratio; Clay = clay percentage; Silt = silt percentage; Sand
= sand percentage; Dso = Median grain size (um); Weight = Deposited sediment weight (g).
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Table 5.4 Statistical summary of predictor variables from the Linear Mixed Effects Model
(LMM) of deposited sediment characteristics with “Sampling Date” as random intercept,
I.e., nested within condition (Variable ~ Condition + (1 | Cup)).

Variable ~ Condition Transformation|EstimateSE  [t-value |P-value
[prograding]

Organic carbon percentage log 0.05 0.056 |0.898 0.374
8%3Corg reciprocal 0.046  0.055 [0.835 |0.408
Inorganic carbon percentage INA 0.246 [0.125 |1.964 |0.062
d3Crc square -41.69 27.31 |-1.526 |0.136
Clay percentage log -0.531 [0.115 4.6 <0.001
Silt percentage NA 5435 [1.753 3.10 0.004
Sand percentage NA -3.71 2.014 -1.842 | 0.075
Median grain size NA -2.573 [1.528 |-1.683 [0.102
Sediment weight (g) NA -21.738 [10.287,-2.113 |0.043

5.3.2 Suspended sediment

The suspended sediment characteristics differed significantly between seasons for organic
and inorganic carbon percentage, and 8*3Crc signature. With higher values during winter for
IC and 8%Crc. Clay, silt, and sand percentages of the suspended sediment samples showed
a significantly different interaction of geomorphic condition and season (Table 5.5).
However, not between sites during the same season (Table 5.5). Clay and silt percentages
were significantly greater during summer at both the eroding and prograding site than during
the winter, whereas the sand percentage was significantly higher during winter than summer
(Figure 5.7).

The difference between 8*Crc and 8*3Corg was significant (t=16.483; df = 14; p-value <
0.001). 8'°Corg was significantly lower than §*Crc.

Given the small sample size per inflowing and outflowing sampling during each season, the
differences in sediment characteristics could not be statistically tested, though initial data
suggests some potential variability (Figure 5.8, Figure 5.9). Organic carbon percentage was
higher at the inflowing eroding site during winter than prograding or outflowing samples.
During the summer deployment, the prograding site had the highest percentage of organic
carbon compared to the eroding site for both inflowing and outflowing sampling. A clear
difference could also be seen regarding the §3Corg, being highest at the eroding inflowing
site during winter. During summer, the highest signature was measured at the prograding
outflowing site. During winter, the inorganic carbon percentage was higher for the eroding

site from the outflowing than the inflowing tide. §**Crc was during both seasons higher for
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the inflowing tide. The percentage of clay was greater in the outflowing tide than inflowing
tide for the winter sampling campaign for the prograding site (Figure 5.9). The eroding site
had a greater silt percentage during winter in the sediment from the outflowing tide than the
inflowing tide. The sand percentage at the eroding site showed that during winter more sand
was transported in than out.

The sediment weight difference between inflowing and outflowing tides showed that more
sediment is being transported into the salt marsh during inflowing tides at the eroding site
(Figure 5.10). At the prograding site, more sediment is however transported out of the salt

marsh than into the system.
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Figure 5.7 Suspended sediment characteristics between eroding and prograding sites
between winter and summer. OC = organic carbon percentage; 5:3Corg = Organic carbon
stable isotope ratio; IC = inorganic carbon percentage; 8**Crc = total carbon stable isotope
ratio; Clay = clay percentage; Silt = silt percentage; Sand = sand percentage; Dso = Median
grain size (um). Post-hoc analyses: two letter = Season factor difference; four letters =
Condition:Season interaction difference.
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Table 5.5 Two-way ANOVA results of sediment characteristics of suspended sediment

sampled during winter (January, February) and summer (June, July) deployment.

Response Factor Df | Sum Sq Mean Sq | Fvalue | PR(>F)
83Crc Condition 1 |6.46 6.46 1.602 0.2297
Season 1 | 73.37 73.37 18.189 | 0.0011
Condition:Season | 1 | 3.08 3.08 0.763 0.3995
Residuals 12 | 48.41 4.03
Clay percentage (log Condition 1 | 0.001 0.001 0.007 0.934
transformed)
Season 1 | 5.967 5.967 67.751 | 2.81e-
06
Condition:Season | 1 | 0.040 0.040 0.453 0.514
Residuals 12 | 1.057 0.088
Sand percentage Condition 1 |14 1.4 0.069 0.7977
Season 1 | 1983.6 1983.6 99.115 | 3.76e-
07
Condition:Season | 1 | 113.3 113.3 5.659 0.0348
Residuals 12 | 240.2 20.0
Silt percentage Condition 1 |51 5.1 0.567 0.466
Season 1 ]990.2 990.2 111.120 | 2.02e-
07
Condition:Season | 1 | 83.0 83.0 9.318 0.010
Residuals 12 | 106.9 8.9
Organic carbon percentage Condition 1 | 0.038 0.038 0.038 0.8495
(log transformed) Season 1 | 6.600 6.600 6.635 0.0258
Condition:Season | 1 | 1.154 1.154 1.160 0.3045
Residuals 11 | 10.942 0.995
Inorganic carbon percentage Condition 1 | 0.001086 | 0.001086 | 1.714 0.21716
(Arcsine transformed) Season 1 | 0.007156 | 0.007156 | 11.294 | 0.00636
Condition:Season | 1 | 0.000603 | 0.000603 | 0.952 0.35011
Residuals 11 | 0.006970 | 0.000634
33Corg Condition 1 |0.153 0.1533 0.276 0.610
(Arcsine transformed) Season 1 ]0.269 0.2689 0.484 0.501
Condition:Season | 1 | 0.132 0.1316 0.237 0.636
Residuals 11 | 6.116 0.5560
Median grain size Condition 1 | 25749 25749 0.107 0.7492
(square transformed) Season 1 | 20945891 | 20945891 | 87.072 | 7.53e-
07
Condition:Season | 1 | 1227555 | 1227555 | 5.103 0.0433
Residuals 12 | 2886698 | 240558

127



ocC
Winter
2.5
— 20'
X 1.51
~ 1.01
0.5‘ ———
0.0- ; .
Inflowing Outflowing
513Corg
Winter
;2 I
& 241 —_
-261 **
IanoWing Outﬂ(')wing
o)
=)
= IC
>
Winter
1.00
_0.75 *
3 0.50 $
0.251 *—
0.00+ , .
Inflowing Outflowing
613CTC
Winter
-5.0- $
g 751 — S
<<
—
-12.5

IanoWing

Figure 5.8 Suspended sediment characteristics between eroding and prograding site for
summer and winter and in- and outflowing tide. OC = organic carbon percentage; 5*Corg =
organic carbon stable isotope ratio; IC = inorganic carbon percentage; §*Crc = total carbon

stable isotope ratio.

