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Abstract
Saltmarshes are ecologically important and provide diverse ecosystem services, including
protection of shorelines, carbon sequestration, and wildlife habitat provision. Assessments
of saltmarsh ecosystem services often consider them homogeneous, ignoring differences
within and between marshes. This research examined the extent to which saltmarsh
elevations and local tidal levels altered estimates of ecosystem service provision for 35 UK
saltmarshes. LiDAR derived Digital Terrain Models (DTMs) gave reliable estimates of
sediment surface elevation with an accuracy of better than 20cm. Most of the area of
marshes in the South of the UK, from the Tees Estuary on the East Coast moving clockwise
to the Dovey Estuary on the West coast lies at or below the level of MHWS, often with a
sub-horizontal platform lying just below MHWS. These marshes make a substantial
contribution to coastal protection during normal conditions by dissipating wave energy,
but their contribution in reducing flooding risks is less important during storm surge events
when they may be submerged to a depth of more than 2m. In the northern UK, substantial
areas of marsh occur above the level of MHWS, potentially playing a bigger role in
dissipating wave energy during storm surges, but the areas of land vulnerable to coastal
flooding are much smaller here. The proportion of low marsh is small at most sites in the
UK. The majority of saltmarsh area is predicted to have relatively high redox values and
emissions of the greenhouse gases methane and nitrous oxide will therefore be low. Rapid
sedimentation occurs mainly on low marshes, and rates of carbon burial will be
overestimated if this is not taken into account. Mechanisms of sedimentation and
vegetation succession appear to be variable and unstable, whether across the whole

saltmarsh or in different parts in an individual marsh.
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Chapter One
General Introduction

1.1 Saltmarsh ecology of the United Kingdom

Saltmarshes are saline intertidal areas which have been colonised by halophytic herbs,
grasses and low growing shrubs (Mitsch and Gosselink, 2007 ). They primarily occur in
sheltered embayment’s and estuaries in temperate latitudes, where vegetation stabilises
sediments which are usually muddy (Boorman et al., 1996, Mount et al., 2010, Siemes et
al., 2020). They experience periodic flooding due to tidal fluctuations (Prahalad et al.,
2019), and occur approximately between mean high water of spring and neap tides in the
intertidal zone (Figure 1.1) (Adnitt, 2007), although halophytic vegetation can occur at
elevations that are flooded by the tide only a few times a year. The composition of
saltmarsh vegetation is influenced by climate and complicated interactions between
regularity of tidal inundation, wind and wave action, movements of relative sea level,
deposition of suspended sediments, salinity, size of sediment particles, slope and
interactions between the colonising plants, sometimes modulated by herbivores

(Boorman, 2003b, Doody, 2008).

Submergence
Tidal Flat Marsh Level

MHWST Salt Marsh Ciiff im bile  pu

Figure 1.1 the physiographical features of saltmarsh (Adnitt, 2007).

Intertidal environments, which include mud flats and saltmarshes, deliver a wide range of
ecosystem services. Salt marshes are increasingly recognized as resilient and sustainable

supplements to traditional engineering structures for protecting coasts against flooding



(Mitsch and Gosselink, 2007 ). Globally, ecosystem services provided by saline and
estuarine marshes include provisioning such as fuel, food and fibre; inducing service
regulation for the cycling of nutrients; regulation of atmospheric and climatic conditions;
processing of waste; regulation of diseases; regulation of flood hazards; and services that
are cultural such as recreation, amenities and aesthetic values (Assessment, 2005, Costanza
et al., 2008). They act as fish, crab, and animal nursery areas, providing both food and
shelter for them. Some birds may inhabit in or near saltmarshes because the marsh
provides abundant food sources (Prahalad and Pearson, 2013). Barbier et al., (2011)
summarised ecosystems services and saltmarsh processes and functions (as shown in Table
1.1). Although marshes occupy only a small proportion (4%) of the total land area on Earth,
they are associated with a substantial global value and also make a contribution to the
national economy (Barbier, Hacker et al., 2011). Across the UK, the contribution of
intertidal environments has been ranked at an estimated £48 billion, or 3.46% of the

national income (Jones et al., 2011b).



Table 1.1. Ecosystem services, processes and functions for saltmarshes (Barbier, Hacker et al., 2011).

Ecosystem services Ecosystem processes and functions
Food and raw material Generates diversity and biological
productivity
Coastal protection Dissipate or attenuate waves
Erosion control Stabilises sediment by protect structure of

vegetation roots.

Water purification Purifies water by particle deposition.

Carbon sequestration Generates biological activity,
biogeochemical activity and

sedimentation.

Conservation of fishers Provides habitat and nursey ground.
Tourism, education, recreation and Considers to be suitable habitat for
research diverse fauna and flora.

According to (Alongi, 1998, Chen et al., 2021, Gu et al., 2021), saltmarshes and mudflats
which are intertidal environments are considered as some of the most productive
biologically on earth. They are able to accumulate significant levels of particulate organic
matter from estuaries, rivers and the ocean (Abril et al., 2002). Intertidal sediments store
some of the organic material, including reactive nutrients from particles and the accreted
sediments sequester large carbon (C), nitrogen (N) and phosphorous (P), including

nutrients discharged to the environment in wastewater and agriculture. Some of the



nutrients are recycled and returned to coastal systems and estuaries, while others are
permanently buried (Abril, Nogueira et al., 2002, Andrews et al., 2006, Andrews et al., 2000,
Jickells et al., 2000). This has led to an interest in the potential of coastal wetland systems
to sequester large amounts of carbon, potentially mitigating the consequences of
anthropogenic carbon dioxide emissions (Craft et al., 2003, Livesley and Andrusiak, 2012,
Santin et al., 2009, Shepherd et al., 2007).

In the UK, saltmarshes have been categorised into three broad types: ungrazed marsh in
the South-East England, grazed marsh in the Irish Sea coast of England and Wales and
marshes at the head of sea lochs on the West coast of Scotland (Adam, 1978). The total
area of UK saltmarshes is estimated to be between 40,000 to 45,000 ha (Burd, 1989, Jones,
Angus et al., 2011a). Table 1.2 gives estimates made by (Boorman, 2003a) based on data
from (Burd, 1989). Saltmarshes are particularly widely distributed particularly in Essex,
Norfolk, Lancashire, Hampshire and North Kent (May and Hansom, 2003), and the largest
five sites (Wash, Inner Solway, Morecambe Bay, Burry estuary, Dee estuary) are responsible
for 1/3 of the total UK population (Burd, 1989). However, the extent of saltmarshes is
currently less than in the past due to human activity, such as reclamation for agricultural
use and industrial development (Morris et al., 2004).

Table 1.2 Distribution of saltmarsh sites in the UK, showing distribution of sites by size
(cited in (Boorman, 2003a).

Region Area (ha) Sites > 100ha Sites < 10ha All Sites Av. area (ha)
England 32,500 59 16 120 270.8
Scotland 6,748 14 280 380 17.8

Wales 6,089 8 15 57 106.8

N. Ireland* 239 0 6 15 15.9

Total 45,337 81 304 577 78.6

* Refers to designated saltmarsh sites only



Saltmarshes occur in Northern Ireland’s sea loughs, the large low-lying land estuaries in
eastern and northwest England and in Wales, with minute areas in southern England
estuaries and the firths of eastern and southwest Scotland. Small saltmarsh sites
(embayments and beaches) in sea lochs are characteristic of northwest Scotland. An
estimate made is that at the mean high-water line, 3% of the Scottish coastline, 24% of the
English coastline and 11% of the Welsh coastline is made up of saltmarsh (GROUP, 1999,
Posford, 1998). The distinct zonation patterns and low species diversity of saltmarsh
vegetation have made them ideal subjects for investigations that aim to demonstrate how
gradients in the environment and competitive interactions with other plant species on
saltmarshes may create plant community patterns. Experimental manipulations of these
ecosystems readily allows examination of the association between biotic and abiotic
factors in explaining the permanence and development of the various distributional
patterns ((CCP), 2021, Bertness, 1991, Pennings et al., 2003, Silvestri and Marani, 2004,
Vince and Snow, 1984).

Although these strong environmental gradients on saltmarshes are well known, many
studies of ecosystem services delivered by saltmarshes have treated them as a
homogeneous object, neglecting variation within and between sites (Adams et al., 2012,
Ford et al., 2012, King and Lester, 1995, Martin et al., 2010, Moller and Spencer, 2002,
Moller et al., 1999). They assume that a square metre of saltmarsh is the same, and that its
delivery of ecosystem services can be calculated in the same way wherever it is. However,
ecological characteristics of saltmarshes vary substantially with elevation. There are also
important differences in biogeochemical functioning between low shore and high shore of
saltmarshes. A pioneer marsh has largely anoxic sediments, whereas a mature saline marsh

that is high on the shore usually has oxic sediments, although sediments continue to be



anoxic on high marshes where there is a transition to freshwater marshes, usually
dominated by Phragmites (Mossman et al., 2012a, Mossman et al., 2020). Therefore, it is
crucial to take into account elevation changes across saltmarsh when we calculate

ecosystem services delivered by saltmarshes.



1.2 Saltmarsh elevation

Saltmarshes develop relatively high in the tidal frame where sediments are sufficiently
stable to allow vegetation succession to begin (Doody, 2008). The regularity of tidal
inundation is a key influence on the areas above this. Inundation by tides affects abiotic
conditions and therefore plant distributions (Mossman, Grant et al., 2020, Xie et al., 2019),
and interactions between species (Hacker and Bertness, 1999). Inundation frequency and
duration are strongly correlated with elevation (Mossman, Grant et al.,, 2020) but
significant differences in the relationship between frequency of tidal inundation and
elevation occur between sites, as tidal range is variable depending on geographical location
(Shepard et al., 2011). In intertidal habitat creation schemes, knowledge of tidal elevations
can help in predicting ecological development (Crooks et al., 2002, Dawe et al., 2000).

Mean high water of neap tides (MHWN) varies from 1.17 metres to 6.7 metres above
Ordnance Datum Newlyn (ODN), which corresponds to mean sea level in the UK. The range
of mean high-water tides of spring (MHWS) varies from 2 metres at Portland to more than
12 metres in the Bristol Channel
(https://southwalesports.co.uk/Marine_Information/Marine_Information/Bristol_Channe
|_Tides/;(NTSLF, 2020)). This range can vary significantly on smaller spatial scales. A delay
in high tides can be observed as high water crosses large areas or travels along shallow
channels of almost flat marsh lands, particularly in estuaries and inlets (Healey et al., 1981).
The association between tidal levels and elevation can change over distances that are
relatively short. For instance, (Van der Molen, 1997) observed variations in the mean high
water levels reaching 80cm over distances that were shorter than 15 km in Cape Cod Bay,
USA, where there is an average tidal range of three metres. (Mossman et al. 2012 a)

observed differences of 70 cm over distances of 40 km in the height of MHWS along the

7



North Norfolk coast, and they also observed smaller scale variations in the elevation of
MHWN caused by local topography.

In Cromer (Norfolk, UK), the difference between predicted and observed tidal heights
could be substantial. The average (£SD) variation between predicted and observed tides
was 0.16 + 0.20 m, with tides that were individual ranging up to 1.29 metres higher and
0.83 metres lower than was predicted. The identified levels of high water which were
assessed at sites of saltmarshes on the North Norfolk coast were strongly correlated with
those observed at Cromer (Mossman, Davy et al., 2012b). It is therefore important that
tidal heights at a site should be correlated with observed data collected and recorded by a
permanent tide gauge rather than with predicted tides. For example, (Goodwin and Mudd,
2019) reported that MHWS at Morecambe Bay saltmarsh was at 3.3 m (ODN) using
Heysham tide gauge data which is 15 Km away from that marsh, but the nearest location
where tidal data are available is Arnside (5 km away) where the MHWS is at an elevation
of 5.33 m ODN.

Low-elevation marshes are often associated with high mineral sedimentation rates where
there is sufficient availability of sediments (Rosencranz et al., 2017). The greater
submergence of the low marsh provides more opportunity for sediment to settle out of
suspension, while deposition rates are lowest in marshes in high elevations which are
flooded rarely (Cahoon and Reed, 1995, Marion et al., 2009, Pethick, 1981, Temmerman et
al., 2003). Diverse factors also affect vertical marsh accretion, including age of marsh
(increase in level of marsh within the tidal frame), relative sea level, compaction and

reclamation frequency (Brown et al., 1999).



1.3 Saltmarsh elevation and vegetation

Intertidal environments including saltmarshes were examined ecogeomorphologically in
different aspect in the field and laboratory. Recently remote sensing has become an
effective approach for examining, monitoring and maintaining saltmarshes in large scale
(Chust et al., 2008, Krolik-Root et al., 2015, Mitasova et al., 2010).

In saltmarshes, the presence of vegetation helps to dissipate wave energy, which can be
reduced by 82% in saltmarshes compared with only 29% over bare tidal flats, although the
extent of the reduction in incident wave energy may be lower under storm conditions
(Méller, Spencer et al., 1999). Wave energy is dissipated by up to 50% under average tidal
inundation depths in the first 10-20 m of a surface of saltmarsh that is vegetated (Moller,
2006). (Moller et al., 2014) examined wave dissipation in water depths of 2 m in a large
flume, finding a maximum 19.5% reduction of wave height across 40m of marsh for waves
with an amplitude of 0.3 m, but lower dissipation than this for both larger and smaller
waves.

The proportional sediment surface elevation in saltmarsh landscapes is a variable which is
substantial and that defines the frequency duration of the tidal inundation of these
habitats, which ultimately control the productivity of the community of saltmarsh plants
(Morris et al., 2002). Salt Marsh vegetation comprises primarily emergent aquatic
macrophytes with at least 10% cover, especially saline or halophytic species (NatureServe,
2022). Salt marsh macrophytes under natural conditions are generally divided into five
macrophytes zones from low to high elevation: (1) the pioneer macrophyte zone, (2) the
low tide beach zone, (3) the middle tide beach zone, (4) the high tide beach zone and (5)
the transition zone. The main features of macrophytes at the lower elevations are salt

tolerance and flood resistance. Pioneer macrophytes gradually transition to higher
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elevations as mesophytes (Boorman, 2003a). There will also be largely distributions of
halophyte on saltmarshes and their distributions are highly associated to the tidal frame
elevation and microtopography is of greater importance in regulating halophyte
distribution than previously recognized. (Hladik and Alber, 2012, Mossman, Grant et al.,
2020).

Halophytes inhibit coastal saltmarshes as they are able to tolerate the physical
environment, in particular, salinity and tidal inundation. The distribution of species may be
changed by inter-species interactions (Bertness and Ellison, 1987, Pennings and Callaway,
1992), but elevation within the tidal frame determines inundation frequency and duration
which directly impacts on plants and indirectly alters a suite of other environmental
variables which affect plant physiology and ultimately occurrence (Bockelmann et al., 2002,

Chapman, 1960, Mossman, Grant et al., 2020, Zedler et al., 1999).
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1.4 Remote sensing data

Over the years, the utilisation of remote sensing (RS) to inform management of wetlands
has grown significantly since the mid-1970s when there was exclusive use of aerial
photographs. Satellite RS technology is considered one of the tools which is most effective
for large-scale vegetation mapping, particularly to control and monitor the distribution
pattern of saltmarsh vegetation (Gao and Zhang, 2006). It has been applied to characterise
various wetlands, such as saltmarshes, saltpans and tidal flats (Bhuvaneswari et al., 2011).
It has provided useful data pertaining to the change in vegetation in wetlands, over time,
and across a large scale. (Sghair and Goma, 2013) used remote sensing (Landsat TM and
aerial photographs) and GIS, combined with ground truth, to assess wetland vegetation
changes in two contrasting wetland sites in the UK: a freshwater wetland at Wicken Fen
between 1984 and 2009, and saltmarsh wetland between 1988 and 2009 in Caerlaverock
Reserve. The study clearly showed the ability of the RS/GIS approach, using both satellite
imagery and aerial photography, to detect spatial and temporal variation in two different
wetland vegetation types. This can subsequently generate information which is valuable to
facilitate the conservation and management of wetland habitats.

RS technology has the ability to take a comprehensive view of spatial data and control
dynamic spatiotemporal shifts in saltmarsh vegetation. For example, (Arzandeh and Wang,
2003) monitored the recent growth of an invasive species by utilising diverse satellite
images, including Landsat thematic mapper (TM), Satellite pour observation de la Terre
(SPOT) and Indian Remote Sensing Satellite (IRS). Laba et al., (2008) used high-resolution
QuickBird imagery and Earth Resources Data Analysis (ERDAS) software to generate maps
of invasive plants in the Hudson River National Estuarine Research Reserve. RS has been

used to extract information about wave mechanism and process of coastal habitat (Mani
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and Parthasarathy, 2006), storm impact on coastline (Nayak et al., 2001), sea grass and
mangrove ecosystem (Dahdouh-Guebas, 2002). Multispectral imagery which has a high
spatial resolution has important benefits for eco-geomorphological evaluation and
modelling, and high-resolution of Airborne Imaging Multispectral Sensor AIMS-1 imagery
obtained from RS improved characterisation of ditches, panes and drained ponds in
saltmarsh (Mani and Parthasarathy, 2006).

Most science organisations in the world utilise high-spatial-resolution accurate digital
elevation models (DEMs) for developing mapping, and they have become extremely
important for many applications, including; control of flooding, management of forests and
urban planning (Lim et al., 2003). New applications of geo-positioning have been developed
using LIDAR (light detection and ranging) DEMs (James et al., 2006, Laporte-Fauret et al.,
2020, Matso et al., 2019, Miller et al., 2007, Rodarmel et al., 2006). Measurements for the
characterisation and monitoring of coastal environments widely use LIDAR technology
(Chust, Galparsoro et al., 2008, Krolik-Root, Stansbury et al., 2015, Mitasova, Hardin et al.,
2010), which allows DEMs to be developed even when site access is prohibited (Montané
and Torres, 2006).

DEMs derived from LIDAR have been utilised in conjunction with geographic information
systems (GIS) to generate metrics for landscapes which may be used to predict distribution
of plants (Hladik and Alber, 2014). In one of the most successful applications of RS, a study
combined distance to channel and size of channels in order to quantify the impact of tidal
channels, thereby, predicting the probability of species in saltmarshes with 90% accuracy
(Sanderson et al., 2001). Other landscape metrics of upland areas, such as slope and
distance, have also been included in some analyses (Andrew and Ustin, 2009, Griffin et al.,

2011, Sellars and Jolls, 2007). Many researchers have combined elevation with field
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measurements of edaphic variables successfully including lower salinity, lower soil
moisture, and reduced soil nutrients (Byrd and Kelly, 2006, Lang et al., 2010), as simple
elevation correlations and/or metrics for distance alone have not fully explained zonation
of plants in saltmarshes (Silvestri et al., 2005, Zedler, Callaway et al., 1999).

In tidal environments such as saltmarshes, determining elevation by LIDAR has been
successful (Farris et al., 2019), with vertical resolutions as low as 5.0 centimetres (Goetz et
al., 2010, Lohani and Mason, 2001, Montané and Torres, 2006), and this data is enormously
valuable on a system-wide scale (Thomas et al., 2010).

Previous studies reveal the importance of RS technique of facilitating information gathering

of intertidal environments including saltmarshes.
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1.5 Accuracy and precision of LIDAR

Airborne LiDAR systems emit short laser pulses and thereafter, the reflected light is
captured using photodiode detectors. The distance to the target (range) can be estimated
by calculating the laser flight time propagating through the medium, with the assumption
that light travels in a known constant speed within the medium (Glennie et al., 2013,
Williams et al., 2013). LiDAR technology has become an integral source of surface elevation
data and provides valuable information to facilitate investigation on the effects of the rise
of sea level on coastal ecosystems and the impact of tidal inundation on vegetation (Titus
and Anderson, 2009).

LIDAR provides accuracy and resolution (EI-Sheimy et al., 2005), providing more accurate
information than high-resolution aerial photographs and Google Earth reveals (Sadr, 2016).
Digital elevation models (DEMs) encompass two types of elevation model Digital Surface
Models (DSM) and Digital Terrain Models (DTM). Currently, geospatial analysis has
facilitated the mapping of features that are complicated and located above the ground (e.g.
areas that are built up) by producing DSMs which capture the built-up and natural earth-
surface features, and DTMs that characterise topography or elevation of the bare-earth (Li
etal., 2004).

Saltmarsh topography can be successfully characterised by LiDAR data (Wang et al., 2009).
However, derived elevation products obtained from LIDAR vary between types of surfaces,
specifically in environments that include vegetation that is dense in nature (Hladik and
Alber, 2012, Schmid et al., 2011). So, in places with trees and vegetation, LIDAR has the
ability to remove isolated trees, but continuous vegetation is probably impossible, because
all the instruments captured the top of the vegetation, and LIDAR algorithm is unable to

remove continuous vegetation (Anders et al., 2019). Removing creeks would, in principle,
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be feasible using an algorithm that water always flows downhill, but saltmarsh pans are
going to be more difficult, because they are not connected to anything else (Hladik et al.,
2013).

Elevation accuracy in low-lying areas such as saltmarshes by using
DTMs can help saltmarsh managers perfect their approach to evaluating saltmarsh changes
(Fernandez et al., 2017). Although accuracy of LIDAR-derived digital terrain models (DTMs)
vary in saltmarshes is insufficient to distinguish topographic structures for determining
flooding arising from tides or patterns in vegetation (Hladik and Alber, 2012, Krolik-Root,
Stansbury et al.,, 2015), it is more accurate than of determining the elevations of
saltmarshes in flats that are of an intertidal nature, salt pans and low-density short (<0.2 m
height) plant habitats (Fernandez et al., 2017), and in large expanses of saltmarsh, high
accuracy (82%) can be obtained by using object-based image analysis with high-resolution

habitat classification.
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1.6 Using landcover maps to define saltmarsh extent

Data from land cover play a key role in a large number of research studies on Earth system
(Yang et al., 2013). Earth system models are completed by the essential input of land cover
(Dai et al., 2003, Jung et al., 2006, Liu et al., 1997) or models on habitats (Liang et al., 2010,
Ozesmi and Mitsch, 1997, Pearson et al., 2004, Yu et al., 2015). Land cover is further
deemed fundamental for the design and administration of natural resources (Gong, 2012,
LaFontaine et al., 2015, Pauleit and Duhme, 2000, Zhong et al., 2012).