128

Outﬂ(')wing

(%)

—
8

8

<

(%)

Flow

ocC
Summer
1.6 —
1.41
1.2
1.0
0.8' —
0.6 - .
Inflowing Outflowing
813Corg
Summer
-20.01 I
-22.54
ol m— —
o IanoWing Outfl(')wing
IC
Summer
0.20+
0.15+
0.10+
0.05+
0.00+ , .
Inflowing Outflowing
513CTC
Summer
9 |
_:]]?_
] = —
13 ==
Inflowing Outflowing

BE Eroding E3 Prograding




401
36 1
321

(%)

28

Value

(%)

60 1
55

Hm

Clay

Winter

o
==

=

Inflolwing

Outflc')wing

Silt

Winter

——

==

=
=

IanoWing

Outﬂc')wing

Sand

Winter

65 1

==
o

==

==

Inflo'wing

Outflowing

Dso

Winter

75+
72
69 1

==

——

=

==

Inflolwing

Outflc')wing

—

~

(%)

(%)

Hm

Flow

15.0

12.51
10.01
7.51

54
521
50+
48

45
40-
351

60

551
50+
451

Clay

Summer

- _F

Iano'Wing

Outfléwing

Silt

Summer

= &

——

IanoWing

Outﬂc')wing

Sand

Summer

-h$-|

Inflo'wing

Outflowing

Dso

Summer

*$*|

Iano'wing

BE Eroding E3 Prograding

Outh(')wing

Figure 5.9 Suspended sediment characteristics between eroding and prograding site for
summer and winter and in- and outflowing tide. Clay = clay percentage; Silt = silt
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Figure 5.10 Suspended sediment weight difference (g) between inflowing and outflowing
sampler (Difference = Inflowing - outflowing) for eroding and prograding site during the
winter sampling campaign. Higher sediment weight = more sediment inflowing than
outflowing.
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5.3.3 Mudflat and Salt marsh sediment

Mud flat surface soil samples had a greater organic carbon concentration, organic carbon
stable isotope ratio, clay percentage, and sand percentage at the prograding site than the
eroding site (Figure 5.11). The mud flat inorganic carbon percentage, total carbon stable
isotope ratio and silt percentage were greater at the eroding than prograding site. Soil surface
samples from the salt marsh were higher at prograding sites for inorganic carbon percentage
as well as the silt percentage (Figure 5.11). Only the sand percentage at the eroding site was
greater value than the prograding site. The clay percentage, 5*Corg, and 8*3Crc the signatures
were similar for salt marsh surface soil samples. There was a significant difference between

the isotopic signatures of total carbon and organic carbon (V=36; p-value < 0.01).
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Figure 5.11 Sediment characteristics of mud flat and salt marsh surface soil samples at
eroding and prograding sites. OC = organic carbon percentage; 8*Corg = Organic carbon
stable isotope ratio; IC = inorganic carbon percentage; 6'3Crc = total carbon stable isotope
ratio; Clay = clay percentage; Silt = silt percentage; Sand = sand percentage.
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5.3.4 Particle size distribution

The average particle size distribution of the deposited sediment at the eroding site was
significantly different to the reference distribution of both the salt marsh and mudflat sample,

D = 0.28, p-value < 0.001 and D = 0.28, p-value < 0.001, respectively. At the prograding

site, the distribution of the deposited sediment was not significantly different to the reference

distribution (Figure 5.12). The deposited sediment particle size distributions were

significantly different between the eroding and prograding site (D = 0.28, p-value <

0.0007873).

Deposited sediment at eroding site

Deposited
— 97 Mudflat
X
~ === Salt marsh
c
.© 61
©
o
=
5 ) ¥
O-
0 100 200 300 400 500
Particle size (um)
Deposited sediment at prograding site
Deposited
9 Mudflat
o
3\, === Salt marsh
S 6
©
o
£ 3
a /
- _
0 100 200 300 400 500

Particle size (um)

Condition Sample ID Sediment dso
(um)
Eroding Salt marsh 68.69
Mudflat 69.555
Deposited sediment - winter 65.068
Prograding Salt marsh 62.37
Mudflat 76.095
Deposited sediment - winter 64.357

Figure 5.12 Top: Particle size distribution of deposited sediment during winter sampling
campaign at eroding and prograding site; Bottom: Median grain size (dso) of reference and

deposited sediment.
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The particle size distribution of suspended sediment retained within the sampler during
summer was significantly different from the salt marsh (D = 0.31, p-value < 0.001) as well
as the mudflat (D = 0.32, p-value < 0.0001). There was no significant difference during
winter at the eroding site (Figure 5.13). Comparing the particle size distribution of suspended
sediment, there is also a significant difference between the distribution during winter and
summer (D =0.31, p-value < 0.001). The distribution of retained suspended sediment at the
prograding site was significantly different during summer from both the salt marsh and the
mudflat, D = 0.31, p-value < 0.001 and D = 0.3, p-value < 0.001, respectively (Figure 5.13).
During winter the sediment was further significantly different from the mudflat (D = 0.21,
p-value 0.024), however not from the salt marsh. The retained suspended sediment at the
prograding site was also significantly different between seasons (D = 0.33, p-value <
0.0001).
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sediment sampler during winter (blue) and summer (red) sampling campaigns at eroding and

prograding site; Bottom: Median grain size (dso) of reference and retained suspended
sediment.
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The particle size distribution between the reference salt marsh at the eroding site was
significantly different to the inflowing and outflowing retained suspended sediment samples
(D =0.3, p-value < 0.001 and D = 0.28, p-value < 0.001, respectively), same for the mudflat
reference sample (Figure 5.14). The particle size distribution for the prograding site was
significantly different for all reference samples to in- and outflowing retained sediments.

The distribution was not significantly different between in-and outflowing samples.
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Figure 5.14 Top: Sediment particle distribution of retained suspended sediment within
sampler for inflowing (blue) and outflowing (red) tides for eroding and prograding site

combined for all seasons; Bottom: Median grain size (dso) of reference and retained
suspended sediment.
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5.3.5 Tidal inundation

The tidal inundations of the sediment deposition cups during winter deployment (January
and February 2023) were significantly greater at the eroding than the prograding salt marsh
site (W = 748, p-value < 0.001; Figure 5.15). Sediment weight deposited within the cups at
both salt marsh sites is significantly exponentially related to the inundation time (F = 51.89;
p-value < 0.0001; Figure 5.15). The organic carbon percentage is not significantly correlated
with the elevation of the deposition cups (r = 0.26; p-value = 0.08), nor with the distance to
the channel (r = -0.07; p-value = 0.597).
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Figure 5.15 Top: Average inundation time (min) for sediment cups between eroding and
prograding site for winter (January, February) deployment; Bottom: Sediment weight vs
inundation time (min) between eroding and prograding sites.
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The average inundation time of the sediment samplers was not significantly different
between seasons (t=-1.3272, df = 6; p-value = 0.233; Figure 5.16).
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Figure 5.16 Average inundation time (min) for suspended sediment samplers at eroding

and prograding sites between seasons (Winter, Summer).
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5.4 Discussion

This study aimed to determine the carbon fluxes of different salt marsh sites with different
geomorphic properties. To this end the suspended sediment associated with flood and ebb
tides in two tidal creeks were characterised as well as the deposited sediment between the
eroding and prograding salt marsh sites. Comparing those to the reference samples collected
from the mud flat and salt marsh at both geomorphic conditions the dynamics of saltmarsh

carbon stocks were examined.