Many users consider land cover maps that are global as essential baseline data sources
[such as the United Nation’s Millennium Ecosystem Assessment (Assessment, 2005), the
World Conservation Monitoring Centre (WCMC) and the Global Environmental Outlook
project (UNEP, 2002)]. The applications of these users are also highly diversified and lead
to modelling of climate change, sustainable development and forest cover estimation. For
instance, global circulation models (GCMs) utilise land cover types and also use vegetation
static models. In simulations of dynamic models, the model predictions can be verified
using land cover (Foley et al., 1998).

In the UK map on land cover, more than 50% of the land area is cultivated (Arable and
Horticulture also Improved Grassland, 51%) or created (” Built-up Zones and Gardens"
(6%)). The remainder is semi natural vegetation, with forests covering 12% of the UK —
divided equally between Broadleaved Forest and Coniferous Forest. The remaining 30% of
the UK is divided between Coastal (1%), Semi-natural prairie and Mountain, heath and
marsh (Rowland et al., 2017).

Rowland, Morton et al., (2017) indicated that in the UK LCM 2015 enhance the complexity
of discovering zones that are representative and that are adequately sized to undertake

classification based on spectral characteristics. Cawkwell et al., (2007), report that
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saltmarsh habitats can be reasonably identified using land cover data and saltmarsh
vegetation was also fairly well separated from the non-saltmarsh vegetation (Kumar and

Sinha, 2014).
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1.7 Thesis aims, objectives and hypotheses

The assessment of ecosystem services provided by saltmarshes does not consider the
substantial heterogeneity of their ecology and biogeochemical functioning, particularly
that driven by their elevation in the tidal frame. Therefore, the core objective of this
research was to evaluate the degree to which considering saltmarsh elevations alters
estimates of the ecosystem services that exist in the UK.

The study objectives were formulated as follows:

(i) To determine the distribution of elevations that occur on a sample of UK
saltmarshes.

(ii) To relate these elevations to local tidal levels on each marsh.

(iii) To predict the likely effectiveness of wave dissipation across the elevation
profile of saltmarsh.

(iv) To evaluate the contribution of saltmarshes to sea defence, and the extent to
which this is modulated by their elevation.

(v) To evaluate to what extent the implications of saltmarsh elevation alter
greenhouse gas (GHG) emissions and carbon burial that occur on the sample of
the UK saltmarshes.

The study addresses these by:

Assessing the accuracy of elevation data for saltmarshes determined using high resolution
differential Global Positioning System (GPS). Quantifying the distribution of elevations that
occur on a sample of UK saltmarshes using landcover maps determined from (RS) data
combined with elevation data obtained using Lidar (chapters 2 and 3). Investigating tidal
elevations observations and evaluate saltmarshes contribution as a sea defence using

elevation data obtained combined with tidal data obtained in the main saltmarshes of the
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UK (chapter 3). Modelling wave dissipation across the elevation gradients that occur
saltmarshes using elevation data and tidal heights to determine water depths (chapter 4).
Evaluating biogeochemical functions that occur on samples of UK saltmarshes using data
on their elevation and geomorphological history and data on the relationship between
elevation and sediment redox potential (Chapter 5). Discussing the contribution of

elevation in saltmarshes by bringing together the findings of the chapters (chapter 6).
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Chapter Two
Characterising saltmarshes using remote sensing data

2.1 Introduction

The coverage of wetlands is almost 10% of the terrestrial area of land in the British and
Irish landscape (Dawson et al., 2003). These environments include rivers, ponds, lakes and
ditches that are saturated with marshes and water permanently and may also be flooded
for extended time periods (Polunin and Walters, 1985). Saltmarsh, as a part of wetlands,
consists of four core types; low, pioneer, upper or high marsh and transitional marsh
(Adnitt, 2007), and this environment is geomorphologically complicated due to the
distribution of creeks and tidal channels (Esselink et al., 1998, French and Spencer, 1993,
Leonard, 1997, Reed et al., 1999).

Elevation is a critical variable in saltmarshes even though the elevation range on these
systems is small (Mckee and Patrick, 1988). Therefore, small elevation changes can
influence the general vegetation and marsh extent (Zedler, Callaway et al., 1999), and
marshes may reveal changes and patchiness that are substantial due to the subtle
sensitivity of vegetation to elevation differences (Cahoon and Lynch, 1997, Titus and
Anderson, 2009).

((ccP), 2021, Boorman et al., 2002, Boorman, Pakeman et al., 1996, Boorman, 1999, Burger
et al., 2019, Thomas, Buckland et al., 2010) indicated that low marshes, patchiness of
vegetation is well recognised and the presence of pans is very well documented, and their
formation relatively well understood (Perillo and Iribarne., 2003). However, there is also
small-scale heterogeneity of vegetation on many high marshes, for reasons that are not
fully understood (Adam, 2002). For example, in Phragmites communities in the high marsh

there is mineral and organic sediment trapping greater than Spartina communities and also
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control of invasive of Phragmites australis influenced by relative sea level rise may enhance
erosion (Rooth and Stevenson, 2000). This makes them ecologically more interesting and
will lead to heterogeneity in greenhouse gas production which will be discussed later on
briefly in chapter 5.

Elevation has a major impact on saltmarsh ecology and biogeochemistry (Cahoon and
Lynch, 1997, Mckee and Patrick, 1988, Titus and Anderson, 2009, Zedler, Callaway et al.,
1999) and therefore on the delivery of ecosystem services. Therefore, there is need to
correctly determine elevations relative to terrestrial datum and subsequently, identify the
association between the elevations of saltmarshes and frequency of inundation. Navarro
et al., (2021) provide a comprehensive set of coastal land-cover uses and land change
information for the south-eastern coast of Australia, with a focus on coastal wetland
(mangrove and saltmarsh) ecosystems and they mention that maps obtained in their study
have the potential to provide local and statewide managers with an effective method for
guantifying the gains and losses of coastal wetlands in south-eastern Australia.

2.1.1 Airborne Light Detection and Ranging (LIDAR) for saltmarshes

Airborne Light Detection and Ranging (LIDAR) data allows the delineation of an accurate
model of the earth surface. The particular data is obtained (thousands of times per second)
using rapidly reflected laser pulses at the ground surface. Laser energy is reflected back
from the vegetation canopy and ground surface. These data allow the construction of a
Digital Surface Model (DSM) from which a Digital Terrain Model (DTM) can be calculated
by making some assumptions about the shape of the ground surface and the likely
morphologies of  vegetation and buildings (Digimap EDINA, 2021,

(https://digimap.edina.ac.uk/)).
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LIDAR has been applied for detection and mapping intertidal vegetation to assess saltmarsh
vegetation and intertidal habitat in the Canadian Gulf of St. Lawrence (Collin et al., 2010),
and was used to map and examine flooding in coastal regions which is induced by a surge
in Cadiz Bay (SW Spain) (Raji et al., 2011). Imagery which is multispectral in nature is
combined with LIDAR has been used to analyse geomorphologically the saltmarsh feature
distribution at the Great Marsh, Massachusetts, USA (Millette et al., 2010). High resolution
LIDAR data has been adopted for vegetation classification and determination of the height
of vegetation for marshes in the vicinity of Lake Hatchineha in Florida, USA (Geng et al.,
2004).

The majority of work developing algorithms to construct DTMs from DSMs has been
carried out on terrestrial environments, and it is not clear how well these algorithms will
operate on saltmarshes. However (Beumier, 2008) obtained good results for the removal
of small buildings or woods where the terrain is rather flat and DTMs enable to estimating
the minimum bias in ground elevation across saltmarsh (Wang, Menenti et al., 2009).
Moreover, they have been significantly improved for the identification and characterisation
of the geospatial distribution of pans, ponds that are drained, and ditches across the
surface of the marsh by dividing each feature according to their elevation (Millette et al.,

2010).
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2.1.2 Aims of the study

In this study we have:

(i)

(ii)

(iii)

(iv)

Used the UK Land Cover Map data as the most comprehensive standard dataset
on saltmarsh extent in the UK (Rowland et al., 2017).

Critically evaluated the accuracy of this classification by a process of expert
judgement using aerial photographs; and where available, detailed ecological
surveys; photos or personal knowledge of the marshes as will be seen below
(Fig. 2.8; 2.9 and Table 2.1).

Assessed the ability to obtain accurate data on saltmarsh elevation from Lidar
data by comparing the derived DTM with the underlying DSM to identify
whether algorithms designed for terrestrial environments work on
saltmarshes.

Compared the DTM with high resolution GPS measurements to assess the

accuracy of the DTM.
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2.2 Method

Thirty-five saltmarsh sites were identified from around the English, Scottish and Welsh
coasts using geographic information system GIS (ArcGIS 10.6.1) (Fig 2.1). They were chosen
to cover all the areas of the UK where there are substantial areas of saltmarsh and to
represent locations where LIDAR data were available, ideally at 0.25 m resolution.
However, for some sites, the available LIDAR data had pixel sizes of 0.5 or 1m (Table 2.1).
We avoided including managed retreat sites, although accidental retreat sites at Tollesbury
and Streat are included. Thirteen sites were examined to compare LIDAR-derived DSMs and
DTMs (Fig 2.5). We illustrate this approach using the Stiffkey site as example, with the
remaining sites provided in appendix to Chapter 2) Moreover, we used photoshop program
to combine saltmarsh terrain with land cover of the marsh to generate 3D terrain generator
(Fig 2.3, Stiffkey site as example, see more in appendix to Chapter 2). LIDAR data originally
collected by the Environment Agency in England and Wales and Scottish Natural Heritage
(SNH) in Scotland were obtained from Digimap (https://digimap.edina.ac.uk/). DTM and
DSM data were downloaded in 2018 and saved as raster files (see table 2.1). These data
files were imported and analysed using statistical programs both Matlab, (R2016B) and R
3.5.0 version Core team in 2018, (Pinheiro et al., 2018), using the raster, rgdal, rgeos,
magick, imager and ggplot2 packages (Barthelme, 2017, Bivand et al., 2015, Bivand and
Rundel, 2017, Hadley, 2016, Hijmans et al., 2017, Jeroen, 2018). The DTM and DSM were
compared for Thirteen sites CrablyCreek, Dengie, Donna Nook, Fambridge, Foulton Hall,
Hamford Water, Llanrhidian, Stiffkey, Sudbourne, Tollesbury, Undy, Warham, and Welwick
All these sites are located in the East of England except Undy and Llanrhidian which are
located in the West of England and South Wales respectively. Figure 2.1 displays the

location of the saltmarshes in the UK.
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Figure 2.1 Location of saltmarsh sites studied in the United Kingdom. The map was produced
ArcGlIS Desktop 10.3.

These sites are variable and contain different structures but both Undy and Llanrhidian
have high elevations relative to other sites (see result section chapter 3). A number of
transects were randomly defined across these saltmarshes, stretching from the sand or
mudflat beyond the marsh’s seaward edge to the seawall or rising ground at the marsh’s
landward edge. Elevations of the DTM were plotted against those of the DSM and both
were plotted against distance along transect to examine the differences (more details in
results section) using Matlab commands (Matlab, R2016B, see scripts in appendix to
Chapter 2). The DTM and DSM were also plotted as colour coded maps (Fig 2.5, 6 and 7,

Stiffkey site as example, see more in appendix to chapter 2).

25



Legend
[]strrkevarea GREAT BRITAIN

[ | GREAT BRITAIN

CUSIT  OUTNE  CAINT  0SONT  OSZXT SO  CSSKT  OSPNT  OSIWT 10T 1INE
I i W A VA Y N M T [ M M W Do T ol T M RS Nt A T T

g ¥+ +++ 4
i+ +surekey satiarsies T T T :
: + H2

\ - Blopogd fope i 5% $optrdot fobabab :
\\ N g.++++++++++++++++++++++:
S : The se: L
k : . eRed L+ + 4+ ++ + +

R 3 ++'+—~,+ A o
++++++p LT o

\\ ] }-‘"h

\ {£+++ =+ H

b M+ +++++++g

8 ’_+++++++++++¢++++:»+_++++__

7 >
ik e :‘++++++++++++++++++++++
+ N
4% bt et
4+t 3 : :
e ————p——\liet. + + + + /A3
LIS B S o

| PR Y W TN DETT R | | FT O [T PR S RN QN RN OO
TUSUT  CEAT CUEWT O T O350C OS6NT OSENT 1OVT  r1eOT

d

5
)

P!

¢

|

{
=z

.

Figure 2.2 A map detail of Stiffkey saltmarsh. The map was produced Arc GIS Desktop 10.3.

The initial assessment of the comparison between DTM and DSM indicated that DTM was
observed to be more reliable than DSM in estimating the elevations of the surface of the
sediment on the marsh closely to the reality (Fig. 2.5, 6 and 7). So, for the remaining sites,
only the DTM was examined. Vertical orthorectified aerial photographs with 25 cm were
obtained from Edina Digimap (https://digimap.edina.ac.uk/) to view detailed aerial imagery
at various fixed scales (Fig 2.10, Stiffkey as an example). Photographs of other sites are in
appendix to Chapter 2.

The accuracy of the DTM data was assessed based on the differences between GPS and
DTM elevations across saltmarsh at Stiffkey and Warham. Field work to compare lidar data
with directly measured elevations was conducted on both the Stiffkey and Warham
saltmarshes. Elevation was measured at 297 points randomly chosen locations along

transects using high resolution differential Global Positioning System (GPS) (Topcon Hyper
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V, Topcon, Newbury, UK) with a horizontal and vertical resolution of +/- 3 mm and +/- 3.5
mm respectively (Fig 2.4). Longitude and latitude of each GPS measurement were used to
extract the corresponding elevations of the closest pixel in the LIDAR DTM, and this was
compared with the field GPS measurements. Figure 2.2 displays a map of Stiffkey saltmarsh

that was generated using ARC GIS desktop.

Figure2.3 Stiffkey saltmarsh 3D terrain generator
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Figure 2.4 Global Positioning System (GPS) (Topcon Hyper V, Topcon).

In addition, the UK landcover map for 2015 (LCM), published in 2017 (Rowland, et al., 2017)
was obtained from UK Centre for Ecology and Hydrology (CEH, 2018). This was generated
from over seventy satellite images acquired in summer and winter by the Landsat-
Thematic Map (TM5), Satellite Pure Observation dele Teree (SPOT-4) and SPOT-5 and
Indian Remote Sensing Satellite (IRS)-LISS3 sensors. The pixel size for these satellites is 20-
30m. Advanced Wide Field Sensor (AWIFS) with a pixel size of 60m was used when other
imagery was unavailable. Polygons identified as saltmarsh were extracted from the
landcover map, then cropped and overlain onto the aerial photographs. These were
examined visually to assess the accuracy of the landcover map. Initial inspection showed
that a small number of polygons had been incorrectly identified as saltmarsh. These, which
represented only 1 - 2 % of the “saltmarsh” polygons, were most frequently areas of coastal

freshwater grazing marsh, rough grassland or arable land adjacent to the coast, or areas of
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seagrass or algal growth on intertidal mudflats. They were removed manually (see table
2.1), then the LIDAR data files were masked with the remaining polygons to extract
elevations corresponding to areas of saltmarshes (Figure 2.8 and 9, Warham as example,
see more in appendix to Chapter 2). Analyses were carried out in R 3.5.0 version (Pinheiro,
Bates et al., 2018) using the raster, rgdal, rgeos, magick, imager and ggplot2 packages
(Barthelme, 2017, Bivand, Keitt et al., 2015, Bivand and Rundel, 2017, Hadley, 2016,
Hijmans, van Etten et al., 2017, Jeroen, 2018). We used packages for following procedures:
- read raster, tiff, text, shape and images files, and overlay them to allow visual
inspection of the data.
- Maximize the extent of the marsh area from 1 km?to cover most of the marsh by
emerging more than 1 km?, depending on the availability of the data from the source.
- Combined LCM and LIDAR data to identify the limitation of saltmarsh area and
removed non-marsh area, and then extracting saltmarsh elevation.
Displaying saltmarsh area images and histogram of saltmarsh elevation relative to tidal

heights.

TM{Frzph of differences between DTM and DSM
&

o™ 10° DSM 10 DIFFERENCE TF9443 to TF 9645
45 S -

Figure 2.5The differences in saltmarsh elevation between DTM and DSM at Stiffkey.

29



%10° DSM

3.435

343

3.425

3.415

3.41°
5.94 5.945 5.95 5.955 5.96 5.965 5.97

%10°
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Figure 2.7 A map of elevation of the marsh (DTM) at Stiffkey (https://digimap.edina.ac.uk/).
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In figure 2.8 below, an aerial photograph of all polygons obtained from the landcover map
at the Warham saltmarsh is presented. However, after removal of some of the polygons
from the LCM, the remainder polygons corresponding to the area in Warham saltmarsh
were generated as displayed in figure 2.9 below after the problematic polygons have been

removed.

Figure 2.8 Aerial photograph representing all polygons at Warham identified as saltmarsh in the

UK landcover map (https://digimap.edina.ac.uk/).
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Figure 2.9 Saltmarsh polygons remaining at Warham after manual removal of incorrectly

designated polygons (https://digimap.edina.ac.uk/).
In figure 2.10, an aerial photograph of the Stiffkey saltmarsh at 25cm resolution is

displayed.
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Figure 2.10 Aerial photograph with 25 cm resolution of saltmarsh at Stiffkey

(https://digimap.edina.ac.uk/).
In table 2.1 below, the data specification for study sites including UK Ordinance survey
involving 1km grid squares is included. The resolution of LIDAR images and UK land cover

map of the polygon numbers that were manually removed are also detailed.
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Table 2.1 Data specification for study sites, including UK Ordnance Survey 1km grid squares included
resolution of the LIDAR image (m) and UK land cover map Polygon numbers that were manually excluded.

Resolution
sit UK Ordnance Survey 1km of the Excluded 2015 Land Cover Map Polygon
ite name
squares LIDAR numbers
image(m)
2711048, 2172324
Crably Creek SE9027, SE9127 0.25
5275733, 5849579
TA3218, TA3219, TA3318, 4798177, 2903927,
Welwick 0.25
TA3319, TA3418, TA3419 6139836
3697587, 3644914,
Donna Nook TA3900, TA3901 0.25
3289651
4802614, 2772162, 4828916, 5999893,
1974226, 2000719, 5473809, 487370,
TF3738, TF3838,
Frampton 0.25 4245686, 5946990, 3486953, 5955407,
TF3938, TF4038
1481924, 6685071, 2325624, 4524392,
91958, 3592400
6026216, 403457, 6008466, 340245,
5104862,
6297812, 2212129, 5236413, 4376853,
6671835,
TF8045, TF8046,
Scolt Head Island 1 5060527, 3723865, 2606577, 2225262,
TF8145, TF8146 271795,
3763198, 987229, 4644791, 1825002,
840384,
566523, 1750486
TF9144, TF9145, TF9244, 1114334, 223946, 6487234, 4197826,
Warham 1
TF9245, TF9344, TF9345 5350524, 4602882, 2061903
TF9544, TF9545, TF9644,
Stiffkey 1
TF9645, TF9744, TF9745
1085140, 3433015, 3921125, 6664321,
4131686, 690456,
3558535, 5288769, 5932468, 6268666,
Orfordness TM4349 1
5169330, 3137183,
1301261, 6690787, 6453302, 2947270,
5906202, 895145
Hemley 5406, 1038574, 6142802, 5399923,
TM2941, TM2942 0.25

4998747, 3380025
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Resolution

sit UK Ordnance Survey 1km of the Excluded 2015 Land Cover Map Polygon
Ité name
squares LIDAR numbers
image (m)
564896, 5373843, 4789263, 1722613,
TM2223, TM2224, TM2225, 6000361, 4637084,
TM2226, TM2227, TM2323, 4657509, 1287659, 1842306, 110671,
Hamford Water TM2324, TM2325, TM2326, 1 3347459, 1531269,
TM2327, TM2423, TM2424, 242069, 2408418, 6690406, 2840494,
57907, 1689715,
TM2425, TM2426, TM2427
2880817, 6116512, 4432262, 3689494
4425967, 5327008, 5426374, 3163209,
274879, 6663918,
2170856, 880668, 749029, 4038521,
TL9610, TL9611, TL9612,
Tollesbury 0.25 5380025, 3669486,
TL9710, TL9711, TL9712
1379869, 4064979, 3242384, 5841246,
157554, 1557667,
1222220, 3181544, 5037103, 3505418
TMO0200, TM0201, TM0202,
Dengie TMO0203, TM0300, TM0301, 1
TMO0302, TM0303
Fambridge TQ8396, TQ8397, TQ8496,
0.25 420695, 2513192, 1979292
TQ8497, TQ8596, TQ8597
S77698, 527699, 77799, 1783799, 2941210, 1783797, 3677699
Witteringham 1
577798
5256286, 5018976, 204361, 5266605,
2688807, 1767683,
River Hamble SU4808 1 3978150, 4966399, 530624, 951713,
5993246, 1256582,
6572954
Erth Island 580796, 884750, 1884366, 2937056,
ol e SX3756 1
(Plymouth) 5831268, 1685358, 3463018
1625, 4104340, 736117, 95217, 1580338,
5343648,
Steart
s estuary)* 1791827, 938243, 253337, 4843558,
evern estuary
ST2845, ST2846 0.50 3264869, 2096124,

549731, 1841357, 3659517, 2859444,
4238690, 95218,

1107357, 3735537, 6314075, 5568911
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Resolution

sit UK Ordnance Survey 1km of the Excluded 2015 Land Cover Map Polygon
Ité name
squares LIDAR numbers
image (m)
6630926, 1264603, 3896560, 5094970,
1865491,
Brean Down $T3058 1
(Severn Estuary) * 5501632, 1017139, 6253009, 128265,
3805940, 6095286
Sand Point 476006, 5674466, 3159824, 2081414, 1660065,
" ST3265, ST3365 1
(Severn Estuary) 4023524, 5817135, 6728319
Undy (Severn
Estuary) ST4485, ST4585 1 2237001, 2360762, 5490896, 2675778
555496, 555497, SS5596, 2176008, 5922349, 1174818, 4910653,
5779134,
Llanelli S$S5597, SS5696, SS5697, 1 475760, 1148271, 3463907, 791779,
$55796, 855797 4864748, 2897003, 1806843
6464267, 701565, 3674494, 1148290, 6554659,
$54593, SS4594, 554693, 2686495,
Lianrhidian 554694, SS4793, 554794, 2544434, 3306031, 4175085, 391616, 6095352,
1 2537396,
554893, 554894, 554993, 121965, 1606674, 5753024, 6517026, 3607261,
$54994, $55093, S55094 332600,
2608124, 6211666
2123715, 728657, 5317547, 3201840, 5840472,
5972116,
SN6393, SN6394, SN6395,
3420042, 393717, 5053948, 2702467, 3044350,
SN6396, SN6397, SN6493, 6054562,
Dovey Estuary SN6494, SN6495, SN6496, 1 6472720, 728645, 3761476, 5027711, 1738452,
4018060,
SN6497, SN6593, SN6594,
4701560, 5423164, 4814267, 4974997, 6261564,
SN6595, SN6596, SN6597 6502646,
2319359, 271969, 43821, 5254052
SJ2672,S5)2673, SJ2674,
SJ2675, SJ2676, SJ2677,
Neston SJ2772,5)2773,S5)2774, 262009, 2841865, 5892525, 4766083
1

Dee Estuary

SJ2775, 812776, S12777,
SJ2872, 512873, SJ2874,

SJ2875, 52876, 512877
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Site name

UK Ordnance Survey 1km
squares

Resolution
of the
LIDAR

image (m)

Excluded 2015 Land Cover Map Polygon
numbers

Morecambe Bay

SD4670, SD4671, SD4672,
SD4673, SD4770, SD4771,
SD4772,SD4773, SD4870,

SD4871, SD4872, SD4873

0.25

4045742, 815149

Skinburness
(Solway)

NY1355, NY1356, NY1357,
NY1455, NY1456, NY1457,
NY1555, NY1556, NY1557,
NY1655, NY1656, NY1657,
NY1755, NY1756, NY1757,
NY1855, NY1856, NY1857,

NY1955, NY1956, NY1957

767006, 4808344, 6477172,
5450611, 2756349, 2688144,
5387331, 2494607, 3887622,

4545008, 3608816, 466832

Longburgh (
Solway)

NY2959, NY2960, NY2961,
NY2962, NY2963, NY2964,
NY3059, NY3060, NY3061,
NY3062, NY3063, NY3064,
NY3159, NY3160, NY3161,
NY3162, NY3163, NY3164,
NY3259, NY3260, NY3261,
NY3262, NY3263, NY3264,
NY3359, NY3360, NY3361,

NY3362, NY3363, NY3364

5792170, 5571525, 5334602, 3523465,
914482, 28882009,

5186937, 5081541, 235607, 3840960,
229635

Holy Loch

NS1581, NS1582

1:1000

River Wick

ND35SW, ND35SE

Cromarty Firth

NH7570

1:1000

River Ythan

SU4808

Tay Estuary

NO2015, NO2020,

NO2515, NO2520
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Site name

UK Ordnance Survey 1km
squares

Resolution
of the
LIDAR

image (m)

Excluded 2015 Land Cover Map Polygon
numbers

Beal

NUO0840, NU0841,

NU0940, NU0941

4708500, 3315922, 50842, 5008676,
1526154, 6340427,

6303285, 3577701, 2668107, 4062741,
1421209, 4851277,

2737707, 6421542, 1983698, 4053680,
658930, 5013138,

5956291, 5605236, 5298284

Budle Bay

NU1434, NU1435,

NU1534, NU1535

2062694, 6709396, 3684392, 167369,
777715, 6419660,

6540708, 2904646, 5377853, 171872,
2221394, 3434988,

5114192, 2921602, 3062137, 66396,
5666732, 4641061,

2300348, 167368

Alnmouth

NU2410

4855702, 421423, 6272181, 6351810,
4119568, 1404104,

5324833, 3829523, 1513659, 4036283,
1456398, 2777524,

1698242, 5561857, 1957180, 2252290,
5524310, 1667461,

1930622, 2353047, 483526, 1618950
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2.3 Results

There was close agreement between the DSM and DTM across the saltmarsh (t-test, r? =

0.988, p<0.05), (Fig. 2.12) and their differences were close to zero (Figure 2.5), and the DTM

is virtually always lower than the DSM. There are also some differences between DTM and

DSM in the areas of rough grassland and shrubs and through creeks. Although there are

some pixels in which the DSM is higher than the DTM along the transects across the

saltmarshes (Fig 2.11 a), the largest differences between the DSM and the DTM occur in

the areas of rough grassland and shrubs above the highest elevations of the saltmarshes.

The trees and shrubs such as gorse (Ulex europeaus) are removed successfully from the

DTM. For example, at Stiffkey it is apparent that the DTM removed shrubs elevations along

the section at the landward edge of the transect (Fig. 2.11b).

Salt Marsh elevation along transect at Stiffkey
Grid, TF96500 TF44000 to TF96500 TF45200

<

North

Salt Marsh Elevation (m)

—0TM]

DSM

1200 1400 1600 1800
Distance (m)

Figure 2.11a salt marsh elevation (DTM &DSM) along transect across saltmarsh at Stiffkey
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The areas of rough grassland and shrubs at Stiffkey
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Figure 2.11. salt marsh elevation (DTM &DSM) in the areas of rough grassland and shrubs at
Stiffkey.

The DSM is slightly higher than DTM (Figure 2.11c) which highlights slightly changes in

elevation between DTM and DSM across the saltmarsh vegetation.

Salt Marsh elevation along transect at Llanrhidian
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Figure 2.11b salt marsh elevation (DTM &DSM) along transect across saltmarsh at Llarnhidian.
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Salt Marsh elevation along transect at Dengie
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Figure 2.11c salt marsh elevation (DTM &DSM) along transect across saltmarsh at Dengie.
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Figure 2.11 d salt marsh elevation (DTM &DSM) along transect across saltmarsh at Warham.
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Figure 2.11e salt marsh elevation (DTM &DSM) along transect across saltmarsh at Fambridge.

The DTM estimates elevations with water bodies but in some parts of saltmarshes it might
be joining small creeks and pans up through transect. However, the DSM fails to estimate
a surface elevation in creeks and sets the elevation to NaN (plotted in white on the DSM,
Figure 2.6), whereas the DTM algorithm makes reasonable estimates of the elevations of
the bottoms of the creeks (Fig. 2.11b). In some cases where creek meanders surround an
area of higher marsh or mudflat on three sides, the DTM algorithm may incorrectly subtract
the elevated area from the DSM, leading to an overestimate of creek area and volume (Fig.
2.11b).

There was largely agreement between the DTM and the DSM of estimating elevation along
transect through shingle ridge at Stiffkey (Figure 2.11 a) at approximately 1250 m of a
distance and also through cliff at Dengie (Figure 2.11 c) at approximately 1180 m of a
distance along transect. However, there will be slightly differences through cliff such as

Llarnhidian saltmarsh (Fig 2.11b) at approximately 1450 m of a distance along transect.
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Elevations measurnments differences along transect between DTM and DSM at Stiffkey Salt Marsh
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Figure 2.12 the differences of estimating elevations of the surface of the sediment on the marsh

between DTM and DSM along transect at Stiffkey.

type
® Creek
® Marsh
4.0 ¥ Ridge
— ® Sand
E ® Transiti
(o]
E
= 3.0
2
®
>
2
I
& 20
=
-
1.0

1.0 20 3.0 4.0
GPS Elevation (m ODN)

Figure 2.13 Plot of Lidar DTM elevation against elevations obtained using high resolution GPS at

Stiffkey and Warham saltmarshes to illustrate the accuracy of the DTM.
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GPS estimates of elevation on the salt marsh surface at 297 points of saltmarsh at Stiffkey
and Warham were very similar to those from LIDAR data, with the majority of differences
being less than 20 cm (Fig 2.13). Therefore, the DTM seems to be more reliable to estimate
elevation of sediment surface in the marsh. However, the DTM underestimates the full
depth of some creeks by between 30 and 80 cm in creeks (Fig 2.13). This may in part be
due to movement of creeks between the dates on which the LIDAR and GPS data were
acquired, but visual comparisons of DTMs and DSMs indicates that in at least some cases,
creeks are being incorrectly removed by the algorithm that generates the DTM.

Salt marshes examined here have quite extensive platforms that are close to horizontal,
with much steeper gradients both on the pioneer zone and the upper marsh. For example,
Figures 2.11 a, b, ¢, d and e show cross sections of the marsh at Stiffkey and Warham in
North Norfolk; at Dengie and Fambridge in Essex, and at Llarnhidian in Swansea. At Stiffkey,
a platform occurs at an elevation of 2.75m ODN (Fig 2.11a), just below the elevation of
MHWS (2.81m ODN at this site). At the landward edge of the marsh there is a steep
gradient, rising from around MHWS to above the level of the highest recorded storm surge
at this site (5.34 m ODN), (Spencer et al., 2015) over a distance of only 100 m. Despite there
being no artificial sea wall at this site at Stiffkey, the more steeply sloping pioneer marsh is
to seawards of a small shingle ridge, but a similar pattern occurs on other marshes (e.g. Fig
2.11c example, Llarnhidian salt marsh) and in other cases, a small cliff exists at the marsh
edge with mudflat to seawards (Fig 2.11c example, Dengie salt marsh). At Fambridge, Essex
the marsh is now badly eroding along the lines of field drains that were constructed after
reclamation, and the DTM algorithm does not correctly identify the heights of the areas

that have not been eroded (Fig. 2.11e).
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2.4 Discussion

In line with previous studies (Fernandez et al., 2017, Hopkinson et al., 2004, Schmid et al.,
2011) there was quite close agreement between the DSM and DTM across the saltmarsh.
However, there are very small differences in elevation between DTM and DSM (Fig. 2.5).
These differences might reflect the canopy height of the vegetation, because of vegetation
height and density play a role in variations between DTM and DSM in saltmarsh area
(Brovelli et al., 2004, Rosso et al., 2006). The DTM algorithm is unable to remove the effect
of continuous vegetation across saltmarshes, but it was successfully able to remove shrubs
such as Sueada vera from the DSM above the highest elevations of the saltmarshes (Fig
2.11a in landward edge at Stiffkey). Another aspect is that for saltmarshes elevations of a
few tens of cm, as that can have a big impact on vegetation and sediment waterlogging.
For terrestrial environments, the overall differences in elevation are much bigger so
removing vegetation that is 10-20 cm high is much less important.

Elevation measurements within water bodies on saltmarshes including creeks and pans
might be difficult (French and Spencer, 1993, Reed, Spencer et al., 1999) but the DTM
provided good information of the elevations of the bottom of the creeks across saltmarsh.
However, DTM might be joining small creeks and pans up through transect across saltmarsh
(Figure 2.11b and 2.11b1) and estimated these elevations as sediment surface elevation of
saltmarsh. This might be due to very small differences in elevations, but (Fernandez-Nunez,
Burningham et al., 2017) indicated that the accuracy of DTM is around 84 % in classifying
saltmarsh feature recognition in ponds and small creeks, so this is reasonable reason of
joining small creeks and pans up through small creeks.

By contrast, the DSM fails to estimate surface elevation in creeks and sets the elevation to

NaN (plotted in white on the DSM, Figure 2.6 ), this might occur particularly in the DSM due
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to inability of laser beam to discriminate creeks from saltmarsh surface (Jacobsen and
Lohmann, 2003). For shingle ridges (Fig 2.11a, at Stiffkey), and cliffs at the edge of marshes
(Fig 2.11c, at Dengie) both the DTM and the DSM were largely agreement of estimating
elevations. This might be due to the DSM estimates the position of the surface, whether
this is vegetation or sediment, then the DTM tries to remove objects that stick up above
the surrounding area (Li, Zhu et al., 2004).

Most of the differences between GPS and LIDAR data were less than 20 cm (Fig 2.13). This
confirmed that the accuracy of the DTM decreases approximately 10 cm compared to the
reality (Salach et al., 2018) as we find that the sediment surface is going to be around 10-
20cm lower than the DTM. Moreover, LIDAR offers accuracies better than 20 cm even
without vegetation correction (Chassereau et al., 2011, Sadro et al., 2007, Wang, Menenti
et al., 2009). However, the DTM underestimates the full depth of some creeks by between
30 and 80 cm (Fig 2.13). This may in part be due to movement of creeks (Nemmaoui et al.,
2019) between the dates on which the LIDAR and GPS data were acquired, but visual
comparisons of DTMs and DSMs indicates that in at least some cases, creeks are being
incorrectly removed by the algorithm that generates the DTM.

Textbook diagrams of saltmarshes often show an approximately uniform gradient running
from the level of the highest tides down to the pioneer zone, although this is dissected by
creeks and pans (Boorman, 2003b), Fig 2.1; (Burd, 1989) Fig 1. However, many of the
marshes examined here have quite extensive platforms that are close to horizontal, with
much steeper gradients both on the pioneer zone and the upper marsh, and platforms of
these marshes often occur at or below an elevation of MHWS particularly in the East and
South of England. For example, at Stiffkey a platform occurs at an elevation of 2.75m ODN

(Fig 2.11a), just below the elevation of MHWS (2.81m ODN at this site). Although our
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estimates are higher than the elevations of marshes by (Pethick, 1981) in North Norfolk,
they are similar to elevations estimated by (French, 1993). At Dengie, a platform occurs at
2.48m ODN elevation (Fig 2.11c) just below MHWS (2.57m ODN at this site), and this
elevation was measured by Moller (2006) at 2.4-2.7m O.D. In some sites, such as North
Fambridge (Fig 2.11e), there are frequent changes in elevation. This is a marsh that was
reclaimed then regenerated as saltmarsh after accidental dike breach by the great storm
in 1897 (Crooks et al., 2002).

Based on our analysis and the differences between GPS and DTM elevations across
saltmarsh at Stiffkey and Warham, the DTM is extremely valuable for comparing marsh
features, and it is more reliable than the DSM to estimate elevation of sediment surface in
the marsh with accuracy less than 20 cm. So, the DTM gives an accurate elevation, but one

that is slightly higher than the sediment surface, as a result of continuous vegetation.
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2.5 Conclusion

In this chapter, findings obtained showed that LIDAR worked quite well in the generation
of the DTM and DSM models. In particular, the results showed that the DTM facilitated the
removal of rough grassland and shrub from the DSM above the highest elevations of the
saltmarshes. In turn, this led to the successful estimation of the surface of the sediment.
The DTM can be used to provide precisely good information for saltmarsh elevations and
clearly determine existing differences. Concerning GPS, it is noteworthy mentioning that
the actual sediment surface is consistently lower than the DTM in 20cm. Furthermore,
findings showed that although the accuracy of the UK Landcover map (LCM) data is very
good, improvements in quality can be obtained through manual checking of its
classification against aerial photographs. In the following calculations, evaluations and
guantifications in the next chapters of this study we interested in sediment surface
measurement. Therefore, any underestimation of creek depth does not affect the

conclusions of this work as we focus entirely on the DTM data.
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Chapter three
Tidal elevations of UK saltmarshes and implications for their potential contribution to
sea defence

3.1 Introduction

Intertidal environments, such as saltmarshes, mangroves and mud flats, deliver a wide
range of ecosystem services and make a significant contribution to global and national
economies (Barbier et al., 2011). In the UK, their value has been estimated as £48 billion,
or 3.46% of the national income (Jones et al., 2011). An important role of saltmarshes is in
helping to ensure protection of communities in coastal areas and economic assets from
flooding, the risks of which are increasing because of sea-level rise and changes in
shorelines (Gedan et al., 2011, Morgan et al., 2009, Woodruff et al., 2013).

King and Lester, (1995) argued that an 80 m width of saltmarsh in front of a seawall reduced
the height of wall needed as an effective sea defence from 12m to 3m. This claim, and the
reduction in construction costs that it implies, has been very influential on UK coastal
defence policy Environment Agency (EA), 2007 (e.g., Dixon et al., 1998; Jones et al., 2011;
Foster et al., 2013). Wetlands can also play a role in reducing peak water levels of storm
surges as they move inland, with reported reductions varying between 1.7 and 25 cm per
km of marsh (Gedan et al., 2011; Leonardi et al.,2018), but this is not our focus here.

Wave energy dissipation is greatest in shallow water (Saket et al., 2018), so intertidal

vegetation, such as saltmarshes and mangroves, increase the amount of dissipation that
occurs by stabilising sediments relatively high in the tidal frame (Krauss et al., 2009, Sheng
et al., 2012, Wamsley et al., 2010), thus reducing water depths during high tide. The
vegetation itself may also contribute to wave energy dissipation by increasing bed friction

(Garzon et al., 2019, Moller, Spencer et al., 1999, van Rooijen et al., 2018).
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One modelling study (Brampton, 1992) predicted that the reduction of the height of waves

over an 80-metre-wide saltmarsh was 40%. Diverse empirical studies have quantified wave
reduction heights that occur as waves propagate across intertidal vegetation. (Moller,
Spencer et al., 1999) found that wave height reduction across 200 m of saltmarsh averaged
at 63%, although this percentage was smaller than expected based on extrapolations of

(Brampton, 1992) modelling results, as most energy dissipation occurred over the first 10

to 50 metres of the surface of the salt-marsh.

Although the effectiveness of saltmarshes in dissipating wave energy depends strongly
upon the depth of water over the marsh, empirical studies almost inevitably collect data
during normal tidal conditions rather than during rare storm surges. An exception is
(Moller, Kudella et al., 2014) who examined wave dissipation in water depths of 2 min a
large flume, finding a maximum 19.5% reduction of wave height across 40m of marsh for
waves with an amplitude of 0.3 m, but lower dissipation than this for both larger and
smaller waves.

In most cases, the use of traditional surveying equipment has been predominant for most
researchers whereby, the elevation of sites is determined by using conventional equipment
(Millard et al., 2013). The use of High-resolution differential GPS provides accurate data to
do elevation surveys (Ganju et al.,, 2020), but the data are still limited to point
measurements across the whole marsh. Instead, remote sensing technologies (LIDAR) data
gives much more dense spatial coverage (Ekberg et al., 2017), over short period of time,
and determines how effectively vegetation can be removed (DiGiacomo et al., 2020).

To extrapolate these studies to understand what may happen during storm surges, when
water levels are markedly higher, we need to know the depth of water that occurs over

saltmarshes during storm surges. We have good data on heights of normal tides and storm
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surges relative to land for a number of locations, but saltmarshes are often some distance
away from these standard ports. Also, the elevation that corresponds to a particular tidal
elevation, such as the level of mean high water of spring tides, can change rapidly over
relatively short distances (Mossman, Davy et al.,, 2012b). In consequence, with the
exception of a small number of sites where workers studying saltmarshes have deployed
tide gauges nearby (Gray and Bunce, 1972a; b, Gray and Scott, 1977), we usually do not
know the exact tidal elevation of saltmarshes.

We use publicly available LIDAR data in this study to quantify the elevation of saltmarshes
at sites from across the UK relative to the national elevation datum (ODN; based on mean
sea level in Newlyn, Cornwall). We combine this with data on heights of storm surges,

spring and neap tides from nationally maintained datasets (Nationally Data List, 2017) and

our own data collected using depth sensing data loggers (Mossman, Davy et al., 2012b).
This allows us to determine the elevations of saltmarshes relative to mean spring and neap
tides. This in turn allows us to predict water depths over saltmarshes during storm surge
conditions and thus to assess the extent to which they mitigate flood risk during the rare

storm surge events during which most coastal flooding occurs.
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3.1.1 Aims of the Study

The aims of this study are:

(i)

(ii)

To characterise the elevations of 35 saltmarshes around the UK relative to a
terrestrial datum (ODN) and relative to the elevations reached by normal high tides
and by storm surges.

Thus, to investigate the extent to which saltmarshes around the UK may contribute
to flood protection and coastal defence by reducing wave energy during normal and

storm surge conditions.

The objectives of this study are:

(i)

(ii)

(iii)

Using a Digital Terrain Model (DTM) based on LIDAR data across saltmarshes and
the landcover polygons of the UK to extract elevation of saltmarshes for thirty-five
sites around the UK.,

To combine saltmarsh polygons from the UK landcover map with DTM data for each
saltmarsh site to characterise the elevation relative to ODN of each saltmarsh site;
to determine the range of elevations occurring at each site.

To determine the elevations of mean high water of spring and neap tides (MHWS
and MHWN) for each saltmarsh site, and the height of extreme storm surges above
these levels. Thus determine the relationship between marsh elevation and critical

tidal levels and the likely depth of water above the marshes during storm surges.
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3.2 Method

Following the methods in chapter 2, thirty-five sites were identified to extract elevations
corresponding to areas of saltmarshes (Figure 2.1, see chapter 2). These sites encompass
the range of saltmarshes present around the UK. From the previous chapter (chapter 2),
we found that Digital Terrain Model (DTM) is a more accurate indicator than Digital Surface
Model (DSM) for measuring elevations of the sediment of saltmarsh. Therefore, elevations
of saltmarshes were generated and determined from DTM data. Analyses of these data
were carried out in R 3.5.0 using the raster, rgdal, rgeos, magick, imager and ggplot2
packages (Barthelme, 2017, Bivand, Keitt et al., 2015, Bivand and Rundel, 2017, Hadley,
2016, Hijmans, van Etten et al., 2017, Jeroen, 2018). Site information has been explained
in detail in chapter 2. In addition, saltmarsh elevations were extracted and converted into
histograms (details in chapter 2). The histograms are displayed in this chapter where the
distribution of elevations across the saltmarsh area at each site is observed (for example,
figure 3.1 which shows the histogram of Stiffkey). The proportion of the areas of the marsh
above the level of MHWS and below the level of MHWN was also calculated (Table 3.1
(record 7 for Stiffkey), Figure 3.2 and Figure 3.3 for Stiffkey as an example).