5.4.1 Suspended sediment

Suspended sediment was analysed between an eroding and a prograding site as well as
between winter (January, February) and summer (June, July). Inorganic carbon percentage
and 8'3Crc were significantly greater during winter than summer, the organic carbon
percentage showed the opposite trend. The high §*Ctc indicates greater amounts of
carbonate within the sediment, further apparent by the greater inorganic carbon percentage.
The influence of carbonates to 8*3Crc is high, evident through the significant change in
isotope ratios upon removing of carbonates (53Crc vs 8*Corg). Supported by previous
measurements of carbonate §**C ratios of 0.1 to 0.8 %o within surface sediments of the
northeast Irish Sea (MacKenzie et al., 2004). Inorganic carbon percentages were higher
during winter, driven by the outflowing sediment. This could also be due to reduced trapping
of predominantly sedimentary material within less dense marsh vegetation during winter
(Mueller et al., 2023).

The organic carbon percentage of the suspended sediment was significantly different
between seasons, with higher percentages during summer. This trend was expected, as the
productivity of the salt marsh increases during summer, therefore more salt marsh organic
matter can be transported out of the system through the tidal creeks during tidal inundations
(Smeaton et al., 2022).

Carbon percentages and carbon origins were assumed to be different between geomorphic
conditions. However, no significant differences were observed. Greater §Corg ratios were
hypothesised for prograding than eroding sites, showing the reliance on marine organic
matter at prograding sites, whereas the majority of organic matter at eroding sites was
assumed to be autochthonous carbon (Chen et al., 2016).

The in- and outflowing tides showed a clearer difference between §*Corg. The variation
between the in- and outflowing suspended sediment could however not be attributed to the

geomorphic condition.
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Suspended sediment from eroding and prograding sites differed in their particle size
distributions and grain size percentages as well as between seasons, though not between
geomorphic conditions. A greater percentage of sand and a greater median grain size was
measured during winter than summer. Which could however not be attributed to different
inundation durations, as they were not significantly different between eroding and
prograding samplers. An oversampling of coarser sediments, as observed by Elliott et al.,
(2017), was not noted during our study, as for example the suspended sediment retained
during the summer sampling campaigns had a significantly smaller particle size distribution.
Contrary to expectations, the particle size distribution of the inflowing and outflowing tide
for both geomorphic conditions did not differ. It was expected that more fine-grained
sediment got transported into the system, where it would be trapped by the vegetation (Mudd
etal., 2010).

5.4.2 Sediment deposition

The study further aimed to determine the characteristics of sediment deposited on the salt
marsh flat and if there are differences between sites with contrasting geomorphic conditions
(i.e., eroding and prograding). The eroding salt marsh site was found to have more sediment
deposited than the prograding site. The sediment was characterized by significantly lower
silt percentage, but significantly greater clay percentage than at the prograding site.

The deposited sediment at the eroding site had less inorganic carbon percentage than the
prograding site, but was however, higher than the inorganic carbon percentage of the eroding
salt marsh reference samples. Indicating that inorganic material from outside the system is
being deposited on the eroding salt marsh. The inorganic carbon percentage of the deposited
sediment at the prograding site is within the range of the prograding salt marsh reference
sample, indicating resuspension and further deposition of new material.

A clear indication of different organic matter origin of the deposited sediment between the
geomorphic conditions could not be made. Neither the total nor the organic carbon stable
isotope signatures were significantly different between geomorphic conditions. This could
be due to the limited number of replicates. Differences were observed, although not
statistically significant and repetition of the study over a longer time frame and other study
locations would be beneficial. Differences in organic matter deposition between geomorphic
varying salt marshes have previously been found (Chen et al., 2016). An old marsh had a
greater contribution of marine source organic matter than the new marsh, where a higher
autochthonous source was identified (Chen et al.,, 2016). They further found that the
percentage of deposited organic matter varied with marsh elevation. And consequently,
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attributed it to the inundation duration affecting the grain size of deposited sediment and
their association with organic matter (Chen et al., 2016; Kelleway et al., 2016). At higher
elevations, sediment with higher grain sizes was deposited, which is low in organic matter
content (Chen et al., 2016). Such a significant change in organic matter driven by elevation
was not measured in our study, probably given the relatively shorter distance covered by the
transects. We however found that the deposited sediment weight within a spring tidal cycle
showed an exponential relationship with inundation time, greater inundation time leading to
more opportunities of sediment deposition (Oosterlee et al., 2018). In this regard, the marsh
elevation, determining inundation time, had a strong influence over the weight of the
deposited sediment, rather than the distance to the tidal channel (Chen et al., 2016).
Furthermore, the sediment deposited differed, although not statistically significant, between
geomorphic conditions regarding its inorganic carbon percentage. The sloping-prograding
site received sediment with higher inorganic carbon percentage than the eroding site. This
pattern has been observed at sites contrasting in geomorphic settings (Mueller et al., 2023).
Hydrodynamically exposed sites received a greater percentage of inorganic carbon than
sheltered sites, attributed to the connectivity with the marine environment and marine
carbonates.

The median grain size of sediment deposited onto the eroding marsh was significantly lower
than the suspended sediment within the tidal creeks. The sediment grain size distribution of
the deposited sediment on the prograding marsh does however not vary significantly from
the suspended sediment. The differential pattern of sedimentation determined by
geomorphic condition is due to elevation and topographic differences influencing tidal
flooding (Temmerman et al., 2005). Lower and seaward sloping marshes predominantly
flooded from the marsh edge, whereas old marsh with higher elevation flooded from the tidal
creek (Temmerman et al., 2005). The elevation on the older marsh is thus determining
sedimentation patterns, as sediment settles out progressively during its transportation via the
tidal creeks.

5.4.3 Implications for salt marsh resilience

Sediment retention on salt marshes is crucial to support their vertical growth and to maintain
their elevation within the tidal frame, particularly when considering sea level rise (Crosby et
al., 2016; Reed et al., 1999). However, even without a rise in sea level, a salt marsh
experiencing insufficient sediment supply can drown (Fagherazzi et al., 2013; Ladd et al.,
2019). Lower sediment supply is further connected to eroding site conditions (Ladd et al.,
2019). To differentiate between in-system resuspension and external sediment supply the

140



flood-ebb SSC differential has been proposed (Ganju et al., 2015). Applying it to our study,
there was no significant difference, however a slight difference in flood-ebb SSC differential
between geomorphic conditions during the winter sampling campaign. The eroding marsh
received more sediment than was lost from the system, whereas the prograding site lost more
sediments. The great deviation in sediment weight could be due to the different sampling
technique used in comparison to Ganju et al., (2015), where the loss of sediment is possible
and tidal water collection is not the main priority. Furthermore, the sampling duration
employed in our study lasted over the entire spring tidal cycle. Rapid accretion of sediment
does not necessarily imply a healthy system and can stem from resuspended eroded material
(Ganju et al., 2013).

Instead of using the weight difference between flood-ebb SSC, using differences in sediment
characteristics of the suspended sediment and deposited sediment, i.e., carbon stable isotope
ratios, carbon percentages or grain size, can provide information on the resilience of the
marsh. The sediment characteristics suspended within the tidal creeks did not differ
significantly between the two geomorphic conditions sampled. Confirming that both sites
received sediment from the same source. The sediment which eventually did get deposited
on the salt marsh flat did however significantly differ between geomorphic conditions. The
prograding site had a greater deposition of sediment with higher inorganic carbon
percentage, which will not only have consequences for the vertical soil development (Allen,
2000), but also for the carbon storage ability of the marsh (Macreadie et al., 2017; Saderne
et al., 2019). The deposition of mineral sediments is particularly important for marshes with
low autochthonous carbon input to reach and maintain equilibrium in the tidal frame (Allen,
2000). This might have been the prevailing mechanism of marsh growth at the prograding
site, whereas the eroding site is not receiving these mineral deposits and through the
combined effect on has a lower elevation within the tidal frame. However, without sufficient
external sediment supply, the eroding salt marsh site will not be able to accrete enough
sediment to grow vertically and avoid loss of habitat through sea level rise.

Salt marshes are characterised as depositional environments for inorganic carbon,
predominantly comprised of calcium carbonates, and as such could act as a sink for inorganic
carbon (Macreadie et al., 2017; Mueller et al., 2023). The dissolution of calcium carbonate
will be lowering the pCO-, as calcium and hydrogen carbon ions are formed (Anderson,
2013; Macreadie et al., 2017). Our results are taking the findings from Mueller et al., (2023)
further and incorporate the suspended sediment fluxes into and out of salt marshes with

differing geomorphic conditions providing a more holistic understanding.
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5.5 Conclusion

Our study found that even though the sediment suspended within the tidal creek was not
significantly different between geomorphic conditions, the deposited sediment on the salt
marsh platform was. Showing that the salt marsh sites with differing geomorphic conditions
are receiving sediment with the same characteristics through tidal inundations from the tidal
creek systems, differ though in the sediment deposition. The eroding salt marsh site showed
a greater deposition of sediment than the prograding site, which further differed through the
grain size. Concluding that salt marshes with differing geomorphic conditions are retaining
sediment with varying characteristics, driven by the grain size of deposited sediment,
associated with varying carbon percentages. Understanding these carbon fluxes is crucial
regarding assessing blue carbon storage. Determining tipping points of salt marshes based
on their carbon fluxes, i.e., import and export, might assist restoration efforts. Especially
considering the loss of carbon from eroding marshes, as this could hinder their ability to

sequester carbon in the long term.
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6 Discussion
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6.1 Summary

Vegetated coastal ecosystems are important for providing coastal protection, flooding
control, and as part of the main aspect of this thesis their ability to store carbon. These
systems, salt marshes and mangroves alike, are dynamic and grow at the interface between
the coastal and the terrestrial environment. As such they are under multiple anthropogenic
pressures. Increasing sea level and changes to the amount of sediment delivered are
impacting not only the shape and form of these ecosystems but are also reinforcing the
physical processes driving the development of landforms and vegetation (i.e.,
biogeomorphology; Xin et al., 2022).

Within the scope of this thesis, the influence of geomorphic conditions on the fluxes of
carbon from salt marsh and mangrove systems was examined and a series of interacting

drivers elucidated.

6.2 Hydrodynamic and soil influence on carbon
respiration — Chapter 2 & 3

The emission of carbon dioxide from salt marshes and mangroves have been extensively
studied (Alongi, 2020; Bouillon et al., 2008), investigating the impacts of a changing
climate, including changes in sea level, changing soil temperature, and tidal inundation
regimes (Abdul-Aziz et al., 2018; Kirwan et al., 2014). Increased temperature has for
example been linked to greater primary production and an increase in carbon sequestration
(Wang et al., 2021). This initial benefit could be offset by the increased emission of CO> due
to the greater microbial activity and respiration during organic matter decay (Abdul-Aziz et
al., 2018).

The geomorphic condition, as well as the maturity of marshes has been shown to influence
the soil carbon stock (Kelleway et al., 2016; Sousa et al., 2010). In addition to the soil carbon
stock, the emission of CO: also varies between geomorphic conditions, resulting in greater
emissions of CO> from eroding sites (Chapter 2). Combining the dynamic and often cyclical
environment of salt marshes, the main drivers influencing the soil to atmosphere CO2 flux
seem to be tidal cycles, distance to the vegetation edge, groundwater levels, and soil
temperatures (Chapter 2). An approximate calculation shows that with an average carbon
stock of 279.2 + 6.53 Mg C ha (Chapter 2), and a flux of 97.24 + 67.45 Mg C ha* yr?,

eroding salt marshes are losing between 10.42 % to 60.4% carbon each year. At the
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prograding sites, the soil carbon stock is 186.73 + 5.05 Mg C ha™ and loses through CO-
emissions are 77.09 + 64.82 Mg C ha* yr! (Chapter 2), leading to a total loss between 6.4
% to 78.1% carbon per year. These calculations are taking into account the carbon loss
measured at the seaward fringe of eroding and prograding salt marsh sites are further not
considering the carbon additions throughout the same time frame. The remineralisation of
carbon and consequent emission as CO> leads to a greater percentage loss of organic carbon
at prograding sites relative to the total soil carbon stock. To be able to offset the loss of
carbon through remineralisation, enough carbon needs to be sequestered through primary
production, and/or deposited from allochthonous sediment supply (Chapter 5). The
calculations of CO2 emissions from the system assumes that sediment is not actively eroding,
adding to the loss of sequestered carbon. Given the large uncertainty, and variables CO;
emissions are dependent on, more research is needed to lower the uncertainty in emission
calculations.