To simplify direct comparison of the height of marsh platforms between sites, we have
standardised the tidal elevations so that O corresponds to MHWN and 1 corresponds to
MHWS, using the formula:

Tidal height = (Elevation relative to ODN - MHWN) / (MHWS-MHWN), (Mossman, Davy et

al., 2012b), and these are included in (Table 3.1 and; Figure 3.20; Figure 3.21).

With one exception, elevations corresponding to MHWS and MHWN were obtained from
tidal measurements made on that marsh or nearby by (Mossman, Davy et al., 2012b) or

from nearby ports where tidal data have been published UK Hydrographic Office (2014).
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Two sites (Erth Island and Neston) were located approximately equidistant between
standard ports, which gave rather different estimates of these elevations. For these sites,
both values are provided in (Table 3,1). MHWS is defined as “the height of the average
throughout the year (when the average maximum declination of the moon is 23.5°) of two
successive high waters during those periods of 24 hours when the range of the tide is at its

greatest (NTSLF, 2020). Whereas MHWN is the equivalent value for successive high waters

when the tidal range is at its smallest. In a full year’s data of tidal heights from Cromer,
Norfolk, UK, MHWS corresponded to the 98th highest tide out of 705 and MHWN to the
601st (Mossman et al, 2012a). We therefore approximated MHWS as the 13.9th percentile
of the observed high tides and MHWN as the 85.2 percentile when other estimates were
not available or were unreliable. For the Sudbourne (Orford Ness) marsh, the value of 1.2m
ODN for MHWS at Orford Quay given by UK Hydrographic Office (2014) appears to be
incorrect, as it is much lower than the elevation of the marsh platform. Tidal heights for
Orford Ness (indicated by Orford Quay in Table 3.1) were calculated from one year of water
level data (1st May 2018 to 30th April 2019) provided by the UK Environment Agency, giving
elevations of MHWN and MHWS of 1.02 m and 1.48 m ODN, respectively.

Heights of the ten highest water levels ever recorded at 39 tide gauges around the UK, and
heights of MHWS were obtained from the UK National Tide and Sea Level Facility (NTSLF,
2020). These gauges were installed after the 1953 North Sea storm surge, and the summary
values cover the period up until the end of 2012, so do not include either the 1953 or 2013
surges. Data on the heights of these events was obtained from (Spencer, Brooks et al.,
2015). Hourly water level data for Cuxhaven, Germany, were downloaded from

https://uhslc.soest.hawaii.edu/data/. Hourly data higher than the immediately preceding
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and following values were taken as representing levels of high tides, with the level of

MHWS estimated as described above.
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3.3 Results

3.3.1 Saltmarsh heights for some individual sites

Detail elevation data is presented from six contrasting sites to illustrate the range of marsh
morphologies observed and the spatial distribution of different elevations across each
marsh.

3.3.1.1 Stiffkey Marsh

As illustrated in (Fig 2.11a, see chapter 2), much of the surface at Stiffkey consists of a
sub-horizonal platform lying just below the height of MHWS. A histogram of elevations

across the whole Stiffkey marsh is shown in figure 3.1 below.
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Figure 3.1: a red vertical line indicates the modal elevation at Stiffkey, green line represents
MHWN, blue line represents MHWS.
At Stiffkey the marsh platform is represented by a sharp peak on the histogram (Figure 3.1)
at 2.75m ODN, an elevation of 0.94 relative to MHWS and MHWN (Table 3.1). Areas below
MHWN are almost all along creeks (Fig 3.3) and areas above MHWS (Fig 3.2) occur as levees
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along creek banks; adjacent to the shingle ridge known as Stiffkey Meals, and at the
landward edge of the marsh where land slopes rapidly upwards (Figure 2.11a see chapter

2).
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Figure 3.2 : green areas represent marsh above the level of MHWS at Stiffkey, the grey shaded area

shows the extent of the saltmarsh polygons.
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Figure 3.3 green areas represent marsh below the level of MHWN at Stiffkey, the grey shaded

area shows the extent of the saltmarsh polygons.
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3.3.1.2 Dengie Marsh

Much of the surface at Dengie consists of a sub-horizonal platform lying just below the
height of MHWS (Figure 2.11c, see chapter 2). A histogram of elevations across the whole

Dengie marsh is shown in figure 3.4 below.
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Figure 3-4 a red vertical line indicates the modal elevation at Dengie, green line represents
MHWN, blue line represents MHWS.
A sharp peak of the saltmarsh elevation is observed as detailed by the red line (Fig. 3.4). The modal
elevation of the marsh at Dengie is at 2.48 m (ODN), an elevation of 0.90 relative to MHWS and
MHWN (Table 3.1). Areas above MHWS are along sea wall (Fig. 3.5), while areas below MHWN
occur as levees along creek banks (Fig. 3.6), and the areas behind the sea wall are lower elevation

than the main marsh (Fig. 2.11c see chapter 2).
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Figure 3.5 : green areas represent marsh above the level of MHWS at Dengie, the grey shaded area

shows the extent of the saltmarsh polygons.
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Figure 3.6 : green areas represent marsh below the level of MHWN at Dengie, the grey shaded area

shows the extent of the saltmarsh polygons.
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3.3.1.3 Morecambe Bay Marsh

Much of the surface at Morecambe Bay consists of a sub-horizonal platform lying above
the height of MHWS (Fig. 3.8). A histogram of elevations across the whole Morecambe Bay

marsh is shown in figure 3.7 below.

Te+06

3e+06 de+06 Se+06 Be+06

1e+06 2e+06

Oe+00
L

The fequency of elevation across the whole area of the marsh

Elevation relative to ODN

Figure 3-7 : ared vertical line indicates the modal elevation at Morecambe Bay, green line

represents MHWN, blue line represents MHWS.
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Salt Marsh elevation along transect at Morecambe Bay
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Figure 3.8: elevation of the DTM along transect across salt marsh at Morecambe Bay.
The marsh platform is represented by a sharp peak on the histogram (Figure 3.7) at 5.33m
ODN, an elevation of 1.18 relative to MHWS and MHWN (Table 3.1). The whole areas
almost are above MHWS (Fig 3.9), while very small areas are below MHWN through creeks

(Figure 3.10).
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Figure 3.9 : green areas represent marsh above the level of MHWS at Morecambe Bay, the grey

shaded area shows the extent of the saltmarsh polygons.
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Figure 3.10 : green areas represent marsh below the level of MHWN at Morecambe Bay, the grey
shaded area shows the extent of the saltmarsh polygons.

3.3.1.4 Llanrhidian Marsh

Much of the surface at Llanrhidian platform lying above the height of MHWS. A histogram

of elevations across the whole Llanrhidian marsh is shown in figure 3.11 below.
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Figure 3-11 a red vertical line indicates the modal elevation at Lianrhidian, green line represents

MHWN, blue line represents MHWS.
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In this particular marsh the platform is not represented by a sharp peak on the histogram
(Figure 3.11) at 4.6 m ODN, an elevation of 1.35 relative to MHWS and MHWN (Table 3.1).
The whole areas almost are above MHWS (Fig 3.12), while areas below MHWN are along

creeks and channels (Figure 3.13).
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Figure 3.12 green areas represent marsh above the level of MHWS at Llanrhidian, the grey shaded area

shows the extent of the saltmarsh polygons.
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Figure 3.13 green areas represent marsh below the level of MHWN at Llanrhidian, the grey shaded area
shows the extent of the saltmarsh polygons.

3.3.1.5 Dovey Marsh

Much of the surface at Dovey consists of a sub-horizonal platform lying between the height
of MHWS and MHWN. A histogram of elevations across the whole Dovey marsh is shown

in figure 3.14 below.
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Figure 3-14 a red vertical line indicates the modal elevation at Dovey, green line represents
MHWN, blue line represents MHWS.
The marsh platform is represented by a sharp peak on the histogram (Figure 3.14) at 1.82
m ODN, an elevation of 0.51 relative to MHWS and MHWN (Table 3.1). Areas above MHWS
are in the landward of the marsh where land slopes upwards (Fig 3.15), and as levees along

creek banks. Areas below MHWN are along creeks (Figure 3.16).
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Figure 3.15 green areas represent marsh above the level of MHWS at Dovey, the grey shaded area

shows the extent of the saltmarsh polygons.
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Figure 3.16 green areas represent marsh below the level of MHWN at Dovey, the grey shaded area

shows the extent of the saltmarsh polygons.
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3.3.1.6 Steart Marsh

Much of the surface at Steart platform is lying around the height of MHWS. A histogram of

elevations across the whole Steart marsh is shown in figure 3.17 below.

140000

20000 40000 60000 80000 100000
1

0
L

The frequency of elevation across the whole area of the marsh

Elevation relative to ODN

Figure 3-17 a red vertical line indicates the modal elevation at Steart, green line represents

MHWN, blue line represents MHWS.
The marsh platform is represented by a sharp peak on the histogram (Figure 3.17) at 6.89
m ODN, an elevation of 1.27 relative to MHWS and MHWN (Table 3.1). Areas above MHWS
are in the whole upper marsh and in the landward of the marsh (Fig 3.18), while very small

areas below MHWN along creeks (Figure 3.19).
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Figure 3.18 green areas represent marsh above the level of MHWS at Steart, the grey shaded area

shows the extent of the saltmarsh polygons.
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Figure 3.19 green areas represent marsh below the level of MHWN at Steart, the grey shaded area

shows the extent of the saltmarsh polygons.
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3.3.2 The distribution of marsh elevations relative to tidal height over different marshes

in the UK.

Marshes in the six case studies above (section 3.3.1) have quite extensive platforms that
are close to horizontal, except (Lianrhidian) which is not illustrated a sharp peak on the
histogram. Four out of six marshes illustrated that marsh areas are below or around MHWS.
By looking at (Fig 3.20) which shows 35 sites around the UK, elevations of these marshes
often have a frequency distribution which displays a fairly sharp peak, corresponding to the
presence of sub-horizontal platforms on the upper marsh. Most of these marshes (Twenty
five out of thirty-five) are below or around MHWS (Fig 3.21, table 3.1).

Marsh platforms in North Norfolk including Stiffkey, Warham and Scolt Head Island lie
between 2.75 and 3.075 m ODN. These platforms occur at approximately the level of
MHWS (Table 3.1, Fig 3.21). In Humber Estuary marsh, their platforms occur at around
MHWS in Welwick and Crably Creek at approximately 3.37 and 4.33 m (ODN) respectively,
while marsh platform at Donna Nook is lower than the level of MHWS and the whole marsh
lies between MHWS and MHWN (Table 3.1, Fig 3.21).

Marsh platforms in the Severn Estuary including Steart, Brean Down and Sand point occur
slightly above the level of MHWS (Fig 3. 21). While at Undy marsh, the platform lies at
around the level of MHWS (Figs 3.21). The marshes including Llanelli, Dovey (Dyfi) and
Llarnhidian, have variable platforms corresponding to MHWS. Llanelli marsh platforms
occur at approximately the level of MHWS, although there is still a large area above the
level of MHWS over the marsh. At Dovey (Dyfi) almost the whole marsh lies between
MHWS and MHWN, But Llarnhidian marsh platform occurs above the level of MHWS (Figs
3.20 and 21). All marsh platforms in the Solway and some marshes in Scotland here are

above the level of MHWS and tidal inundation occurs only at the highest of spring tides.
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For example, at Morecambe Bay, this marsh is wider than other marshes in the UK, 87.8 %
of marsh is higher than MHWS (Fig. 3.9 and Table 3.1).

Additionally, eight of the marshes (9 if tidal data for St Germans is used for the Erth Island
marsh) are at elevations greater than 1.1 on this relative tidal height scale, and these have
a substantial fraction of the marsh (sometimes almost the whole area) higher than MHWS
(Fig 3.21, Fig 3.22 and Table 3.1). These include marshes in Scotland (Holy Loch and Tay
Estuary) and North-West England (Neston, Morecambe Bay, Skinburness and Longburgh),
where isostatic uplift of the land surface is occurring. They also include marshes in the
Severn Estuary (Steart and Brean Down) which have a combination of very high tidal ranges

and high suspended sediment concentrations (Kirby and Parker, 1982). These processes

are examined in more detail in the discussion alongside possible reasons for the high tidal
elevation of marshes at Erth Island, Llanrhidian and Llanelli (which has substantial areas

above MHWS, even though the modal elevation is below this).
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Table 3.1. Details of study sites, including location; modal elevation of marsh; estimates of level of MHWS and MHWN at indicated location. Where now otherwise indicate,
locations for tidal elevations are based on UK standard ports (NDL, 2017). Erth Island and Neston lie midway between two secondary ports, so tidal data for both are given.
In the former cases the two secondary ports differ substantially in the tidal levels. Those indicated by * use elevations of MHWS and MHWN from Mossman et al (2012b).
Orford Ness tidal data (indicated by ') are based on UK Environment Agency data (see methods for details).

Site name Late/long Modal Location used MHWS MHWN Elevation Saltmarsh Saltmarsh
Elevation for MHWS and (m ODN) (m ODN) relative to below above
(m. ODN) MHWN MHWS & MHWN (%)  MHWS (%)
MHWN

Crably Creek 53°43'48.0"N 4.33 Blacktoft 4.2 2.5 1.07 NA 7.7
0°37'08.0"W

Welwick 53°38'58.9"N 3.37 Immingham 3.4 1.9 0.98 1.7 22.3
0°01'21.5"E

Donna Nook 53°28'43.9"N 2.82 Immingham 3.4 1.9 0.6 4 1.4
0°07'32.3"E

Frampton (The 52°55'11.1"N 3.58 Boston 3.93 2.83 0.68 4.8 8.89

Wash) 0°02'42.8"E

Scolt Head Island 52°58'55.9"N 3.075 Burnham* 3.17 1.87 0.93 14.2 17
0°41'37.5"E

Warham 52°57'49.8"N 2.82 Warham* 2.81 1.72 1 8.84 44.4
0°52'52.0"E

Stiffkey 52°57'43.1"N 2.75 Stiffkey* 2.81 1.72 0.94 8.62 23.6
0°55'42.6"E

Orford Ness 52°05'13.9"N 1.44 Orford Quay™ 1.45 0.7 0.99 0.1 38.8
1°33'20.7"E
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Site name

Hemley

Hamford Water

Tollesbury

Dengie

Fambridge

Witteringham

River Hamble

Erth Island (Lynher
River, Plymouth) *

Steart(Severn
Estuary) *

Late/long

52°02'14.5"N
1°20'24.8"E

51°54'56.5"N
1°15'10.7"E

51°45'53.3"N
0°50'58.8"E

51°40'43.1"N
0°56'18.4"E
51°37'59.7"N
0°39'07.3"E
50°47'03.3"N
0°54'37.5"W

50°52'29.4"N
1°18'42.1"W

50°23'02.8"N
4°17'01.9"W

51°12'22.7"N
3°01'48.7"W

Modal
Elevation
(m. ODN)

1.77

2.02

2.43

2.48

2.73

1.44

1.77

2.36

6.89

Location used
for MHWS and

MHWN

Woodbridge
Haven

Foulton Hall*

Tollesbury
(natural)*

Dengie*

North
Fambridge

Portsmouth

Bursledon

St. Germans

Jupiter

Waterbridge

MHWS
(m ODN)

2.07

2.04

2.72

2.57

2.95

1.97

1.86

1.98

2.28

6.1

MHWN
(m ODN)

1.17

1.28

1.69

1.65

1.85

1.07

1.06

1.08

1.18

3.2

Elevation
relative to
MHWS &
MHWN
0.67

0.97

0.72

0.90

0.8

0.4

0.89

1.4

1.07

1.27

Saltmarsh
below
MHWN (%)

58.4

32.3

78

9.4

62

53

68.6

7.5

0.69

Saltmarsh
above
MHWS (%)

5.52

17.8

2.1

10.6

10.6

6.1

35

60.8

46.95



Site name

Brean Down (Severn
Estuary)*

Sand Point (Severn
Estuary)*

Undy (Severn

Estuary)

Llanelli

Llanrhidian

Dovey (Dyfi) Estuary

Neston

Dee Estuary

Morecambe Bay

Skinburness (Solway)

Longburgh(Solway)

Late/long

51°19'15.7"N
2°59'53.2"W

51°23'12.8"N
2°57'58.4"W
51°33'56.7"N
2°47'45.5"W
51°39'05.8"N
4°05'21.8"W
51°37'12.1"N
4°11'26.4"W
52°32'32.8"N
3°58'54.5"W
53°17'06.2"N
3°05'27.8"W
53°18'27.6"N
3°15'30.1"W
54°08'33.2"N
2°48'28.1"W
54°53'09.8"N
3°19'00.6"W
54°55'59.8"N
3°05'03.4"W

Modal
Elevation
(m. ODN)

6.32

6.59

6.66

4.12

4.6

1.82

4.4

4.4

5.33

5.04

5.9

Location used
for MHWS and
MHWN

Weston-super-

Mare

Clevedon

Avonmouth

Llanelli

Burry Port

Dovey Estuary

Mostyn Docks

Connah’s Quay

Arnside

Silloth

Annan
Waterfoot

74

MHWS
(m ODN)

6.3

6.7

4.14

3.9

2.56

3.95

4.9

4.8

MHWN
(m ODN)

2.8

3.1

3.3

2.14

19

1.06

2.2

2.25

2.5

2.7

2.7

Elevation
relative to
MHWS &
MHWN

1.1

1.09

0.99

0.99

1.35

0.51

1.2

1.26

1.18

1.11

1.4

Saltmarsh
below
MHWN (%)

1.2

10.8

0.13

5.2

3.1

16.6

2.48

0.3

2.9

11

Saltmarsh
above
MHWS (%)

65.3

37.9

33.9

50

53.2

11.4

82

87.8

72.2

87.3



Site name

Holy Loch

River Wick

Cromarty Firth

River Ythan

Tay Estuary

Beal

Budle Bay

Alnmouth

Late/long

55°59'42.2"N
4°57'28.0"W

58°26'47.8"N
3°06'43.5"W

57°44'00.2"N
4°02'43.6"W
57°19'59.3"N
1°58'01.9"W
56°24'50.4"N
3°06'48.3"W

55°39'23.5"N
1°50'26.5"W
55°36'36.6"N
1°46'07.7"W

55°23'16.6"N
1°37'05.6"W

Elevation
(m. ODN)

1.88

1.73

2.15

2.2

1.89

2.23

231

Location used
for MHWS and
MHWN

Greenock

Wick

Invergordon

Newburgh

Newburgh

Holy Island

Holy Island

Amble

75

MHWS

1.78

1.79

2.08

2.8

2.8

2.4

2.4

2.35

MHWN

1.18

1.09

1.08

1.7

1.7

13

1.3

1.25

Elevation
relative to
MHWS &
MHWN

1.16

0.91

1.07

0.45

1.18

0.55

0.85

0.96

Saltmarsh
below
MHWN (%)

3.14

0.6

0.003

5.1

37.6

0.26

NA

8.3

Saltmarsh
above
MHWS (%)

71.46

43.9

65.5

1.6

39.1

23.2

59.7

39.2
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Fig 3-20: Variation of saltmarshes elevation at thirty-five sites around the UK coast. Sites are arranged in a sequence that moves clockwise around the coast,

starting at the Humber Estuary. Green line represents MHWN and blue line represents MHWS.
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For 15 more marshes, there is a peak on the histogram of elevations at between 0.9 and
1.1, while 11 show a peak at an elevation below 0.9, with the lowest marshes
(Witteringham, River Ythan and Dovey Estuary), having modal elevations approximately
midway between MHWN and MHWS (relative elevations between 0.4 and 0.51) (Fig 3.21,
Table 3,1).

The great majority of saltmarsh area at the sites examined in this study lies around, or
below, the elevation of MHWS. This is the case in South-East England (our sites between
Frampton and Fambridge), the part of the UK that is most vulnerable to flooding during
storm surges because the land is low-lying, a local isostatic sea level rise is occurring

(Shennan et al., 2009), and there are large areas where coastal or freshwater wetlands have

been drained for agricultural use.

Histograms of elevations of all saltmarsh sites are shown in (Figs 3. 21), arranged in a
sequence that runs in a clockwise direction around the UK, beginning at the Humber
Estuary. Our choice of this arrangement reflects the fact that the coast of the Southern UK,
from the Tees Estuary on the East coast to a point somewhere between Neston and the
Dovey Estuary on the West coast is experiencing isostatic sea level rise, while the coast to
the north of these points, including the whole coast of Scotland is experiencing isostatic
sea level fall (Shennan, Milne et al., 2009).

Comparing our findings with the subsidence/uplift values (Shennan, Milne et al., 2009)
concluded that the correlation is significant at 0.01 between saltmarsh platforms around
the UK and the subsidence/uplift values (Fig 3.22). There are a number of sites on rising
coasts with relative elevation > 1. The other sites with a modal elevation > 1 (Fig 3.22) are
in the Severn and Humber which are very high turbidity, and in the Erth Island marsh, which

is on pre-existing topography, while in Llanrhidian marsh might be due to peat formation.
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Undy (Severn Estuary)
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River Hamble
Witteringham
Fambridge

Dengie
Tollesbury
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Stiffkey
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Scolt Head Island
Frampton

Donna Nook
Welwick

Crably Creek

1 and MHWN = 0, as they were
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Fig 3-21: Elevation of saltmarsh platforms at 35 sites around the UK coast as indicated by modal elevation. MHWS
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3.3.4 What implications does this have for water depths over saltmarshes during high

tides?

During normal tidal conditions, a saltmarsh located at MHWS will be submerged on
approximately 100 of the tides that occur each year, and during roughly half of the periods
of spring tides the water level will remain below the marsh platform. Some literature

distinguishes on this basis between bank-full and over marsh tides (Bayliss-Smith et al.,

1979). But even during the times of year when spring tides are at their greatest amplitude,
the depth of water above the marsh will be relatively shallow. For standard ports in the UK,
for which very detailed tidal data are available, the highest predicted astronomical tides
are between 0.4 and 0.7m above MHWS (UK tide tables, Table V part 1). As a result, the
great majority of measurements of wave dissipation across saltmarshes have been in water
depths of less than 1 m. The main part of the UK where normal spring tides will flood
marshes to a greater depth than this is the Severn Estuary, where the very high tidal range
means that HAT is 1.33m above MHWS at Avonmouth, 1.22m above at Newport, 1.19m at
Hinckley Point, 0.97m at Mumbles, 0.99m at llfracombe and 0.81m at Milford Haven
(NTSLF, 2020). Coastal flooding normally occurs during storm surges, when tidal heights are
increased substantially above their predicted level by low pressure and/or wind driven
water movement, often exacerbated by relatively large waves. Coastal defences are built
at a height that is sufficient to protect against these relatively rare events.

3.3.5 How deeply submerged would we expect marshes to be during a storm surge?

At the 39 NTSLF tide gauge sites around the UK, (NTSLF, 2020) report that seven have

extreme high water values that are more than 1.5m above MHWS, with a maximum value

of 1.68m for both Millport and Heysham. However, as noted in the methods section, these
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data do not include the two largest recent surges on the English coast of the North Sea.
Spencer, Brooks et al., (2015) report values for observed water levels during the 1953 and
2013 surges and expresses them relative to MHWS at the same locations. Observed water
levels at Blakeney were much higher than at adjacent sites during both surges, and water
level recorded at Stiffkey was rather low during the 1953 event. But apart from this, there
is a consistent pattern of water levels during surges that are 2.5m above MHWS along the
whole coastline from North Norfolk to Lowestoft. A more localised surge in 1978 led to a

water level of 4.91m ODN at Wells in Norfolk, 2.16m above MHWS (Steers et al., 1979). So,

in South-East England, surges that reach 2m above the level of MHWS occur with a return
time of approximately 30 years, and 2.5m surges have a return time of about 60 years.
Water levels during storm surges on the Eastern side of the North Sea can be even higher,
with water levels of 10.09m and 9.93m above tide gauge datum occurring at Cuxhaven on
3rd January 1976 and 16th February 1962 (UHSCL, 2020), representing 3.29m and 3.13m

above estimated MHWS respectively.
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3.4 Discussion

Elevations of many UK saltmarshes, particularly on the South and East coasts of England,
have a frequency distribution that displays a relatively tight peak corresponding to these
platforms (Fig 2.20). These often lie below the level of MHWS and in many cases the
proportion of marsh above MHWS is rather small. The existence of these platforms has
been recognised in the geomorphological literature. Early models of saltmarsh
development noted that accretion decreased asymptotically as elevation increased
(Kestner, 1975; Pethick, 1981), leading to a maximum marsh elevation that is markedly
lower than the height of the highest tide. This change in accretion rates over time implies
that uninterrupted marsh development should lead to the formation of extensive
platforms lying just below the tidal height at which accretion rate declines to zero, although
neither author explicitly makes this link. Allen, (1990) and (French, 1993) present more
elaborate models of accretion rates, which again show sedimentation reducing
asymptotically with elevation, except where peat formation allows the upward growth of
the marsh even in the absence of inputs of clastic material.

These works again focus on changes of marsh surface elevation over time, rather than on
the shape of the upper marsh surface, but in a number of figures, the high marsh is drawn
as a sub-horizontal surface. Allen (2000) talks explicitly about marsh platforms; the
numerical models of Mariotti and Fagherazzi (2010) and Fagherazzi et al. (2012) lead to the
development of a sub-horizontal high marsh platform, often separated from tidal flats by
a scarp. Wang and Temmerman (2013) have argued that mudflat and high marsh platforms
represent alternative stable states, and a recent review (French, 2019) presents a sketch of
a “tidal salt marsh landform” in which there is a marsh platform with a wide area of high

marsh and a narrow area of low marsh, separated from a tidal flat by a cliff. Indeed, some
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recent work has relied on the existence of sub-horizontal marsh platforms with a small cliff
at their seaward edge to automatically delimit saltmarsh extent using remotely sensed
elevation data alone (Goodwin et al., 2018). But extent to which these platforms dominate
many UK marshes is not widely recognised and only in a few locations do we have good
information about their heights in relation to tidal elevations. Our methods provide a
straightforward method of obtaining this and we provide this information for 35 marshes
around the UK, although in one case (Erth Island) rapid changes of tidal levels around the
site increase the uncertainty of our estimate, and in six cases our estimates rely on tidal
data that we have collected ourselves.

Three marshes lying on the Severn Estuary (Steart, Brean Down and Sand Point), have
platforms lying above MHWS. Relatively high elevation of marshes in the Severn Estuary,
reflecting continued accretion up to an elevation of 0.6-0.8m above MHWS, has been
described previously. It has been attributed to the combination of a very large tidal range
and high suspended sediment concentrations (Allen, 1990; 2000; Allen and Rae, 1986). A
similar explanation is likely for Crably Creek on the Humber Estuary (relative elevation of
1.07), (Table 3.1). The Humber also has a relatively high tidal range, ranging from 6.4m at
Immingham to 5.9m at Blacktoft and suspended sediment concentrations that can be up
to 10 g It in the vicinity of Crably Creek (site UW in Uncles et al, 2006).

There are two other individual sites that are relatively high in the tidal frame. At Llanrhidian
in the Burry Estuary, South Wales, there is a less clearly defined marsh platform, and in this
case the peak on the histogram of elevations occurs at 4.6 m (Fig. 3.11), substantially above
the level of MHWS, which is at about 3.9m ODN here. The Llanrhidian marsh is markedly
higher in the tidal frame than the nearby Llanelli marsh, even though the level of MHWS is

slightly higher at Llanelli. Both are in the Burry Estuary, with Llanelli nearer the mouth. The
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area of relatively high marshes extends for an area of several km along the estuary, and
may result from organic matter accumulation, as sediments on the upper marsh here show
high values of loss on ignition and overlie peat (Goodwin, 1983). The Erth Island marsh
surrounds a tidal island, which has a maximum elevation of 6m ODN (MHWS is at around
2m ODN, see table 3.1), so at least some of this marsh has developed on pre-existing
topography. Platforms can also occur at lower elevations, with 8 out of the 35 marshes
examined having modal elevation lying appreciably below the level of MHWS (at elevations
between 0.4 and 0.75). An example of this pattern is the Dovey Estuary (Fig. 3.14).
However, the agricultural land behind the sea wall lies just below MHWS. This is an area of
alluvial sediments (Shi and Lamb, 1991) which were presumably occupied by saltmarsh
before the sea wall was built.

So, there are some parts of the UK where marshes extend above MHWS, and a number of
presumably young marshes which are relatively low on the shore. But, particularly in the
South and South-East of England, the characteristic pattern is of the formation of a marsh
platform that is at or below the level of MHWS, with only relatively small areas above this.
Our methods allow us to be both more precise and accurate than some previous studies.
Goodwin and Mudd (2019) state that marsh platforms are located between “Mean High
Tide MHT and the Observed Highest High Tide OHHT”, where OHHT is the mean of the
highest tide in each month calculated over a full year. This is a rather broad range and
requires a full year of tidal records, so can only be calculated for a very limited number of
locations where such data are available. In addition, it will be more strongly influenced by
the occurrence of storm surges within a data set than will be MHWS obtained from tide
tables or as the 13.9th percentile of a number of measured high tides. For Cromer in 2013,

OHHT is 2.75m ODN, as compared with MHWS of 2.32m, and only about 2.5% of tides are
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higher than OHHT. Goodwin and Mudd (2019) conclude that their Mersey Estuary and
Morecambe Bay marshes lie close to the level of OHHT, which they estimate as
approximately 5 and 5.3m ODN respectively. On this basis, they argue that deposition
during storm events plays an important role in determining marsh elevation. However, the
data used to calculate these tidal levels come from gauges that are some distance away
from the marshes being studied. For the Morecambe Bay marsh, they used tidal data from
Heysham, and for the Mersey estuary, the marsh was located at Ellsmere Port while the
tide data came from Liverpool Gladstone Pier. In both cases the marshes are approximately
15 km away from the tidal gauge used. As we have shown elsewhere, the elevations
corresponding to a particular tide datum, like MHWS or OHHT, can change quite rapidly
over short distances (Mossman et al., 2012b). At Heysham, MHWS is located at 3.3 ODN,
while at Arnside (much closer to the marsh studied) it is at 4.9m ODN (UK Hydrographic
Office, 2014), a figure that agrees closely with estimates based on a year of tide gauge data
for Morecambe Bay reported by Gray (1972). In the Mersey, MHWS at Gladstone Pier is at
4.47m ODN, while at Hale Head (much closer to the marsh studied) it is 4.9m ODN. So, the
Ellsmere Port marsh is actually located close to MHWS, and there is no need to invoke
deposition during storm events as an explanation for its elevation. Elsewhere, Wang and
Temmerman (2013) report a modal elevation of vegetated areas in the Western Scheldt at
around the mean level of high tides. This relatively low elevation is likely to reflect the
relatively recent development of these marshes, perhaps following the extensive
reclamation of older marshes that has occurred here (Huiskes, 1988).

Marsh platforms around the elevations of MHWS will normally be effective at dissipating
wave energy during normal conditions, as in the UK, highest astronomic tide is between

0.4 and 0.7m higher than MHWS (UK tide tables, Table V part 1). The main exception to this
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is the Severn Estuary, where difference between MHWS and the level of the highest tides
is between 0.81 and 1.33m. However, these platforms will be rather ineffective during
storm surge conditions where water levels can be considerably higher. The 2013 storm
surge occurred on predicted tides that were higher than MHWS (MHWS was 3.4m ODN at
Immingham and 2.4m at North Shields; while predicted high tides were 3.69m and 2.97m
from table 1 of (Spencer, Brooks et al., 2015). The surge peaked at 2.26m higher than this,
giving water levels around 2.5m higher than MHWS. The implications of this are examined
in more detail in the prediction of wave dissipation chapter 4.

Some marshes do have extensive areas at higher elevation than MHWS, but these are
typically in areas where land reclamation has not taken place, and the land area vulnerable
to coastal flooding is small. This is implicit in (Gedan, Kirwan et al., 2011), who show much
flooding attenuation during surges from storms than on average (compare their Fig 6A with
their 6b). However, their value for the effectiveness of saltmarshes in reducing flooding
during storm surges is based on three studies examining water level, rather than wave
energy (King and Lester, 1995, Krauss, Doyle et al., 2009, Lovelace, 1994, Wamsley, Cialone
et al., 2010) analysis has been very influential, despite the fact that the claimed association
between the width of marshes and seawall height that is required is based on a citation of
an information leaflet targeted at the general public (National Rivers Authority, 1992 [East
Anglia Saltmarshes]).

So, while saltmarshes may play an important role in protecting sea walls from wave action
during normal conditions, their contribution in reducing risks of flooding during storm surge
events is much less important. In contrast, a much greater part of the area of saltmarshes
lies above MHWS in the northwest of England and Scotland (Fig 3.21). Saltmarshes could

be more effective in reducing flooding during storm surge events in these areas, and those
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parts of the UK are not vulnerable to flooding during storm surge events compared to the

South and East of England.
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3.5 Conclusion

In this chapter, the results show that many of marsh platforms particularly on the East and
South England have a frequency distribution that displays a relatively tight peak
corresponding to these platforms which occur at or below the level of MHWS (Fig 2.21). As
such, these marshes can be effective against flooding during normal condition with their
contribution in reducing risks of flooding being less important during storm surge events.
In contrast in the North-West England and Scotland (Fig 3.21), This part of the UK is
experiencing isostatic sea level fall (Shennan, Milne et al., 2009). Most of marsh platforms
occur above MHWS, and they might not be vulnerable to flooding during storm surge
events.

Based on the findings from this chapter, several important questions are formulated which
will be addressed in subsequent chapters. Different elevation appears to be effective of
delivering ecosystem services by marshes. Additionally, High / low marsh and their
influence on the effectiveness of the saltmarsh in dissipating wave energy (Chapter 4); and
sediment deposition rates being low or zero on high marsh which provide question that to
what extent elevation and sedimentation rates influence the carbon burial and emission of

GHGs in the marsh? (Chapter 5).
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Chapter four

Modelling Wave dissipation across four UK salt marshes

4.1 Introduction

Globally, satellite altimetry has shown that global mean sea level has been rising at a rate
of ~3 + 0.4 mm/y since 1993., and this rate is accelerating at 0.084 + 0.025 mm/y (Nerem
et al. 2018). The average sea level rise rate is expected to continue to accelerate in future
(Horton et al., 2014, Slangen et al., 2016). In some parts of the world, such as in coastal
areas along the Mediterranean African coast, at the Gulf of Lion in France and along
Egyptian coasts Large storm events are increasing in frequency (Cid et al., 2016, Marcos et
al., 2009). These changes, including the ferocity of storms surges are threatening growing
coastal populations (Knutson et al., 2010). The UK coast has been damaged by storm surges
in the eighteenth, nineteenth and twentieth centuries (ABI, 2006; Lewis and Kelman, 2009;
Bankoff, 2013). The two biggest surge events in the UK also occurred in the East Coast of
the UK, one in 2013 that damaged 2,800 properties and one in 1953 that damaged 24,000
properties (Wadey et al., 2015).

Previous studies (Gedan, Kirwan et al., 2011, Shepard, Crain et al., 2011, Spalding et al.,
2014a, Sutton-Grier et al., 2015) indicate that coastal vegetation, including coastal
marshes, provide a system of defence that is resilient against flooding risks and has the
ability to protect and stabilise shorelines through enhancing deposition of sediments and
minimising erosion (Shepard, Crain et al., 2011). Moreover, vegetation growth and marsh
accretion might be sustainable protection under accelerated sea level rise (Kirwan et al.,
2016), and marshes also have the capacity to attenuate large waves that are frequent,

thereby, reducing flood peaks.
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Saltmarshes can be highly effective in reducing potential of waves to exceeds seawall
(Moller and Spencer, 2002). So, this reduces the likelihood of wave action thereby,
damaging coastal defences and the extent to which overtopping of the sea defences occurs
as a consequence of wave runup (Ruggiero et al. 2001). But the degree of overflow of the
seawall depends on type of structural material and environmental conditions such as wave
height and wave period (Owen, 1980).

Saltmarsh environments can significantly attenuate incident waves as compared to
unvegetated sand/mudflats (Brampton, 1992, Moller and Spencer, 2002). These
environments are, therefore, fundamental to sustainable shoreline protection (Narayan et
al., 2016a, Narayan et al., 2016b, Spalding, Mclvor et al., 2014a, Spalding et al., 2014b, Vuik
et al., 2016), and contribute to the attenuation of energy from waves during large storms
(Gedan, Kirwan et al., 2011, Méller, Kudella et al., 2014). But (Leonardi et al. 2018)
concluded that although large marshes are able to be effectively dissipate wave energy
even under extreme water level conditions, their contribution to dissipate wave energy
might be limited when the marshes are smaller or and intersected by large channels or
open water areas. Moreover, (Temmerman et al., 2023) indicated that the contribution of
marsh vegetation during storm surge is much less effective or not effective at all, and
(Shepard, C.C., 2010; Temmerman, Horstman et al., 2023) concluded that marsh vegetation
can be effective during storm surge if there are several thousand to tens of thousands of
meters wide such as Louisiana wetlands.

Some studies have conducted in laboratory settings to investigate the value of saltmarshes
in attenuating waves during storm surge events. (Anderson and Smith, 2014) used a wave
flume to investigate irregular wave dissipation, and they reported that wave attenuation

increases on the marsh but it can be varied based upon stem density and the length of
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vegetation, the submergence ratio and emergent conditions. Moller, et al., (2014)
investigated wave attenuation on saltmarsh vegetation during a storm surge in a large
flume and concluded that wave dissipation is less than 20% over a 40m distance even in
water that is 0.9 m deep. Indeed, both studies (Anderson and Smith 2014; Mdller et al.
2014) confirmed that there is a strong relationship between water depth and wave
dissipation. Rupprecht et al. (2017) report that water depth plays an important role in the
interaction between vegetation and waves during storm surge. From these studies we need
to understand how we can predict wave dissipation across saltmarsh using water depth as
a function of wave dissipation. We have good data of elevations across saltmarsh for many
sites as we generated transects in Chapter 2. We also have data of elevation relative to
tidal heights for many sites as displayed in chapter 3. So, we then generated simple model

using these data to predict wave dissipation across marsh in some sites (see Method).
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4.1.1 Aims of the study

The aims of this study are:

To predict wave dissipation across four saltmarshes for a range of water depths.
To determine characteristics of these marshes that increase wave dissipation.

To evaluate the ability of saltmarshes of reducing waves during storm surge events.

The objectives of this study are:

Use elevation data (DTM) for saltmarshes and heights of normal and storm surge
tidal heights which were generated in chapter 3.

Calculate water depths along transects across saltmarshes starting from shallow
water and running to the landward limit of the marsh for a range of tidal conditions.
Combine these water depths with empirical data from the literature on the
relationship between wave energy dissipation and water depth to predict wave

dissipation along these transects.
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4.2 Method

4.2.1 Generating wave dissipation model

In the line of the previous studies the reduction of wave attenuation occurred when the
water depth increased (Fonseca and Cahalan, 1992 Moller et al. 2014; Méller and Spencer
2002), and water depths are critical significance to the wave dissipation process. Water
depth and plant density play a role of increasing wave dissipation (Augustin et al., 2009),
and (Fonseca and Cahalan, 1992) found that the average reduction of wave dissipation
across four species was about 40% for each species when leaf length was equal to water
depth. Indeed, plant flexibility determines to what extent plants move and hence the
magnitude of drag forces experienced (Luhar and Nepf, 2016, Mullarney and Henderson,
2010, Paul et al., 2016).

Wave height is another factor influence wave dissipation, but the reduction of wave height
might be variable upon to distance across the salt marsh. For example, the reduction of
wave heights across 200 m of salt marsh is an average of 63% (Moeller et al, 1999), and
92% over 310m (Moller and Spencer 2002). These percentages are smaller than expected
based on extrapolations of (Brampton’s, 1992) modelling results. Brampton’s (1992) model
indicates that the reduction of wave height over an 80-metre-wide salt marsh was 40%.
This paradox is due to the lack of various linearly of wave attenuation according to distance
across the salt marsh; rather, over the first 10 to 50 metres of the salt-marsh surface, most
wave energy is dissipated and reflected (Moeller et al., 1999).

To model dissipation from vegetation four main assumptions were facilitated of the early
wave attenuation models: (1) uniform emergent vegetation, (2) linear wave theory, (3)

regular waves, and (4) rigid plants (WU and Cox, 2015; Pinsky et al., 2013). These early wave
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attenuation models have been investigations in terms of the flexibility of vegetation
assumed that plants are flexible structures which dynamically are affected by the waves
passing over them, and vice-versa. Most of experimental data were analysed to define the
wave height decay equations developed by Dalrymple et al. (1984) who utilized the
maintenance of energy equation and regular waves to measure decay through an array of
rigid cylinders.

The wave height decay equations developed by Dalrymple et al. (1984) is that:

Hs(x) _ 1
Hs 1+ax

(1)

Where H(x) = wave height at a distance x through the start of the vegetation field; and Hs
= significant wave height measured at the start of the vegetation field using Hs=4.004v/mo
where mo = variance of the free surface elevation time series; and a = damping factor.

We applied this equation to data wave height reductions reported by Moller (2006) to

determine the relationship between damping factor and water depth.
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Fig 4.1. Average significant wave height (Hs) across transects in September 2004 over three 10m

transect, disaggregated into 10cm water depth histogram intervals (Moller et al., 2006).
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The Figure above illustrates data about Hs reduction % in different water depth over 10 m.

we have selected transect 1 due to the existence values of the average significant wave

height.

For finding damping factor for 30% value in 20 cm water depth over 10m in transect 1:

Hs(x) 1
Hs 1+ ax
Hs(x)
Hs ( 0.3) 1+ ax

1+a*10= L
0.7
o =0.0428

For finding damping factor for 20% value in 30 cm water depth over 10m transect 1:

Hs(x) 1

Hs 1+ax
Hs(x)
=(1-02)=
Hs ( ) 1+ ax

1+0a*10=—
0.8

a=0.025

For finding damping factor for 15% value in 40 cm water depth over 10m transect 1:

Hs(x) 1

Hs 1+ ax
Hs(x)
=(1-0.15) =
Hs ( ) 1+ ax

1+0*10=—
0.85

a=0.017
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For finding damping factor for 12% value in 50 cm water depth over 10m transect 1:

Hs(x) 1
Hs 1+ax
Hs(x)
=(1-012) =
Hs ( ) 1+ ax
1+0%10=—
0.88

o =0.013

For finding damping factor for 10% value in 60 cm water depth over 10m transect 1:

Hs(x) 1

Hs 1+ax
Hs(x)
=(1-01)=
Hs ( ) 1+ ax

1+a*10=—
0.90

a=0.011

For finding damping factor for 9% value in 70 cm water depth over 10m transect 1:

Hs(x) 1

Hs 1+ax
Hs(x)
=(1-0.09) =
Hs ( ) 1+ ax

1+0a*10=—
0.91

a =0.009
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Fig 4.2. the relationship between damping factor and water depths across transect in September
2004 at Dengie saltmarsh based on analysis of data from Moller et al., (2006).