The results make a strong case for the inclusion of geomorphic condition during the
calculation of salt marsh carbon budgets or during the selection of sites for restoration. This
is in support of the prosed management planning guidelines by Burden et al., (2019).
Differentiated calculations will possibly influence site selection for restoration as well as the
time frame for carbon offsetting schemes. Sites for restoration and conservation could be
selected based on their initial high carbon stock (i.e., mature marshes). The prioritisation of
carbon storage in salt marsh management could thus further entail the focus on erosion
control, to avoid the loss of carbon through CO2 emissions and the loss through the active
erosion of sediment.

Although prograding sites are potentially losing a higher percentage of initial carbon stock
through CO- emissions, they have been shown to have a rapid initial accumulation of carbon
(Burden et al., 2019). However, these marshes only reach a stable carbon stock as mature
marshes after approximately 100 years (Burden et al., 2019). Thus, the time frame and
carbon storage benefits might, counter-intuitively, be greater at salt marshes which are
experiencing erosion, than at marshes that have recently been restored. Erosion control, i.e.,
sufficient sediment supply (Ladd et al., 2019), could thus not only maintain high carbon
stocks, it could also preserve ecosystem functions of existing marshes and prevent an
accreting marsh transitioning into an eroding one by aiding in marsh platform growth and

securing the salt marsh against relative sea-level rise.

Chapter 3 highlighted the impact of tidal inundations on groundwater level and the combined

effect with current velocity on soil temperature. As soil temperature is a primary controlling

150



factor of CO> emissions to the atmosphere, the tidal connection and groundwater level are
key drivers and should thus be included in restoration planning. Restored marshes are
typically characterized by reduced groundwater dynamics where groundwater fluctuates
within a newly deposited soil layer on top of compacted soil (Van Putte et al., 2020).
Increasing groundwater dynamics and aeration depth will enhance drainage from the salt
marsh and create an environment more resembling a natural marsh aiding in the
establishment of a more diverse plant community (Brooks et al., 2015). An adverse effect
following the reintroduction of tidal inundation and higher groundwater dynamics on the
carbon storage in restored salt marshes is expected through higher CO2 emission as oxic soil
environments are created (Xiao et al., 2021). However, balancing this loss of carbon is the
increased carbon accumulation by new marsh vegetation (Burden et al., 2019).

The effect reduced groundwater level dynamics has on soil temperature is speculative. We
observed different influences of high groundwater levels on soil temperature, dependent on
current velocity. Further modified by seasonal cooling of warming. At restored salt marsh
sites, we expect that higher groundwater levels with a higher current velocity will lead to on
average lower soil temperatures (Chapter 3). However, the comparison between restored
and natural marshes regarding soil temperature interaction with groundwater level and
current velocity should be considered as a further future work avenue.

Additional carbon emissions from the coastal wetlands in the form of CH4, might also be
affected by restoration methods. Methane, as it is produced under anaerobic conditions might
initially decrease through the restoration measures when tidal inundations are re-introduced
and care taken to implement groundwater dynamics (Derby et al., 2022). Lower groundwater
levels and shallow rooting depth of vegetation will potentially increase the soil oxygen
content and suppresses CHa production (Derby et al., 2022).

6.3 Organic matter origin and geomorphic conditions —
Chapter 2,4, 5

The carbon sequestration potential of mangroves and salt marshes alike, is driven by the
delivery of organic matter to the ecosystem and its primary production (Alongi, 2020). The
reliance on external sediment and organic matter supply is greater within minerogenic
ecosystems, or marshes not yet able to independently produce enough organic matter and
accrete enough sediment to maintain their elevation in relation to the tidal frame (Nolte et
al., 2013).
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At our salt marsh study site, a minerogenic marsh in the UK (Nolte et al., 2013), the main
delivery of sediment input is external from tidal inundations. The eroding sites had a lower
supply of sediment than prograding marsh sites (Ladd et al., 2019), thus the source of organic
matter delivered to geomorphic different coastal ecosystems was also expected to be
different. Organic matter origin was delineated between terrestrial and marine derived
sources, using the carbon stable isotope ratio of §*C (Bouillon et al., 2011; Kelleway et al.,
2016). A short-term deposition study within a salt marsh could not show that the deposited
organic matter at sites of different geomorphic conditions is from different origins (Chapter
5). Sites of different geomorphic conditions are however showing a difference in carbon
stable isotope ratio averaged for a depth of 1 m (Chapter 2). Such a difference in isotope
ratio could, instead of organic matter origin, denote the lability of carbon and thus its
decomposition stage. An increase of 1-3%o 8*3C has been attributed to the decomposition of
carbon, with the more labile carbon, $3C, being decomposed first (Adame and Fry, 2016).
The carbon stable isotope ratio was however significantly different between mangrove sites
of different geomorphic conditions and the carbon was interpreted to be of differing organic
matter sources (Chapter 4). Eroding mangrove sites had a lower ratio, i.e., proportionally
higher terrestrial organic matter source than prograding sites (Chapter 4).

The delivery of sediments to the coast and differences between geomorphic conditions has
previously been found to be a determinant of the erosional status of salt marsh coasts (Ladd
etal., 2019). Although the total weight of deposited sediment was greater at the eroding site,
the results point towards the resuspension and deposition of salt marsh derived sediment
(Chapter 5). The total suspended sediment weight of in- vs. outflowing tides differed
between geomorphic conditions, however not statistically. When repeating this study,
temporal and spatial variation should be included, i.e., measuring over shorter tidal cycles

and including different salt marsh sites.

What the results from Chapter 4 and Chapter 5 do however highlight and reinforce, are the
role of tidal inundation and vegetation on the delivery of sediments to coastal systems as
well as their retention (Temmerman et al., 2005; Stijn Temmerman et al., 2012). Leading to
varying developments of the vegetation. The sites did differ in the grain size distribution of
the sediment deposited, deemed to be driven by elevation and thus inundation related factors,
such as inundation duration and tidal current velocity (Kelleway et al., 2016). Further work
could possibly delineate the relationship between sediment grain size, sediment carbon

concentration and current/wave energy received by coasts (Kelleway et al., 2016). But also
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the water level and wave energy received and connected to the export of carbon to the coastal
environments (Braun and Theuerkauf, 2021).

77.09+64.82 CO,

97.24 + 67.45 CO2

Soil Cypg pool
186.73 £ 5.05

Prograding

Eroding

Figure 6.1 Schematic of findings from Chapter 2, 5. Soil Corg pool (Mg C ha) and soil to
atmosphere CO; flux (Mg C ha? yr?) from sites of different geomorphic condition (left:
eroding; right: prograding). Mean + Standard deviation.