Indeed, the increase in wave height due to the decrease in water depth (Dean and
Dalrymple, 1991), and (Kobayashi et al. 1993) generated linearly model of the force acting
on the vegetation presenting the change in wave height can be approximated as an
exponential decay (K). This model was used by (Foster-Martinez et al., 2018) to estimate
values of k as a Decay from a number of different studies, so for small values of k:

ek =1-k (2)
where: e*“= wave energy remaining; and K = a Decay as a function of water depth.
Based on this approach we generated our model to estimate K value as a function of water
depth across saltmarsh. In details, we assumed two points in this case depths of 0.15 m and
2.0 m, which refer to the lowest and the highest depths of the water across saltmarsh and
calculating the K values corresponding to depths of 0.15m and 2.0m using equation (2).
The K value of water depth at 0.15 m is 0.143 (Morgan et al., 2009; Pinsky et al., 2013),
while we assumed the wave energy remaining e = 0.999 when water depth at 2.0 m as a

start point of seaward end, so the K value is 0.001.
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Moreover, calculating (a) and (b) as coefficient numbers which determine the shape of the

curve and fit the relationship between water depths and K values using the equation:

K= a(depth

Where:

k = Decay (K) as a function of depth; and a & b = coefficient numbers; and depth = depth of

water at 0.15 m and 2.0 m. K values = 0.143 and 0.001 at 0.15 m and 2.0 m of water depth

1
(depthz)

(3)

respectively. So, the calculation of coefficient numbers (a) and (b) was that:

K=
a(depth) + b(depthz)

b

a
0143 = ——+———
T 015)?

(0.15)

0.143 % (0.15)% = 0.15a + b

b =0.0032175 — 0.15a

0.0032175 — 0.15a = 0.004 — 2a

0.004 — 0.0032175 = 2a— 0.15a
0.0007825 = 1.85a

a=0.00042297

1
depth

K =a(—) + b(

depch)

0001 =2 42
@ @2

0.001%(2)2=2a+b

b =0.004 — 2a

b =0.004 — 2a

b = 0.004 — (2 x 0.00042297)

b = 0.004 — 0.00084595

b =0.00315405
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The values of constants of a and b were also calculated to fit the relationship between
water depths and K values using Mathematica software (algebra) which the parameter
values were provided (Fig 4.3). The figure 4.3 fitting a reciprocal quadratic relationship
between wave attenuation and water depth, in comparing to figure 4.2, this gives a simple

curve that make the relationship more flexible through the values of 0.15 and 2m.

Fitting second order reciprocal function

Define two points to fir - in this case depths of 0.15m
and 2.0m, and K = 0.143 and 0.001

In[11]:= k1=0.143;%1=0.15;k2=0.001;x%2=2.0;

Fit second order reciprocal to go through
points - parameters are aa and bb

In[14]:= sol=Solve[{kl==aa/x1+bb/x142, k2==aa/x2+bb/x2*2}, {aa, bb}]
out[14]= {{aa—0.000422973, bb— 0.00315405}}
In[19]:= a=First[aa/. Sol]
Out[19]= 0.000422973
In[20]:= b=First[bb/. Sol]

out[20]= 0.00315405
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Plot K as a function of depth

Plot [a/x+b/x*2,{x, 0.1, 3}]

0.15} ||

0.5 1 1.5

1 2 2.3
Out[23]= -Graphics-
Plot log (to base 10) K as a function of depth
In[32]:= Plot [Log[10, (a /x +Db /x*2)], {x, 0.1, 3}]
(0 308 1 1.5 2 20D
~09} \
C
- \
. . \
=l
PR |
2.5 \\\,\\
-

Out[32]= -Graphics-
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Plot e”K as a function of depth
In[28]:= Plot[Exp[-(a /x +b /x72)], {x, 0., 3}, Plot Range — All]

it /______

on

Mo

Out[28]= -Graphics-
Plot 1-(e”K)*100 (i.e. the reduction in wave energy) as a function of depth
In[38] := Plot[1l.-Exp[-(a/ x+ b/ x#2)]*100,{x, 0., 3},PlotRange—All, AxesOrigin— {0., 0.}]

T\
0.8¢
0.6
0.4
=2 "

09
Out[38]= -Graphics-

Fig 4.3. Fitting second reciprocal function to go through points parameter are a and b.
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Once we calculated the value of (a) and (b) we used different value of water depth to
calculate a value of K and multiply wave height by (e*) for 1 m section and used this prosses
along transect to get a series of K values in each 1 m along transect by using the equation

Number (3) above.
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4.2.2 The validation of wave dissipation model

The model of wave dissipation was validated using transect data conducted by Moller et
al., (1999), including water depths and distance along transect in the Outer, Middle and
Inner stations (Fig 4.4). The data was obtained from Moller et al., (1999) including the

highest and lowest water depths; and the distance across sandflat and low marsh (Table

4.1).
A A’
Degraded Shingle
cliff line ridge
l } 'High' marsh *{ l },, ‘Low' marsh—% Sandflat ———
7.0 'Inner’ .
s e 'Middle'
6.0 station ;
5.0 station 'Outer’

Heam

water

Marsh Creek system Major Creek

station

Height (m O.D.)

1 | | 1 | l 1

0 200 400 600 800 1000 1200 1400
Metres

[] Shingle [] Sand [] silt and sand
Fig 4.4 Transect conducted by Moller including three station Outer, Middle and Inner station,
Moller et al., (1999).

Moller et al., (1999) data in figure 4.8 were used in (Tables 4.1; 4.1), obtain from their figure
(Fig. 6, Moller et al., (1999) and were quoted in our above-mentioned tables, our data were
compared as a range of water depths in Moller with a single wave energy dissipation from
our model, presumably based on a single water depth. We assumed there is a linear
gradient across the sandflat for 197 m, and that there is a constant gradient across the low
marsh for 180 m.

The model is assuming the seabed is straight line (slopping) from Inner to Middle station
across low marsh and from Middle to Outer station across sandflat. Using the Model to
predict wave dissipation across low marsh from Inner to Middle station through the highest

and lowest water depths. Similarly, using the Model to predict wave dissipation across
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sandflat from Middle to Outer station through the highest and lowest water depths (Table
4.1).

The finding shows that wave energy dissipation reduces through the highest water depths
across sandflat by around 18 %, and 67 % across low marsh, while through the lowest water

depths across sandflat by around 47 %, and 99 % across low marsh (Figs 4.5 and 4.6).

Table 4.1 Transect conducted in this study using Moller et al., (1999), including location, length, habitats,
tidal height, and the range of water depths throughout the whole transect at Outer, Middle and Inner

station.
The range of water depths (m)
Outer
. Length . Tldal Middle Inner
Location Habitats | height m station . .
(m) (ODN) station | Station
The
highest
; 197 Sandflat 1.75 14 0.9
Daté In water
usmy Stiffkey Saltmarsh the
g saltmarsh (low Outer The
Moller marsh .
station lowest
etal., 180 and ¢ 0.91 0.6 0.2
(1999) stopping wea e;
at shingle dept
ridge)

Comparing our prediction of wave energy dissipation (Figs. 4.5 and 4.6) with Moller

measurements (Fig 4.8) indicated that our model underestimates wave energy dissipation
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across sandflat, and overestimates wave energy dissipation on low marsh (Table 4.2).
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Fig 4.5 The two lines are the wave energy remaning from Moller corresponding to water depths

1.75 min the Outer station and 1.4 m in the Middle station, and in the lowest tide corresponding

to water depths 0.91 m in the Outer station and 0.6 m in the Middle station.
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Fig 4.6 The two lines are the wave energy remaining from Moller corresponding to water depths

1.4 m in the Middle station and 0.9 m in the Inner station, and in the lowest tide corresponding to

water depths 0.6 m in the Middle station and 0.2 m in the Inner station.
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However, as we assuming that the seabed is straight line (sloping) between three stations,
the actual shape of the seabed is different which is convex across sandflat and concave
across low marsh (Figs 4.8 and 4.10). The depth of water would show an exponential
decline, as a fixe proportion of the energy is dissipated every metre, the water is getting
gradually shallower, and the rate of dissipation increases so the lines could be linear,
concave or convex, depending upon the slope of the seabed. This shape of the seabed
appears to make differences between our prediction and Moller measurements. So, in
Moller measurements, there is more dissipation of wave energy across sandflat than our
prediction. Across low marsh, the wave energy dissipation is less than our prediction,

In terms of elevations across sandflat and low marsh, Moller et al., (1999) does not give the
exact elevations a long transect for three stations in her study which cause difficulties to
replicate exact elevations in the Outer, Middle and Inner stations. So, we have done some
works at Stiffkey by plotting transect with real elevations across sandflat and low marsh
(Fig 4.9) showing that the elevation at outer station appears to be around 1.5 m OD (Fig
4.10). This indicted that the transect might be a reasonable approximation than Moller’s
transect because it starts with right elevation around 1.5 m OD in the outer station.

At Stiffkey, marsh platform is at 2.75 m OD (Table 3.1, chapter 3), and the tidal heights are
between 2.6 and 3 m OD and the maximum is 3.3 m OD, so that will be corresponding to
the maximum 60 cm of water depth across saltmarsh platform which indicated that the
water is very shallow on the saltmarsh even in the highest tide measured by Moller.
Contrary to this situation, during storm surge event at Stiffkey the tidal heights were
between 4.76 to 5.34m OD with 2.59 m maximum of water depth across saltmarsh platform
(Spencer et al., 2015). Using the model to predict wave energy dissipation in real elevations

(Fig 4.10) showing that wave energy reduces by around 38 % across sandflat, and 86 %

106



across saltmarsh (Fig 4.11), but the wave energy dissipation in real elevations is
substantially different comparing with wave energy dissipation when the seabed seen to
be straight line (sloping).

Comparing wave energy dissipation between the seabed to be straight line and (real
elevations conducted in (Fig. 4.10 and 4.11) and Moller’s transect . In the case of vegetation
presence, the wave energy dissipation will be different, but if we look at the effective of
water depth on wave energy dissipation where water depth goes from a maximum of 60
cm in lower study (Moller el at., 1999), to 2m above saltmarsh platform in deep flume
(Moller et al,. 2014). The differences between vegetation and non-vegetation are going to
be very small when water depth reaches 2 m above marsh platform (Moller et al., 2014;
Forysinski, K., 2019; Temmerman, et al., 2023). So, the model appears to be a reasonable
approximation of the relationship between water depth and wave energy dissipation

across sandflat and saltmarsh.
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Table 4.2 Comparison of wave energy dissipation across sandflat and across saltmarsh on the highest and
lowest water depths between our Model assuming seabed straight line (slopping) between Outer, Middle
and Inner stations; and Moller study (Moller et al., 1999).

Moller Wave dissipation
study, Fig 6, Model in this
Moller et al study assuming
Zone Water depths (m) (1999). seabed straight
line (sloping)
between three
stations.
The highest
water 20-30% 18 %
Sandflat depths 175-14
The lowest
The wave water 40-60 % 47 %
energy depths 0.31-0.6
dissipation % The highest
water 50-60 % 67 %
Low marsh depths 1.4-03
The lowest
water 99 % 99 %
depths 0.6-0.2

420 I. Moller et al.

20.00

0.00

r=043

P =0.05
20.00
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% E,,, change
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~100.00 . ‘ ‘ - ‘ |
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¢ Sand flat
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FIGURE 6. Relationship between wave energy attenuation and water depth for the sand flat (over transect section between
outer and middle station) and salt marsh (middle to inner station).

Fig 4.7 The reduction of wave energy across sandflat (from outer to middle station), and low

marsh (from middle to inner station) obtained from Moller et al., (1999), Fig 6 in their study.
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Fig 4.8 The shape of the serface for both convex and concave .

Holkham : !
ational Nature Reserve: West Sand

Fig 4. 9 Locations of transects across sandflat and low marsh. Blue line a transect conducted in

this study from North to South with grid reference TF96457 45231 to TF95487 43934, and red line
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a transect from Northeast to Southwest conducted by Moller et al., (1999).

Salt Marsh Elevation along transect at Stiffkey
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Fig 4.10 Elevation along transect across sandflat and low marsh and stopping at shingle ridge at

Stiffkey.
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Fig 4.11 wave energy remaining in the real elevations; (A) wave energy remaining across sandflat
corresponding to water depth at 1.94 m in the outer station and 0.96 m in the middle satation. (B)
wave energy remaining across saltmarsh corresponding to water depth at 0.96 m in the middle

station and 0.21 m in the inner station.
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4.2.3 Using the model for four sites around the UK

Four sites were chosen based on elevation details and relative tidal heights of saltmarshes
(see Table 3.1 and Fig 3.29 in chapter 3), most of saltmarshes in South and East England at
or below MHWS, and these marshes appear to be in the part of the UK where the flooding
is the biggest concerned (see result in chapter 3), while saltmarshes in the North and North
West of England are above MHWS which indicated that these marshes may not be
vulnerable to flooding during storm surge events. From this conclusion, the marshes were
chosen to span the range of the marsh in order to predict wave dissipation from typical
mature marshes in South and East England to rather high marshes at Llanrhidian and
Morecambe Bay with high cliff and with a shingle ridge at Morecambe Bay and Stiffkey
respectively thrown in for additional interest. (Fig 4.12).

Elevation for these saltmarsh sites was derived from DTM data using the techniques
described in chapter 2 and 3. Transects were located at each site to run from the intertidal
mud/sandflat across the saltmarsh to the landward marsh edge or the seawall if this
formed the landward limit of the marsh. Spatial resolutions ranged from 25 cm to 1 m
depending on the availability of data (see method in chapter 2, Table 2.1). Spatial
resolutions for Stiffkey, Dengie and Llanrhidian was 1m, whereas it was 25 cm for
Morecambe Bay. Each transect was set up to be across saltmarsh, mudflat and the edge of
marsh (embankment) with single direction, and upon the tidal height direction. The Stiffkey
and Llanrhidian transects ran from the north to south the Dengie transect ran from East to

West. In Morecambe Bay transect ran from southwest to northeast.
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Fig 4.12 a map of four saltmarshes were undertaken in this study including Stiffkey, Dengie, Llanrhidian and Morecambe Bay marshes. (The UK Digimap,

https://digimap.edina.ac.uk/ ). They are at different scales but the grid squares are 1km in all cases.
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4.2.4 The prediction of wave energy dissipation for four saltmarshes

We have used water depth as a function of wave dissipation a long transects to simplify
measurements of wave dissipation. Water depths along transect were calculated by
subtracting marsh surface elevations along transect from the water level elevation during
storm surges. Water level during surges in storms was based on the two largest surge storm
events that have occurred in the UK in recent history (1953 and 2013, see table 4.1). Water
height was set for each transect to be at MHWS, 1 m above MHWS, 2 m above MHWS and
at the elevation observed during storm surge events at that site if this was available. The
water depths were identified each point of elevation as we mentioned in previous section
(4.2.3). The transect at Stiffkey was 1200 m long, running from north to south, from grid
reference TF96500 44000 to TF96500 45200 (Fig 4.5a). At Dengie, the transect ran from
east to west for 600 m from grid reference TM02000 03000 to TM02000 03600 (Fig 4.3a).
At Llanrhidian the transect ran from south to north for 1300 m from grid reference SS49500
93000 to SS49500 94300 (Fig 4.4a). At Morecambe Bay, the transect was running from
northeast to southwest for 1500 m from grid reference SD47900 73000 to SD46000 71000
(Fig 4.5a).

From previous details, wave dissipation was predicted in each point from sea edge moving
steeply with different elevation to mid/high marsh including marsh vegetation, shingle
ridge, creeks, ponds, embankment and (sea wall/levee if is occurred). We used an equation
to predict wave dissipation based on elevation for each pixel along transect by using water

depth as a function of wave dissipation, using equation number (3).
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Table 4.3: Water height above mean high water spring in the 1953 and 2013 North Sea storm surges. Water
levels during these surges are taken from Spencer et al (2014). Estimates of MHWS at these sites are based
on UK tide tables (NDL, 2017), except those indicated by an asterisk (*) where elevations of MHWS are

obtained from Mossman et al (2011).

Location 2013 max 1953 max MHWS Water height Water height
above MHWS above MHWS
(m ODN) (m ODN) (m ODN)
2013 (m) 1953 (m)
Stiffkey 5.34 457 2.81%* 2.53 1.76
Blakeney 6.30 6.07 2.82%* 3.48 3.25
Great 3.32 3.30 0.9 2.42 2.4
Yarmouth
Lowestoft 3.26 3.44 0.9 2.36 2.54
Southend-On- 4.10 4.60 2.7 1.4 1.9
Sea
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4.3 Results

At Stiffkey, there is an inactive shingle ridge with a height of about 4m ODN (Fig 4.13a)
which separates an outer lower marsh that lies between MHWN and MHWS from a high
marsh platform that lies at around MHWS (Table 3.1, see chapter 3). When the water level
is at MHWS, there is considerable wave energy dissipation across the outer marsh. When
water level is at 1m above MHWS there is some wave energy dissipation across the outer
marsh, but as the water level is still below the crest of the shingle ridge, no wave energy
propagates beyond this. For water level 2m above MHWS and during storm surges, the
crest of the shingle ridge is submerged, and propagation of waves occurs across the whole
marsh, although some wave energy dissipation does occur across the marsh platform (Fig
4.13b). Although wave energy was dissipated through the shingle ridge at around a distance
of 250 m wave dissipation decreased considerably when water height at its peak (5.34 m
ODN) during storm surge (Fig 4.13a, b; table 4.1). Additionally, wave energy is slightly
affected through shingle ridge when water height is at 2 m above MHWS and during storm
surge. During storm surge even the waves seems to be dissipated much lower through

saltmarsh at Stiffkey.

115



Saltmarsh elevation along transect at Stiffkey
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Fig 4.13a Elevation of the DTM along transect across salt marsh at Stiffkey used to predict wave energy dissipation. Red line indicates the level of MHWS.
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Fig 4.13b Wave energy dissipation across the saltmarsh at Dengie for water levels corresponding to MHWS, and 1 and 2m above MHWS, and during storm

surge event in 2013 when water level reached at 5.34m ODN.

117



At Dengie, the level of water at MHWS is 2.57 m ODN, which is just above the marsh
platform at an elevation of 2.48 m ODN (Table 3. 1, see Chapter 3). So, when the water
level is at MHWS, wave energy dissipation occurs on the outer marsh (Fig 4.14a, b). Once
the water level is at 1m above MHWS, waves are able to propagate across the marsh. Once
water level is at 2m above MHWS, which corresponds approximately to the level of the
1953 storm surge in this area (Table 4.3), only limited dissipation of wave energy occurs on
the marsh platform, and the majority of wave energy reaches the seawall the landward
edge of the marsh, which is at about 5m ODN, 2.32m ODN above the level of MHWS. In our
simple model, there is no propagation of waves beyond the seawall (Fig 4.14a, b). However,
if wave height was substantial during a storm surge that was at 2m above MHWS, it is likely
that waves could overtop the sea wall which would be approximately 30 cm above the still

water level.
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Fig 4.14a Elevation of the DTM along transect across salt marsh at Dengie used to predict wave energy dissipation. Red line indicates the level of MHWS.
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At Llanrhidian, marsh platform elevation is at 4.6 m ODN, which is 0.7 m higher than MHWS
at 3.9 m ODN, meaning that the marsh is very effective in reducing wave energy (Table
3.15, see chapter 3). There is a cliff that rises to a height of about 5.3m ODN (Fig 4.15a)
which lies at 1.4 m above MHWS and separates an outer lower marsh that lies slightly above
MHWN. In the first few meter’s wave dissipation increases significantly when water level is
at MHWS along transect. When water level is at 1m above MHWS there is much wave
energy dissipates across the outer marsh, as the water level is still below the crest of the
cliff. Once the level of water is at 2m above MHWS, the crest of the cliff and ridge is
submerged, and waves are able to propagate across the whole marsh, and some wave
energy is dissipated across the marsh platform (Fig 4.15a, b). As waves are propagated
across the whole marsh when water level is at 2 m above MHWS, wave energy reduces

gradually along the transect.
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Saltmarsh elevation along transect at Llanrhidian

6
I I
Grid, $549500 93000 to $549500 94200 \ﬂ
< North
Sand .
flat 'Mid' marsh Shingle High marsh
| CIiff |« > ridge |« >
5.5 —
=
2
5
[}
a2
0
o
o [ —
S 5
o
Q
£
1]
L]
S
[1:]
=
e
5
c 45— _
2
t
©
o
2
o
]
£
=
-
35 —
| | | | |
1000 1200 1400 1800 2000 2200

1600
Distance (m)
Fig 4.15a Elevation of the DTM along transect across salt marsh at Llanrhidian used to predict wave energy dissipation. Red line indicates the level of

MHWS.
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Wave dissipation along transect at Llanrhidian

I f f ' I w— \/\'ave dissipation at MHWS
Grid, SS49500 SS93000 to SS49500 SS94300 s N ave dissipation at 1 m above MHWS

Wave dissipation at 2 m above MHWS

0.9

<— North

o
=

e
=
T
|

e
=)
[
|

o
o
|
|

o

F-N
I
|

o

w
I
|

Proportion of wave energy remaining

=]

o
I
|

0 200 400 600 800 1000 1200 1400
Distance (m)

Fig 4.15b Wave energy dissipation across the saltmarsh at Llanrhidian for water levels corresponding to MHWS, and 1 and 2m above MHWS.
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At Morecambe Bay, there is a large cliff in the front of the marsh separating sandflat from
pioneer zone with a height of about 5.8 m ODN which is 1.2 m above MHWS and 0.47 m
above marsh platform (Fig 4.16a). The marsh platform in Morecambe Bay is at 5.33 m ODN,
which is 0.73 m higher than MHWS at 4.6 m ODN (Table 3.1, see chapter 3). Once water
level is at MHWS there is considerable wave energy dissipation close to the cliff in the front
of the marsh. When water level is at 1m above MHWS, there is much waves dissipation
occurred as water level is still below the crest of the cliff (Fig 4.16a, b). Once the level of
water is 2m above MHWS, the crest of the cliff is submerged, and waves are able to
propagate, but does not exceed the low marsh and most of wave energy dissipates across

the mid and high marsh (Fig4.16b).
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» Salt Marsh elevation along transect at Morecambe Bay
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Fig 4.16a Elevation of the DTM along transect across salt marsh at Morecambe Bay used to predict wave energy dissipation. Red line indicates the level of

MHWS.
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Wave dissipation along transect at Morecambe Bay
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Fig 4.16b Wave energy dissipation across the saltmarsh at Morecambe Bay for water levels corresponding to MHWS, and 1 and 2m above MHWS.
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4.4 Discussion

The wave energy dissipation is much greater over a short distance at the front of the marsh
during normal condition when water level at MHWS. This occurs because all four of these
marshes lie around and above MHWS, with marsh platform at Stiffkey and Dengie lying
around the level of MHWS, while at Llanrhidian and Morecambe Bay they lie above MHWS.
Therefore, wave dissipation greatly affected by the elevation of water over the marsh when

water level at MHWS.

At Stiffkey, when water level reaches 1m above MHWS, waves energy dissipation occurs
largely at the shingle ridge because the height of the water is lower than its crest. But some
dissipation does occur across the outer lower marsh between shingle ridge and mudflat of
about a few tens of meter. The highest of water depth appears to be at 1.06 m ODN above
the marsh and then deceases across the lower marsh until the shingle ridge is reached. So,
the reduction of wave energy is attributed to the depth of water (Fonseca and Cahalan,
1992). In the marsh pioneer zone, steep gradient can reduce wave energy but is not
effective during the highest high of spring tides. During storm surges, the greatest water
depth reached is about 2.06 m ODN above the marsh and this then decreases across the
whole marsh. Although the waves are propagated across the whole marsh, some
dissipation does occurs, but as water depth decreases the wave energy reduces across the

marsh (Moller and Spencer, 2002, Yang et al., 2012).

At Dengie, when the level of water reaches 1m above the level of MHWS, although waves
are propagated across the whole marsh, wave dissipation still occurs even though there
are no obstacles through salt marsh surface as a cliff or a shingle ridge (Figs. 4.14a, b), and

the greatest water depth is at 1.09 m ODN above the marsh and it then decreases across
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the whole marsh which confirms that the reverse association between attenuation of
waves and the depth of water is more significant across the salt marsh (Méller, et al., 2014).
During storm surge events, the level of water overtops the whole marsh, and most of the
energy reduced largely by the seawall with no propagation beyond the seawall. This may
be due to the height of the seawall, which is 0.52 m ODN higher than the water level during
a storm. However, the seawall could be broken or damaged by waves (Owen, 1980) when

the water level is overtopping the crest of the seawall (Mdller et al., 2014).

At Morecambe Bay, the greatest water depth is 1.27 m ODN above the marsh when the
level of water is at 1 m ODN above the level of MHWS. The wave energy dissipates
considerably, but this is clearly due to the presence of a large cliff at the front of the marsh
(Moller and Christie, 2019, Mdller, Kudella et al., 2014) with a height of about 5.8 m ODN.
The waves do not propagate across the marsh because the water level does not reach the
crest of the cliff and most of the wave energy reduces before reaching the cliff. However,
during storm surge when the greatest depth of water is at 1.57m ODN, the water level
reaches the crest of the cliff and waves propagate on the lower marsh and a part of the

middle marsh. Across the rest of the marsh there is no water to be dissipated.

Wave dissipation at Llanrhidian, occurs similarly to waves dissipation at Morecambe Bay
when the level of water reaches 1m above the MHWS level. However, at Llanrhidian, during
a storm surge, wave dissipation occurs across the outer marsh before the cliff when the
greatest of water depth is 1.3 above the marsh platform, and the cliff does not reduce wave
energy because the water overtops the crest of the cliff (Loder et al., 2009). Moreover,
although waves are propagated the dissipation of waves are occurred across the whole

marsh, but as water level decreases wave energy reduces.
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Although, the cliff is effectively reducing wave energy significantly when the water level is
at 1 m above MHWS, its contribution is much less during storm surge, and waves are
propagated across the whole marsh. Additionally, saltmarsh elevations increase steeply
from the outer lower marsh to the top of the marsh regardless if there are morphological
features across the marsh surface. Therefore, during the waves, the water level decreases
as elevation increases from the lower marsh to the marsh top level and as levels of water
decrease the wave energy reduces. During storm surge, saltmarshes are not effective
particularly when water level reaches more than 2 m above MHWS such as Stiffkey and
Dengie in the South-East England. This confirmed what was observed that most of the
marsh in the South-East England are vulnerable against flooding risks during storm events
(See more in Chapter 3). By contrast, saltmarshes are effective during storm event such as
Morecambe Bay in Solway, since this marsh platform lie above MHWS and the North coast

is experiencing isostatic sea level fall (Shennan, Milne et al., 2009).

Concerning vegetation and its impact on wave attenuation, (Sutton-Grier, Wowk et al.,
2015) indicate that the vegetation in the coastal region, including marshes in the coast have
an ability of reducing the risk of flooding. (Temmerman, Horstman et al., 2023)indicated
that the contribution of marsh vegetation during storm surge is much less effective or not
effective at all, (Shepard, C.C., 2010; Temmerman, et al., 2023) concluded that marsh
vegetation can be effective during storm surge if there are several thousand to tens of
thousands of meters wide such as Louisiana wetlands, But this is not a case in the Uk
marshes as it’'s marsh a hundred meters maximum. So, marsh vegetation of reducing the
risk of flooding might be effective during normal condition but their contribution during

storm surge is less important. So, in the line of previous studies (Gedan, et al., 2011, Méller,
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etal., 2014, Moller and Spencer, 2002) indicated that saltmarshes play a key role in coastal

protection, is overstated.
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4.5 Conclusion

In this chapter, the results show that the relationship between wave dissipation and depth
of water was more apparent over the salt marsh. The changes of saltmarsh elevation are
partly effective of decrease the water depth across saltmarsh leading to reducing wave
energy. The water level during storm surge in this study is about 2 m above MHWS, but in
some events such as storm surge in 2013 at Blakeney in the UK (Table 4.1) water level
reached 3.48 m above MHWS with high wave velocity which might damages the seawall.
Saltmarshes play a useful role during normal conditions, but their contribution is much less

effective during storm surges.
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Chapter five
The contribution of elevation relative to tidal height of estimating Carbon burial and
greenhouse gases (GHG) emissions in the UK saltmarsh.

5.1 Introduction

Saltmarsh environments store carbon, as plants and photosynthetic microorganisms
absorb carbon dioxide from the atmosphere (Mcleod et al., 2011), and deposit some of the
resulting organic carbon into the marsh sediment. In addition, some organic matter
produced elsewhere gets deposited onto marshes in sediment. Much of this carbon will be
oxidised and converted back to CO,, but some will be buried long term, representing net
removal of carbon from the atmosphere (Adams, 2008). Where sediments are anoxic, some
of this carbon may get converted by methanogenic microorganisms to methane (Dalal et
al., 2008). Some nitrogen compounds may be converted by denitrification or nitrification
to N0, and fluxes of N,O are also often higher from anoxic sediments (Capooci et al., 2019).
Both of these are potent greenhouse gases (Livesley and Andrusiak, 2012). Global Warming
Potential (GWP) expresses the impact of CHs and N,O emission as the mass of CO; that
would have an equivalent effect on global warming by integrating their effects over a time
horizon, usually 100-years. This allows the combined effect on global warming of carbon
burial and production or removal of CH4 and N;O to be calculated. The GWP for CH4 and
N2O are 25 and 298 gCO,/m?/yr respectively (Marten and Newbold, 2012).

CO; is produced by the respiration of plants and microbial life in the soil, but microbial
respiration is most efficient in aerobic conditions (Yigi and Zhou, 2010). Where soils are
anoxic, aerobic respiration is reduced, which usually leads to an increase in carbon burial
((Adams, 2008). However, this may be partially counterbalanced by increased production

of CHs4 and N;O in anoxic conditions (Kelleway et al., 2017). At the landward margin of
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saltmarshes, Phragmites colonisation/invasion can be associated with the development of
peat, leading to very high rates of carbon burial (Baugh, 2019). However, Phragmites is only
abundant when salinity of the upper marsh is reduced and in these conditions CH4
production may be very high (Baugh, 2019).

Diverse researchers have further undertaken studies to measure the emission levels of CH4
and N20 in wetlands including saltmarshes, seagrass meadows and mangroves. A study by
(Rosentreter, et al., 2021) summarized the magnitude and variability of CH4 and N;O flux
for blue carbon ecosystems which included saltmarshes, mangroves and seagrass. The
maximum and minimum measurements for CHs and N,O reported in their literature review

are displayed in Fig 5.1 below.

-1.5to 1510 mg CH, m? day" <«—— CH, Flux
-2.6 t0 9.4 mg N,O m? day" <«—— N,OFlux
A A -1.1to 1169 mg CH, m*? day' <« — CO,Flux

-0.2 t0 6.3 mg N,O m? day’
9 Y <€—— Carbon Burial

-0.02t0 6.4 mg CH, m? day"
010 5.5 mg N,O m? day"

Fig 5.1 Summary of CH, and N,O fluxes for coastal ecosystems (Rosentreter, et al., 2021)
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The findings from (Rosentreter, et al., 2021) are in line with those of (Wang, 2010) who
also found that the saltmarshes contributed the highest levels of CHs and N;O. In addition,
the saltmarshes were recorded as generating the highest carbon burial level around 4693
mg C/m?/yr as compared with mangroves at 1784mg C/m?/yr and seagrass at 520 mg
C/m?/yr (Rosentreter, et al., 2021). In a study of (Wang et al., 2010) revealed that the salt
marsh generated lower N;O flux in comparison to the grassland and meadow.Other
researchers (Bartlett et al., 1985, King and Wiebe, 1978) reported that CHs emissions from
saltmarshes are lower in the more saline parts of salt marshes (Sanders-DeMott et al.,
2022), because the high dissolved sulphate inputs to interstitial water of salt marsh
sediments can inhibit methanogenesis (DelLaune et al., 1983), and increase CHa oxidation
in the soil (Martens and Berner, 1977) which suggests that freshwater marshes should have
higher emissions.

However, one of the striking features of the synthesis by Rosentreter et al (2021) is the very
wide range of values for carbon burial, methane and nitrous oxide emissions. If we are to
develop an overall picture of the extent to which saltmarshes contribute to global carbon
budgets, a deeper understanding of the factors that influence these fluxes is vital. Can we
use our data on elevation to predict the range of redox potentials likely to be found on the
saltmarshes that we have studied? If so, we can predict how important contributions of
CH4 and N0 emissions to the net GHG flux are likely to be and identify the proportion of
marsh area over which anoxia will enhance carbon burial.

The redox status of sediments will have a substantial impact on carbon burial, with this
being greater in sections of the marsh where soils are anoxic (Adams, 2008). Redox
potential is also very important in investigating saltmarsh elevation in term of GHG

emissions (Capooci, Barba et al., 2019). Moreover, redox potential increases from low to
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high marshes and depend on the sediment properties (Chapman, 1960, Davy et al., 2011).
(Lawrence, 2018; Mossman et al., 2020) investigated the relationship between redox
potential and topography and indicated that redox potential varies substantially across
individual marshes and is significantly higher on natural sites than managed realignment
sites. (Mossman, 2007) measured redox potential in different sites of saltmarshes around
the UK including Severn Estuary, North Devon, South Devon, South Coast, Essex, Suffolk,
North Norfolk, the Wash and Humber Estuary, and indicated that redox potential had
significant effects on the distribution of plant species and communities. Although redox
and elevation are correlated with each other, redox has effects on plant distributions that
are independent of the effects of elevation, demonstrated both by statistical analysis of
distribution data (Sullivan et al., 2018; Davy et al, 2011) and by experimental manipulation
of local elevation (Mossman, Grant et al., 2020).

In oxic conditions, bacteria can use oxygen as an electron acceptor. When oxygen is
depleted, other electron acceptors are used, including reducing sulphate to sulphide,
nitrate, iron and manganese reduction. Only when all these electron acceptors are
depleted the carbon dioxide reduced to methane (Ponnamperuma, 1972). Therefore,
bacteria can reduce carbon dioxide to methane when sulphate and oxygen are used up
(Dalal et al., 2008). Poffenbarger et al. (2011) indicated that CH4 and N,O emissions will be
reduced at high salinity, and therefore that GHG emissions, including CHs and N:O,
decrease as salinity increases (Canfield et al., 2005; Capooci et al., 2019).

The average carbon burial on British saltmarshes, has been estimated as 140 gCO, m™2 yr-
1, varying from 64 gCO; m™ yr! in North Norfolk to 219 gCO> m™ yr! at the Solent in
Portsmouth (Cannell et al., 1999). They stated that, in all cases these calculations assume

that sedimentation rates is equal to the local sea level rise of 0.1 mm/yr to estimate the
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average carbon burial by multiply carbon content and sedimentation rate. (Ouyang and
Lee, 2014) estimated average rates of the accumulation of carbon in salt marsh sediments
to be 242.2 gCO; m=2 yr! using sedimentation rates obtained from measurements for
different marshes around the world in the literature and multiplying with carbon contents.
(Chmura et al., 2003) calculated the mean carbon burial rate at 218 g C m? yr' using carbon
content and accretion rate obtained from different studies conducted in 96 saltmarshes
around the world. the carbon burial rate is calculated by multiplying sedimentation rate
by sediment carbon content measured some distance below the surface (after labile
organic matter has been broken down).

Previous studies have been conducted to calculate carbon burial, redox potential, and
sedimentation rates in attempts to estimate GHG emissions, including CO; flux, CH4 flux,
and N;O. (Adams, Andrews et al., 2012) assumed that sedimentation rate was in
equilibrium with sea-level rise at 5.4 mm/yr to calculate carbon burial and GHG emissions
in marsh realigment and natural marsh sites in the Blackwater estuary. Contrary, (Shennan
and Horton, 2002) give overview of how sea level has changed mentioning that the
maximum values of sea level rise are between 1.22 mm/year at Southend and 1.81
mm/year at Lowestoft. (Howes et al., 1985) estimated carbon burial and GHG emissions
based on measurements of sediment adjacent Spartina alterniflora at low tide in the low
marsh. (Chmura, Anisfeld et al., 2003) estimated carbon burial and GHG emissions based
on measurements of sediment in only low marsh for four marshes with a simillar zones of
elevations. These studies calculate ecosystem services delivered by saltmarshes as a
homogeneous object and assumed a square metre of saltmarsh is the same. However,
ecological characteristics of saltmarshes vary substantially with elevation and there are

important differences in biogeochemical functioning between low shore and high shore of
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saltmarshes (Chapman, 1960, Davy, Brown et al., 2011, Mossman, Grant et al., 2020).
Therefore, recognising elevations and relative tidal heights across saltmarshes seem to be
important when estimating sedimentation rates, and carbon burial is as essential
characteristic of marshes that must be considered when evaluating GHG emissions.

The (Mason et al., 2012) report notes the importance of reporting elevation amongst the
metadata for work on GHG production and carbon burial and they mention that most
studies give only the vaguest of information about tidal levels., in addition, (Mason, et al.,
2012)don’t even mention redox, and the individual studies of GHG emissions do so, even
though it is a key determinant of biogeochemical functions.

The overarching objective of this chapter is to evaluate the degree to which saltmarsh
elevations relative to tidal height alter the amount of GHG emissions (N20 and CHa fluxes)
and carbon burial due to variations from low to high elevations. This work goes beyond
what is currently known in previous researchers by clarifying the role of elevation of
saltmarshes, and providing a framework that identifies areas where sedimentation rate will
be zero; areas where sedimentation rate is likely to be set by sea level rise and areas where

it could be higher than this.
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5.1.1 Aims of the study

The aims of this study are:

To evaluate to what extent saltmarsh elevations, alter the amount of carbon

burial and the likely magnitude of GHG emissions.

The objectives of this study are:

To use saltmarsh elevations, data on heights of tides (see Chapter 2 & 3) and
Pethick’s equation (Pethick, 1981) to predict sedimentation rates across
saltmarshes and comparing this approach with other approaches in terms
of marsh morphology of estimating sedimentation rates across saltmarsh.
To use these sedimentation rates to calculate likely carbon burial across
saltmarsh.

To use the data on the relationship between redox potential and tidal
heights (Mossman, 2007, Mossman, Davy et al., 2012a) to predict the
distribution of redox potential across saltmarsh elevations for each marsh in
this study, and thus evaluate the extent to which methane and nitrous oxide
emissions are likely to counterbalance CO;removal and thus reduce the net

GHG removal by saltmarshes.
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5.2 Method

5.2.1 Data from previous studies

Many studies have estimated GHG emissions including CHs and N,O (Table 5.1). These
studies were conducted in different parts of saltmarsh including intertidal mudflat, Natural
saltmarsh, marsh realignment, brackish, creek marsh and freshwater marsh. These studies
provided the ranges of CHs and N2O expressed as equivalents of gCO2 m?/ yr. These values
of GHG emissions were used in this study toward evaluating the status of GHG emissions
across saltmarshes. This research does not seek to estimate GHG emissions. Instead, the
focus is to evaluate GHG emissions based on elevation implications that are relative to tidal
height, and to what extent saltmarsh elevation relative to tidal height alter the amount of

carbon burial and GHG emissions.
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Table 5.1. Published values for CHs and N2O emissions on saltmarshes, intertidal mudflat, managed
realignment sites, brackish and freshwater marshes.

site CH4 -CO2 N20 -CO: equivalents Reference
equivalents (g (g m2yrd
m2yr?)
Intertidal mudflat 2.0 52
Blackwater estuary Managed 3.0 116
realignment
Essex) North Norfolk
( ) saltmarsh 30 116 (Adams,
coast, UK, Andr;(\;vlszet al.,
Natural saltmarsh 4.4 10 )
Saltmarsh 4.3 -
(DelLaune, Smith
East Coast USA, Brackish 73 - etal., 1983)
Freshwater marsh 160 -
East Coast USA Saltmarsh 1.3 - (Bartlett, Harriss
etal., 1985)
East Coast USA Saltmarsh 5.6 -
: (Bartlett et
Brackish 22.4 - al., 1987)
Freshwater marsh 18.2 -
East Coast USA Saltmarsh 4.22 - (Howes, Dacey
etal., 1985)
Eastern England Pan marsh 11.7 - (Senior et al.,
marsh 1982)
Creek marsh 495 -
marsh realignment - 8.94
(Blackwell et
South-west England, Nature- saltmarsh - 3.72 al., 2010)
Dibbour Harbour USA Saltmarsh 7.008 - (Magenheim
eretal,
1996)
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site CH4 -CO2 N20 -CO: equivalents Reference
equivalents (g (g m2yrd
m2yr?)
Kandelia forest 10.64 44.37
Sonneratia forest 21.6 56.15
The Jiulong River (Chen et al.,
Estuary Mangrove 2015)
Reserve (117°54'E, Cyperus marsh 12.75 63.4
24°23'N) in the
monsoonal Spartina marsh 22.2 95.6
subtropics of
Southeast Chin,
Eastern Canada along Dipper Harbour 8.7 -2.05
the Atlantic coasts of
New Brunswick and
Nova Scotia, Kouchibouguacis 4.7 13.9 (Chmura et
marsh al., 2011)
Managed
Northwest Devon, realignment 10.7 (Blackwell
saltmarsh ) !
the UK. Yamulki et al.,
2010)
Grazed marsh
The Ribble estuary 5.6 (Ford, Garbutt
North-West England Un-grazed marsh 1.22 etal, 2012)
Average 17.93 45.28
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5.2.2 Redox potential
The redox potential is influenced by elevation and local drainage of marshes within the
tidal frame (Mossman, Davy et al., 2012a), and both redox potential and elevation influence
the distributions of plants (Mossman, Grant et al., 2020). (Davy, Brown et al., 2011,
Mossman, 2007) reported that redox potential increased significantly from —200 mV at the
lowest elevations to +400 mV at the elevation which was highest in their study across the
marsh at the Brancaster managed realignment (MR) site on the North Norfolk coast, UK.
Variability of redox is greater on the low marsh than on the high marsh (Mossman, Davy et
al., 2012a). Based on this approach we predicted the distribution of redox potential related
to elevation and relative tidal height.
To begin with, elevation data was extracted for each of the selected marsh (refer to chapter
2 & 3 method which details this data as we generated transects and histograms). The data
were expressed as relative tidal heights, whereby, a value of 0 corresponded to MHWN and
1 corresponded to MHWS.
The regression line equation was fitted using (Mossman, 2007, Mossman, Davy et al.,
2012a) data and used to predict redox from our data using tidal height to calculate the
standard deviation of redox values. The regression equation was that:
Predicted redox = (226.29*relative tidal heights) +117.21

To predict variability of redox, relative to tidal heights were further divided into three
categories (0-0.5; 0.5-1.0 and 1.0-1.5). For each category the standard deviation (SD) of the
residuals of individual redox values from the regression line were calculated using:

Predicted SD = (138-(62.53* elevation relative to Tidal height))

The procedure of predicting redox potential from elevation in this study involved the
following steps.
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Vi.

Vii.

We identified MHWS and MHWN for each marsh (Table 3.1, see Chapter 3 for more
details) to enable calculation of relative tidal heights.

We extracted the number of pixels falling into every 5cm category of elevation on
a marsh and calculated the relative tidal height of the midpoint of the category.
(Mossman, 2007) measured redox potential in different marsh sites around the UK
and indicated that redox potential increased significantly from -200 mV at the
lowest elevations to +400 mV at the elevation. Most of these sites are similar to
marsh sites in this study. So, we set upper and lower limits to predicted redox values
of <+400 mV and > - 200 mV.

For each 5 cm elevation category, predicted mean redox and predicted standard
deviation were calculated using the equations below.

Predicted mean redox = ((226.29*elevation relative to tidal height) +117.21)
Assuming that redox data were normally distributed within a 5 cm elevation
category, we calculated the probability of a location at this elevation having a
particular redox value, rounded to the nearest integer and truncated at -200 and
+400 mV.

Finally, we multiplied these probabilities by the number of pixels in each elevation
band and the area of a single pixel to give estimates of the distribution of redox
values over each marsh.