. = Groundwater

YY Y Y
;I;ﬁ i;ﬁ - o
e e

Figure 6.2 Schematic of finding from Chapter 3. Groundwater level and current velocity
influence on salt marsh soil temperature. With greater currents (longer arrow; top), the soil

temperature cools with higher groundwater level and warms with lower groundwater level,
lower currents (shorter arrow; bottom) resulting in the opposite effect.
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6.4 Future work

Future work, building on the results of this thesis could include the development of a
greenhouse gas flux model. The model could calculate the loss of carbon from the soil to the
atmosphere based on geomorphic condition and other influencing environmental factors. As
described in Chapter 2 and Chapter 3 influencing factors to be included are tidal cycle,
groundwater level, soil temperature, distance to vegetation edge and current velocity. Their
combination could provide an estimate of soil to atmosphere CO2 emission at cliffed-eroding
and sloping-prograding salt marsh sites. The model would further benefit from including
carbon lability measurements and their influence on CO, emissions, depending on the
distance to the cliff as well as the cliff height. This would be an extension to the model
produced by Lovelock et al., (2017), calculating the likelihood of CO2 emissions based on
the exposure of material to oxic environments. It could also link groundwater level
dynamics, restored tidal channels to greenhouse gas fluxes (Van Putte et al., 2020; Chapter
2, 3). The model could help in the planning process of restoration projects to delineate
between possible restoration sites and level of restoration and inform carbon ratings and be
a decision-making tool in offsetting carbon emissions.

Additional research could further include measurements of methane (CHas) fluxes. The
emissions of methane from coastal ecosystems has received increased attention but the
variability of fluxes is high and only a limited number of studies have been performed
(Rosentreter et al., 2021). Methane is produced under anaerobic conditions, salt marshes
with reduced groundwater dynamics might be low in CO, emissions, however, might have
a considerable emission of CHa.

Various other carbon fluxes potentially linked to geomorphic different salt marsh coasts
could further be investigated. For example, fluxes associated with groundwater exchange,
I.e., dissolved organic and inorganic carbon (DOC, DIC). Fluxes of DOC and DIC to the
coastal ocean have previously been found to exceed the burial of carbon (Correa et al., 2022).
As groundwater discharge is related to the tidal amplitude (Wilson et al., 2015), the varying
groundwater levels between geomorphic conditions (Chapter 2) and influences of current
velocity (Chapter 3) could lead to differential fluxes of DOC and DIC between eroding and

prograding sites.

Even though no significant difference in CO. emission was measured from mangroves of
geomorphic varying conditions (Chapter 4), further measurements including temporal

variations should be conducted. The rainfall and conditions during the wet season could have
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reduced any potential differences in emissions between sites and should be repeated during
the dry season.

6.5 Conclusion

This thesis investigated the impact of geomorphic conditions on carbon fluxes at coastal
wetland sites. The relationships with and impact of environmental factors on CO2 emissions
was identified as well as the carbon flux through tidal transport of sediments. Geomorphic
condition influenced CO> emissions at salt marsh sites, through interacting effects of tidal
cycle, groundwater level and soil temperature. Mangroves didn’t show differential CO>
emissions. However, like salt marsh sites, they showed a clear distinction between sediment
organic carbon origins. My results show that salt marsh sites and mangrove forests are
heavily reliant on external carbon supply, especially true during their initial growth phase
before they can produce enough organic matter to accrete sediment vertically. As the
ecosystems mature, the dominant carbon source within the soil shifts to autochthonous
carbon. Providing an argument for the inclusion of carbon isotope signature in the analysis
of tipping points and delineate between potential restoration sites.

Characterising carbon fluxes between salt marsh sites of different geomorphic conditions
showed further differences in the deposition of sediment through tidal inundations. At
eroding sites deposited sediment showed a greater median grain size and lower inorganic
carbon concentration. No such difference in sediment characteristics was identified from
suspended sediment between sites of different geomorphic conditions. Highlighting that
sites of different geomorphic conditions are receiving sediments with similar characteristics

but are retaining sediments with distinctly separate characteristics.

The retention of different sediments and the sedimentary make-up of sites with differing
geomorphic condition further has significant effects on carbon emissions. Groundwater
retention/drainage is affected, thus impacting the soil temperature and CO2 emissions.
Leading to greater CO2 emissions at eroding sites in addition to soil carbon loss through
erosion processes.

The connection between hydrological factors on the soil pore space has been further
investigated. Revealing an overlooked link between tidal factors and soil temperature,
having a direct effect on soil processes, i.e., carbon respiration. Emphasising that salt
marshes are not uniform habitats and carbon budget calculations need to be adjusted to

account for differential CO2 emissions.
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The inclusion of salt marsh restoration within the UK carbon market has been analysed
within a feasibility study (Burden et al., 2023). The feasibility study is deducting
allochthonous carbon from the accumulated carbon following restoration. However, in line
with the results of this thesis, deducting allochthonous carbon from the carbon income of
restoration sites, would decrease the viability of the restoration. Coastal blue carbon
ecosystems store however the carbon and prevent its remineralisation and return to the

atmosphere.
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Appendix A
Supporting Information for Chapter 2 - Sediment to

Atmosphere CO; Efflux Increases at Retreating
Salt Marsh Edges

Contents of this file

Tables A.1to A6
Figures A.1to A5

Introduction

Generalized Linear Mixed Effects Model

A Linear Mixed Effects Model (LMM) cannot be used to model the relationship between
CO: flux to tidal cycle, erosion condition and distance to cliff, as CO; flux does not follow
a normal distribution. A Generalized Linear Mixed Effects Model with gamma distribution
and logistic link function is being fitted instead. The model includes measurement site as a
random factor (i.e., Site).

Linear Mixed Effects Model

The Linear Mixed Effects Model is used to determine how is CO: flux related to soil
temperature, groundwater level and tidal cycle. Response variable of CO; efflux does not
meet model assumption of normality and is transformed using the cube root
transformation. Assumptions for Linear Mixed Effects Model are being tested on model
with a) random intercept for factor Site and b) random intercept and variable slope for each

measurement campaign (i.e., Visit).
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Table A.1 Statistical summary of the predictor variables from the Generalized Linear
Mixed Effects Model (GLMM) of CO; flux with “Sites” as random intercept. Interactions
between main effects are shown with an “x”.

Formula: CO2 ~ Tidal_cycle + Erosion + distance_cliff + Tidal_cycle : Erosion + Tidal_cycle :
distance_cliff + (1 | Site)

Predictor variable Estimate SE z-value P-value
Tidal cycle [spring] -1.278619 | 0.202127 -6.326 <0.001
Erosion [prograding] -0.170113 | 0.208220 -0.817 0.413937
Distance to cliff 0.001213 0.066402 0.018 0.985428
Tidal cycle [spring] x Erosion [prograding] -0.821210 | 0.258953 -3.171 0.002
Tidal cycle [spring] x Distance to cliff 0.423920 0.109384 3.876 <0.001

Table A.2 Statistical summary of model fit of predictor variables from Generalized Linear
Mixed Effects Model (GLMM) of CO; flux with “Sites” as random intercept.

Tidal cycle Erosion Fit SE Lower Upper

Neap Eroding 1.4452458 0.20897471 1.0859370 1.9234406
Spring Eroding 0.6999267 0.11068427 0.5120226 0.9567886
Neap Prograding 1.2191652 0.18303582 0.9060902 1.6404148
Spring Prograding 0.2597327 0.05486458 0.1710715 0.3943442
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Table A.3 Statistical summary of the predictor variables of CO> flux from the Linear
Mixed Effects Model (LMM) with random slope (Visit) and random intercept (Site).

Interactions between main effects are shown with an “x”.

Formula: CO2_cubrt ~ soil_temp_1day + groundwater_level_1day + Tidal_cycle + soil_temp_1day :
groundwater_level _1day + groundwater_level_1day : Tidal_cycle + (Visit | Site)

Predictor variable Estimate SE z-value | P-value
Soil temperature 0.10568 0.01170 | 9.032 <0.001
Groundwater level -1.51311 0.22571 | -6.704 <0.001
Tidal cycle [spring] 0.03783 0.33808 | 0.112 0.911
Soil temperature x Groundwater level 0.07457 0.01316 | 5.666 <0.001
Groundwater level x Tidal cycle [spring] -0.09639 0.43084 | -0.224 0.823

CO, flux (g/m2 hr) vs soil temperature and groundwater level

3,
—2-
= ]
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x
=
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g
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12 16
Soil temperature ( °C)

e Groundwater level (m)

Figure A.1 Relationship between soil to atmosphere CO; flux (g/m? hr) to soil temperature
and groundwater level (m), without random effects.

164



Table A.4 Kruskal-Wallis tests for comparison of groundwater level at low tide between

sites during spring tidal cycles.

Spring tide Chi-squared Df p-value
November 2021 35.981 3 <0.001
December 2021 35.575 3 <0.001
January 2022 59.248 3 <0.001
February 2022 [1. Spring Tide] 32.664 3 <0.001
February 2022 [2. Spring Tide] 40.628 3 <0.001
March 2022 33.797 3 <0.001

Table A.5 Kruskal-Wallis tests for comparison of groundwater level at low tide among

spring tidal cycles within Sites.

Site Chi-squared df p-value
ER1 29.384 5 <0.001
ER3 33.351 5 <0.001
PR5 2.9 5 0.715

PR7 20.561 5 <0.001
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Table A.6 Site hydrodynamic and sampling structure.

ID Condition | CO2 | Ground | Soil Soil Well Average | Average
flux water temperat | core elevation Inundati | (% St.
ure (m) on Dev.)
duration | Groundw
(hr) ater level
after high
tide (m)
ER1 Eroding Yes Yes Yes Yes 4.495 109.90 -0.56 (=
0.05)
ER3 Eroding Yes Yes Yes Yes 4.549 91.23 -0.46 (+
0.10)
ER4 Eroding Yes Failed Yes Yes NA NA NA
[not
include
d]
PR5 Prograding | Yes Yes Yes Yes 4.62 82.93 -0.45 (=
0.10)
PR7 prograding | yes Yes Yes Yes 4.123 159.89 -0.25 (£
0.11)
ER8 Eroding Yes No Yes No NA NA NA
ER9 Eroding Yes No Failed No NA NA NA
PR10 | Prograding | Yes No Yes No NA NA NA
PR11 | Prograding | Yes No Yes No NA NA NA
PR12 | Prograding | yes No Yes No NA NA NA
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Table A.7 CO> flux measurement distances to vegetation edge by measurement date.

ID Date Distance Distance middle (m) | Distance front (m)
back/groundwater
well (m)

ER1 17.06.2021 NA NA 0.3
03.08.2021 3 1 0.3
15.11.2021 24 0.4 NA
25.01.2022 2.6 0.6 0.3
09.03.2022 14 0.3 NA

ER3 03.08.2021 3 1 0.3
15.11.2021 3 1 0.5
25.01.2022 2.6 0.6 0.3
09.03.2022 2.25 0.25 NA

ER4 04.08.2021 2.7 0.7 0.4
15.11.2021 1.2 0.2 NA
25.01.2022 0.8 NA NA
09.03.2022 0.68 NA NA

PR5 03.08.2021 3 1 0.3
15.11.2021 3 1 0.3
25.01.2022 3 1 0.3
09.03.2022 3 1 0.3

PR7 03.08.2021 3 1 0.3
25.11.2021 3 1 0.3
25.01.2022 3 1 0.3
09.03.2022 3 1 0.3

ERS8 04.08.2021 3 1 0.3
17.11.2021 25 0.5 0.2

ER9 03.08.2021 3 1 0.3
17.11.2021 2.8 0.8 0.2

PR10 04.08.2021 3 1 0.3

PR11 04.08.2021 3 1 0.3

PR12 04.08.2021 3 1 0.3
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Figure A.2 Cross-correlation between groundwater level at site ER1 and soil temperature
difference between site ER1 and PR5 during October and December 2021.
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Groundwater level & Soil temperature difference 2022
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Figure A.3 Cross-correlation between groundwater level at site ER1 and soil temperature
difference between site ER1 and PR5 during January and March 2022.
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Figure A.4 Cross-correlation between air and groundwater temperature difference at site
ER1 and soil temperature difference between site ER1 and PR5 during October to
December 2021.
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Figure A.5 Cross-correlation between air and groundwater temperature difference at site
ER1 and soil temperature difference between site ER1 and PR5 during January and March

2022.
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Table A.8 Statistical test summaries of Mixed Effects Models testing sediment
characteristics by Condition (eroding vs prograding) and random effect of Site (ER1, ER3,
PR5, PR7), i.e., Variable ~ Condition + (1]Site). Reporting for Condition [prograding].

Variable Transformation Estimate df t value P-value
Median grain Square 1207.172 2.015 | 2.535 0.126
size
813C NA 2.114 2.014 | 2.014 0.279
33Corg Log+30.4 0.485 2.011 | 2.957 0.097
Clay Logit -0.122 2.012 | -0.677 0.568
percentage
(<4pm)

Site random effect 0.023
Silt percentage | NA -11.1 2.018 | -3.152 0.087
(4-63um)
Sand NA 11.826 2.017 | 2.475 0.131
percentage (63-
2000pm)
Organic carbon | Gamma (log = -0.213 -0.79 0.43
percentage (%) | “link™)

Site random effect 0.03
Inorganic Beta (link = 0.039 0.27 0.785
carbon “logit”)
percentage (%)
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Appendix B

Supporting Information for Chapter 3 - Interactive
Effects of Groundwater Level and Tidal Current

Velocity Influence Salt Marsh Soil Temperature

Contents of this file

Figures B.1to B.3

Introduction

The supporting information shows the relation between sites of different geomorphic
conditions for measured variables, i.e., eroding (ER1 and ER3) and prograding (PR5 and
PR7). Data is shown for the study period of August 2021 and February 2022.

Variables are groundwater level (Figure S1) and current velocity (Figure S2). As well as
average groundwater and air temperature and average groundwater level by site and
month. (Figure S3).
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Figure B.1 Groundwater level (m) by site for August (A) and February (B).
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Velocity (m s’1)
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Figure B.2 Current velocity between site for August (A) and February (B).
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Figure B.3 Groundwater and air temperature (°C); B: Groundwater level (m) between sites
(ER1, ER3, PR5, PR7) and months (August, February) during periods where groundwater
logger were inundated. Mean + Std.
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Appendix C

Supporting Information for Chapter 4 — Differing
soil carbon source depending on geomorphic

condition at mangrove coastlines

Table C.1 Statistical summary of predictor variables from the Linear Mixed Effects Model
(LMM) of sediment cores from Vietnam with Site/Condition/Transect as random intercept,
i.e., Transect nested within Condition and Condition nested within Site (Variable ~
Condition + (1 | Site/Condition/Transect)); from Florida with Depth as random intercept,
i.e., (Variable ~ Condition + (1 | Depth)), reporting for Condition [expanding].

Country Variable ~ Condition [expanding] | Transformation | Estimate | t-value | p-value

Vietnam Carbon concentration (mg) Square root -0.055 -0.706 | 0.553
Carbon percentage Arcsine -0.016 -0.65 0.582
Clay percentage NA -0.623 -0.065 | 0.954
Silt percentage NA 7.346 1.717 | 0.093
Sand percentage Logarithmic 0.306 0.612 | 0.604
Carbon isotope ratio (6*3C) Square root 0.788 1.834 |0.142
Median grain size (D50) Reciprocal -0.048 -0.453 | 0.695
Loss on ignition percentage (LOI) NA -1.007 -0.366 | 0.75

Florida (US) | Carbon concentration (mg) NA -0.136 -2.056 | 0.056
Carbon percentage NA -2.929 -1.661 | 0.115
Clay percentage Logit -0.43 -2.739 | 0.024
Silt percentage NA -13.848 | -2.947 | 0.017
Sand percentage NA 18.538 3.15 0.012
Carbon isotope ratio (5'°C) NA 0.526 1.154 | 0.265
Median grain size (D50) Square root 2.311 2.766 | 0.034
Loss on ignition percentage (LOI) | NA -7.214 -2.601 | 0.019
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Table C.2 Statistical summary of the Linear Mixed Effects Model (LMM) of sediment
cores from Vietnam with Site/Depth as random intercept, i.e., Depth nested within Site,
comparing 8*3C values between conditions at same depth (§**C ~ Condition + (1 |
Site/Depth)), reporting for Condition [Expanding].

Between conditions at same depth - Vietnam

Depth Transformation | Estimate t-value p-value
Depth 0 NA 2.432 0.988 0.379
Depth 10 Square root 41.541 3.451 0.024
Depth 20 NA 4314 3.52 0.027
Depth 30 Logarithmic 0.577 1.698 0.165
Depth 40 NA 2.897 1.558 0.18
Depth 50 NA 2.077 0.629 0.595

Table C.3 Statistical result of Linear Mixed Effects Model (LMM) of sediment cores from

Vietnam with Site/Depth as random intercept, i.e., Depth nested within Site, comparing

d13C values between Depths nested within Site (5*3C ~ Depth + (1 | Site/Depth)), reporting

for Depth [Depth = 50].

Between depth at same condition - Vietnam

Data Transformation | Estimate t-value p-value
Eroding site NA 1.668 0.452 0.695
between

Depth 0 and Depth

50

Eroding site NA 3.196 1.221 0.35

between Depth 10
and Depth 50

Expanding site NA 1.316 4.59 0.046
between Depth 0
and Depth 50
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Figure C.1 Sediment properties of soil cores for sampling sites in Vietnam (Ca Mau, Kien
Giang, Soc Trang) with eroding locations = blue; expanding locations = orange.
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Table C.4 CO> flux literature review — Mekong Delta, Vietnam (Units =).

sedimen sedimen | sedimen | Total Total
t-air t-air t-air Average | StdDev
Average | StdDev | of value | of value
of value | of value | converte | converte
converte | converte | d d
d d
dry wet
season season
Row Average | StdDev | Average | StdDev
Labels of value | of value | of value | of value
converte | converte | converte | converte
d d d d
Vietham | 211.11 122.47 302.75 153.46 256.93 139.52 256.93 139.52
mangrov | 211.11 122.47 302.75 153.46 256.93 139.52 256.93 139.52
e soil
Dusek et | 179.95 160.17 179.95 160.17 179.95 160.17
al., 2021
Vinh et 257.84 37.44 302.75 153.46 289.92 128.12 289.92 128.12
al., 2019
Grand 211.11 122.47 302.75 153.46 256.93 139.52 256.93 139.52
Total
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Table C.5 Correlation matrix of sediment properties for eroding and expanding mangrove
sites in Vietnam and Florida.

LOI 83C Carbon | Carbon | Clay Silt Sand D50 LRR
con. %

LOI 1 -0.39 0.76 0.89 -0.18 0.11 0.04 -0.21 -0.29
D13C -0.39 1 -0.51 -0.4 0.09 0.15 -0.14 -0.05 0.67
Carbon 0.76 -0.51 1 0.83 -0.03 0.28 -0.14 -0.3 -0.27
con.

Carbon 0.89 -0.4 0.83 1 -0.37 -0.04 0.21 -0.04 -0.33
%

Clay -0.18 0.09 -0.03 -0.37 1 0.5 -0.73 -0.73 0.21
Silt 0.11 0.15 0.28 -0.04 0.5 1 -0.93 -0.63 0.4
Sand 0.04 -0.14 -0.13 0.21 -0.73 -0.93 1 0.64 -0.31
D50 -0.21 -0.05 -0.3 -0.04 -0.74 -0.63 0.64 1 -0.37
LRR -0.29 0.67 -0.27 -0.33 0.21 0.4 -0.31 -0.37 1

Table C.6 Principal component analysis (PCA) loadings for sediment properties of eroding
and expanding mangrove sites in Vietnam and Florida.

PC1 PC2
LOI 0.31 -0.4
813C -0.31 0.22
Carbon con. | 0.23 -0.48
Clay -0.38 -0.22
Silt -0.33 -0.37
Sand 0.39 0.33
Carbon % 0.37 -0.35
D50 0.29 0.39
LRR -0.36 0.05
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