Analyses of this data were carried out in R 3.5.0 version using the raster, rgdal,
rgeos, magick, imager and ggplot2 packages (Barthelme, 2017, Bivand, Keitt et al.,
2015, Bivand and Rundel, 2017, Hadley, 2016, Hijmans, van Etten et al., 2017,

Jeroen, 2018).
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5.2.3 Sedimentation rate and carbon burial calculations

Sedimentation rates appear to be variable spatially or temporarily across saltmarshes, and
there is a strong relationship has also been observed between rates of sedimentation and
changes in elevation which result in the variation of sedimentation rates between low and
high saltmarsh platforms (Carling, 1982; Wilson et al., 2014). For most marshes, sediment
is transported to the marsh in suspension, so the sediment that is added to the marsh will
be dependent up number of inundations and/or time inundated. (Pethick, 1981)
formulated a model of the relationship between surface elevation and marsh age as a
function of the marsh accretion rate using equation:

h=a—be
where: h = height of marsh surface, t = age of marsh a, b, c are constants, a= the equilibrium
marsh elevation (equal to the current marsh platform elevation for marshes where the
platform is an active geomorphological structure rather than a relic of previously higher
sea levels), b= the distance that the marsh is currently below that elevation, and c =
indicates how fast the marsh grows towards equilibrium. This implies that sedimentation
rate declines with increasing elevation on the marsh (see below).
In many previous studies, sedimentation rates have been assumed as being equal to the
rise in sea level, with an implicit assumption that every square meter of the marsh is the
same (Adams, Andrews et al.,, 2012, Cannell, Milne et al., 1999). In other studies,
sedimentation rates were estimated just in the low marsh and assumed all marsh areas are
similar (Chmura, Kellman et al., 2011, Howes, Dacey et al., 1985). Our approach to predict
sedimentation rates differed from previous research studies in three ways;
First, predicted sedimentation rates was calculated using a re-arranged version of Pethick’s

equation (Pethick, 1981) based on the average of changes in elevation across marsh ranging
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from low to high levels as a function of sedimentation rate. The calculations were carried
out at 5 cm elevation intervals from low to high across saltmarsh and calculate the average
sedimentation for all these points. These calculations were made for 35 marshes around
the UK. The equation to predict sedimentation rates as a function of elevation was re-
arranged to:
S=c(a—Db)

Where: S = Sedimentation rate (cm/yr); c= equal to the sedimentation rate when (a-b =1),
a = elevation of marsh platform; b = elevation of each point across the marsh.
By adding relative sea level rise the equation to predict sedimentation rates is:

S=c(a—b+SLR)
Where: SLR=the local relative sea level rise for each part corresponding with marsh around
the UK (Figure 5.12), obtained from (Shennan and Horton, 2002).
Secondly, in our approach, sedimentation above MHWS was assumed to be zero because
most of the marsh here at or above MHWS, and areas above MHWS are not inundated, and
sedimentation will not occur except during storm event or the highest of high spring tide.
However, in the Severn Estuary, as marsh platforms are above MHWS, we have taken into
account the area above MHWS in sedimentation rate calculations.
Thirdly, we also assumed that sedimentation rates below MHWN is zero because in most
marshes the small areas below MHWN (See marsh area below MHWN and above MHWS
maps in chapter 3, table 3.1) are normally creeks in which no sedimentation will occur. In
a small number of sites there are more substantial areas of marsh below MHWN, such as
at Tollesbury, Fambridge and Hemley. We assumed sedimentation in these areas was zero
because these marshes are badly eroding, and sedimentation is not stable due to cycle of

erosion and deposition.
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Previous studies (Adams, Andrews et al., 2012, Adams, 2008, Andrews et al., 2008, Cannell,
Milne et al., 1999, Ford, Garbutt et al., 2012, Howes, Dacey et al., 1985, Marion, Anthony
et al., 2009) have assumed that sedimentation occurs at a rate equivalent to the sea level
rise across the whole marsh which can be an issue for predicting sedimentation rate. Other
literature studies adopted a different approach to estimate regional sea level rise although
the marshes considered the same estuary (Chini et al., 2010, Gehrels and Long, 2008, NRA,
1994, Pethick, 1981).

Therefore, in our approach, we used rise in sea level as reported by (Shennan and Horton,
2002) and added this to the sedimentation rate (Figure 5.5). Shennan and Horton, (2002)
provide uplift (sea level fall) and subsidence (sea level rise) which provides a clear
statement of sea level for all parts around the UK. Some marshes lie in the part of the UK
where sea level fall such as Solway and Scotland marshes. The sea level is observed to fall
in these parts of the UK and most of the marshes are also observed to be above sea level.
Therefore, all negative values in the part of the UK where sea level fall were not added to
the sedimentation rate calculation.

Predicted carbon burial for each individual elevation was calculated by multiplying
sedimentation rates, carbon content and the area of marsh in that elevation category. The
elevation and area for each marsh was obtained from results from chapter 2 & 3 (See
chapter 2 and 3 for more details). In terms of carbon content, previous studies reported
that there are no significant changes in soil carbon content in saltmarsh habitat (Perry and
Mendelssohn, 2009, Raw et al., 2019, Yando et al., 2018). Serrano et al., (2016) concluded
that the carbon content in soils from estuarine and coastal habitats were similar.
Additionally, there were several studies calculated carbon content in the UK saltmarsh

particularly natural saltmarsh (NSM). For example, (Andrews, Samways et al., 2008)

146



calculated carbon content to be from 0.057 g C cm?at the Humber estuary. (Callaway et al.,
1996) calculated carbon content in North Norfolk marshes to be 0.041 g C cm? at both
Stiffkey, and Hut marsh. These values in different studies indicated that there is just a small
different in carbon content between different places of saltmarshes. So, we assumed that
sedimentation might be more important than sediment of carbon content and using soil
carbon content of natural saltmarsh (NSM) 0.023 g/cm?3, based on (Adams, et al., 2012).

The total carbon burial was calculated using the average of sedimentation rates converted

to g CO.m~2 yrt, and this calculation was made for each site:

total carbon burial

Carbon burial (g/m2/yr) = ( 110000

total area

Analyses of elevation data and relative tidal heights were carried out in R 3.5.0 version (R
Core Team, 2018) using the raster, rgdal, rgeos, magick, imager and ggplot2 packages
(Barthelme, 2017, Bivand, Keitt et al., 2015, Bivand and Rundel, 2017, Hadley, 2016,
Hijmans, van Etten et al., 2017, Jeroen, 2018). The calculations were carried out in Excel

(Microsoft Corporation. 2018).
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5.3 Results

5.3.1 Redox potential

In our approach, the predicted redox values indicated that small areas in the low marsh
have low redox approximately -100mV to 100 mV (Fig. 5.3; Stiffkey site used as an example,
see more in appendix to chapter 5). In contrary, predicted redox across much of the marsh
were in the range 250 - 400 mV, corresponding to oxic conditions. This occurs on those
parts of the marsh where elevations are high (Fig.5.3; Stiffkey site used as an example, see
more in appendix to chapter 5). In a large number of marshes, such as in the Solway,
Scotland, the high marsh areas are not inundated by tides except during the highest high
spring tide which indicated that these areas are not receiving much amount of sediment.
In these marsh areas, biogeochemical processes (methanogenesis and denitrification)
appear to be an inactive, representing the lack of methane and nitrous oxide production.
In some marshes, where parts of the areas of marshes are very high, there can be organic
matter left due to the highest high spring tide where the high shore is colonised by
Phragmites such as the marsh at Cley Next-the-Sea, Norfolk (52°57' 51"’N,1°02’ 34”’E), close
to Stiffkey. This occurs in areas of the high marsh where there is a substantial flow of
freshwater, leading to a reduction in their salinity. Reduced salinity leads to lower sulphate
concentrations. This leads to bacteria reducing carbon dioxide to methane where soils are
anoxic at depth.

The predicted redox values (Figs 5.4a, b) indicate that most of the areas of each marsh have
notably high redox values in the range 250-400 mV. This reflects the presence of marsh
platforms lying at or above the level of MHWS (Figs 5.2; 5.3; which use the Stiffkey site as

an example, see more in appendix to chapter 3 and 5). So, the soils of most of the area of
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the marshes that we have studied are predicted to be oxic. In these circumstances, it is
unlikely that substantial quantities of methanogenesis to produce CH4 and denitrification
or nitrification to produce N,O will occur. So CHs and N2O emissions are predicted to be
negligible for most of marshes here.

This prediction of the distribution of redox potentials across marshes can provide
information about the places where GHG emissions may be important. Average redox
potential is lowest at Tollesbury, so this is the site at which N,O and CH4 production might
be expected to be most important. This site includes a managed realignment site and some
eroding saltmarshes which have sections at relatively low elevations. Adams et al. (2012)
measured fluxes of N,O and CH4 at the Tollesbury managed realignment site and other
locations within the Blackwater estuary. We would expect sediment characteristics and
other environmental conditions to be similar throughout this estuary. N,O and CHa fluxes
reduced net carbon sequestration on mudflats and managed realignment saltmarsh by
between 20 and 49%, with N,O contributing most of this reduction. By contrast, GHG
production reduced next carbon sequestration by only 2% on natural saltmarsh sites (their
table 6). The vegetation at their natural saltmarsh sites was characterised by “higher
saltmarsh species” including Atriplex portulacoides, Limonium vulgare, Armeria maritima
and Triglochin maritimum (their table 1), species which are characteristic of oxic sediments

at relatively high elevations (Davy et al., 2012).
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Histogram of saltmarsh heights - Stiffkey
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Figure 5-2 Saltmarsh elevation relative to ODN at Stiffkey, green line represents MHWN, blue line

represents MHWS and red line represents saltmarsh platform.
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Figure 5-3 Predicted distribution of redox values averaged across the whole area of the marsh at

Stiffkey.
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Figure 5-4a Predicted distribution of redox values across the whole area of the marsh at each individual marsh.
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The overveiw of predicted redox value against maximum marsh area in each site
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5.3.2 Sedimentation rates and carbon burial.

5.3.2.1 prediction of sedimentation using Pethick’s equation
Our approach of predicting sedimentation rates using Pethick’s equation an individual

marsh is taken as the average across the whole elevation range from low to high marsh.
Predicting sedimentation rates indicated that there is very low sedimentation occurring in
the marsh platform, but it increases as we move down to the low shore, where there are
very high sedimentation rates (Figures 5.5; Stiffkey used as example). Our approach, using
Pethick’s equation predicted that the average of sedimentation rate varies from 0.18 cm/yr
in North Norfolk to 1.45 cm/yr at Sand Point in the Severn Estuary (Table 5.2). In the
Humber Estuary, the highest sedimentation rate is around 0.42 cm/yr, at Welwick marsh,
while the lowest is 0.23 cm/yr at Donna Nook marsh. Additionally, in the east south of
England in Essex marshes, the average of sedimentation rates is around 0.58 cm/yr,
whereas it is around 1.41 cm/yr in the Severn Estuary marshes in the West of England
(Table 5.2). At Solway marshes in the northwest of England, the average of sedimentation
rate is 0.17 cm/yr, while it is 0.09 cm/yr in Scotland marshes (Table 5.2).

Most of the active sedimentation occurs in the low shore in all marshes here (Figure 5.5,
Stiffkey used as example ), and the area of low marsh is significantly smaller than the high
marsh area ((CCP), 2021). As such, the relative contributions of higher and lower marshes
to overall sedimentation and carbon burial are influenced by the balance between these
two factors. Sedimentation occurs in the low elevation areas of the marsh, particularly in
the mudflat and pioneer zones. Moreover, the pioneer zone area is kept open to water
moving and is frequently submerged by tides which allows much sediment to enter. A large
amount of sediment might return to the sea/estuary depending on the duration of tidal

flooding. In contrast, sedimentation is very low (Figure 5.5, Stiffkey used as example) in the
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high marsh, and as many marshes here lie at around MHWS, this area of the marsh is not

received much sediment.
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Figure 5.5 The relationship between predicted sedimentation rate and elevation for the Stiffkey

saltmarsh.
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5.3.2.2 The prediction of carbon burial
The finding shows that carbon burial can be variable across marsh based on sedimentation

rates. This indicated that sedimentation rate might be the dominant factor for Carbon
burial calculation. Carbon burial is active in the low shore in all marshes here (Figs 5.6; 5.7,
Stiffkey and Tollesbury used as example).

Our approach to predicting carbon burial is that the average carbon burial for all marshes
here is approximately 239.7 g CO2/m?/yr (Table 5.2). This value is close to that reported by
(Ouyang and Lee, 2014), who estimated average rates of the accumulation of carbon in
salt marsh sediments to be 242.2 gC m™2 yr!, using extensive data of sedimentation rates
and carbon contents in the sediment across different marshes of the world, while (Chmura,
et al., 2003) calculated the mean carbon burial rate at 218 g C m? yr! using carbon content
and accretion rate obtained from different studies conducted in 96 saltmarshes around the
world. Cannell et al. (1999) estimated an average carbon burial of 140 g m2 yr! in British

saltmarshes by assuming sedimentation rates equal to the local sea level rise of 0.1 mm/yr.
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Figure 5.6 The percentage of carbon burial at each individual elevation across the whole marsh at Stiffkey.
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Figure (5.9) marsh area below the level of MHWN at Tollesbury
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Figure (5.10) Photograph of saltmarsh area at Tollesbury
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Table 5.2 The average of sedimentation rates (cm/ yr), The average predicted sedimentation rate (cm/ yr) + sea level range, carbon burial equivalent CO2 (g C/m?/yr), the

proportion of the marsh above MHWS across the whole saltmarsh in 35 sites around the UK.

Site name Predicted Sea level rise/fall around The average predicted Area of the Carbon burial
sedimentation rate the UK, (Shennan and sedimentation rate (cm/ marsh above g Eq CO2/m?/yr
using Pethick’s Horton, 2002), (mm) yr) + sea level range MHWS (%)
equation (cm/yr)
Crably Creek 0.28 0.8 0.37 7.7 89.15
Welwick 0.34 0.8 0.42 22.3 411.9
Donna Nook 0.15 0.8 0.23 1.4 59.1
Frampton (The Wash) 0.24 0.7 0.31 8.89 100.2
Scolt Head Island 0.1 0.8 0.18 17 336.7
Warham 0.096 0.8 0.176 44.4 304
Stiffkey 0.099 0.8 0.179 23.6 203
Orford ness 0.39 0.9 0.47 38.8 109.7
Hemley 0.44 0.9 0.53 5.52 292.2
Hamford water 0.7 0.9 0.79 17.8 373.8
Tollesbury 0.56 0.8 0.64 2.1 218
Dengie 0.63 0.7 0.7 10.6 221.9
Fambridge 0.6 0.8 0.68 10.6 243.8
Witteringham 0.21 0.6 0.27 6.1 486.5
River Hamble 0.48 0.6 0.54 3.5 407.9
Erth Island (Lynher 0.24 0.2 0.36 60.8 240
River, Plymouth)
Steart (Severn Estuary) 1.3 0.8 1.38 46.95 498.6
Brean Down 1.32 0.8 1.4 65.3 482.1
(SevernEstuary)
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Site name Predicted Sea level rise/fall The average predicted Area of the Carbon burial

sedimentation rate around the UK, sedimentation rate (cm/ marsh above g Eq CO2/m?/yr
using Pethick’s (Shennan and Horton, yr) + sea level range MHWS (%)
equation (cm/yr) 2002), (mm)
Sand Point (Severn 1.37 0.8 1.45 37.9 1132.4
Estuary)
Undy (Severn Estuary) 1.23 0.8 1.31 33.9 458.9
Llanelli 0.22 0.5 0.27 50 218.8
Llanrhidian 0.36 0.5 0.41 53.2 223.6
Dovey (Dyfi) Estuary 0.55 0.3 0.58 11.4 205.9
Neston (Dee Estuary) 0.39 0 0.39 82 96.6
Morecambe Bay 0.16 -0.9 0.16 87.8 80.9
Skinburness (Solway) 0.17 -0.9 0.17 72.2 105
Longburgh (Solway) 0.19 -0.9 0.19 87.3 58
Holy Loch 0.07 -2 0.07 71.46 53.9
River Wick 0.07 -0.6 0.07 43.9 106.8
Cromarty Firth 0.19 -0.7 0.19 65.5 141
River Ythan 0.05 -1.4 0.05 1.6 133.6
Tay Estuary 0.09 -1.2 0.09 39.1 139.8
Beal 0.04 0.5 0.09 23.1 147.9
Budle Bay 0.07 0.5 0.12 59.7 100
Alnmouth 0.19 0.5 0.24 39.2 185
Average - - 239.7
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5.3.2.2 Contribution to sedimentation due to sea level rise
Many marshes are equivalent to sea level rise (Table 5.2) particularly in the East South of

England such as Donna Nook, Stiffkey, Hemley and Tullesbury which indicated that these
marshes keep pace with sea level rise. In most of the marshes here, there is a steep gradient
at the pioneer zone, which might raise the amount of sediment to be deposited. There are
also morphological features that might influence sediment deposition in the low marsh
area. At Stiffkey, there is a shingle ridge with elevation reach 4 m (ODN) that lies above
MHWS, which might keep much sediment in the pioneer zone, but the stability of this

amount of sediment depends on tidal duration and movement and erosion (Figure 5.11).

Saltmarsh elevation along transect at Stiffkey
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Fig 5.11 Elevation of the DTM along transect across salt marsh at Stiffkey.

In some marshes here, there is a tall cliff in the front of the marsh with high elevation

reaches 6 m (ODN), (Fig. 5.12). There may be periods of erosion, where the marsh edge has

a cliff, and deposition isn’t occurring alternating with periods when pioneer marsh

development occurs to the seaward of the cliff, such as Morecambe Bay marsh and no
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amount of sediment may occur in the mudflat rather than in the pioneer zone (Figure 5.11,

Morecambe Bay used as example).

Salt Marsh elevation along transect at Morecambe Bay
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Fig 5.12 Elevation of the DTM along a transect across the salt marsh at Morecambe Bay.

There are fluctuations of elevation (badly eroding marsh areas dissected by creeks and
channels) in the pioneer zone in some marshes, such as Tollesbury and Fambridge. These
marshes are undergoing severe erosion (Figs 5.8; 5.9; 5.10, Tollesbury used as example)
and are heavily dissected by creeks. This pattern of the marsh indicated that although
sediment is deposited in the creek margins in the pioneer zone of these marshes, the
sedimentation might not stable, and a large amount of sediment might return to the
estuary rather than be deposited in the pioneer zone.

Many marsh platforms here lie at or above MHWS, and are inundated during relatively high
spring tides, limiting the number of occasions during the year when sedimentation occurs.
In some marshes, the platform lies above MHWS and can be submerged only during the
highest spring tides such as Morecambe Bay marsh. The sedimentation rate over most of

the area of these marshes will be close to zero, even in the face of rising sea level.
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In different parts of the UK, some marshes have one of the world’s largest ranges of tidal
activity such as the Severn Estuary marshes (Xia et al., 2010). These marshes can be
inundated by a substantial depth of water on high spring tides, even when their platforms
are above MHWS. As suspended sediment concentrations in the Severn Estuary are high,
sediment deposition occurs up to a higher relative tidal height than elsewhere (Allen, 1990;
1991, Allen and Rae, 1986). There is also a transition area landward of the marsh that can
be submerged, and some amount of sedimentation can occur. The sedimentation can also
occur much higher in the marshes, such as Dovey (Dyfi). These marshes are inundated
frequently by spring tide and might receive amount of sediment across the whole area of
the marsh. The accretions can be also distributed unevenly though different parts of marsh
(Kelleway, Saintilan et al., 2017), but much accretion might be in the levees along the creek

bank which was confirmed by (Carling, 1982).
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5.3.3 Discussion

In this section, a discussion on the influence of saltmarsh elevation and sedimentation on
generated redox values is undertaken. Various important findings regarding the impact of
saltmarsh conditions on sedimentation and redox potentials are detailed. To begin with, it
is important to highlight that the predicted redox values are high at approximately 250-400
mV across the majority of the area of most of the marshes considered in this study. Our
approach to predicting redox values is based on natural saltmarshes, and redox is lower on
realignment sites that are managed than on marshes that are natural (Mossman, Davy et
al., 2012a). Therefore, CHs and N,O emissions will be higher on managed realignment sites.
Most of these platforms lie around MHWS (see more in Chapter 3, Table. 3.1, and Fig 3.29).
The high redox values for these marshes are attributed to their relative tidal height across
the marsh (Castillo et al., 2000, Davy, Brown et al., 2011). This indicates that GHG emissions
are likely to be low across most of the marshes here. (Poffenbarger et al., 2011) indicated
that CHs and N;O emissions will be reduced at high salinity, and therefore that GHG
emissions, including CHs and N2O, decrease as salinity increases (Canfield et al., 2005,
Capooci, Barba et al., 2019). This is due to saline water increasing sulphate reduction, which
is more favourable than methanogenesis, which results in lower CH4 emissions (Capone
and Kiene, 1988). As such, redox potential is likely to be more important than salinity across
saltmarshes, since increases in sediment redox lower sediment and GHG emissions are
reduced.

An additional finding observed was that the average sedimentation rates varied between
the studied 35 groups of marshes around the UK. Pethick’s model can be appropriate for
estimating sedimentation rates in North Norfolk marshes, because, suspended sediment

concentrations in these marshes are relatively low (French and Spencer, 1993). Allen,
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(1990) presents more elaborate models of accretion rates focus on changes of marsh
surface elevation over time, rather than on the shape of the upper marsh surface, but in a
number of figures, the high marsh is drawn as a sub-horizontal surface. Pethick generated
his model by looking at the time taken for North Norfolk marshes to reach equilibrium.
Therefore, sedimentation can be very high in the low shore and decreases once elevation
increases across the marsh. This development can begin when there are changes in shingle
or sand dune ridges that allow initiation of the development of a new marsh. After that,
rapid deposition of sediment occurs on low marshes such as at Stiffkey. However, the
position and extent of marshes may remain constant, because, in some areas of the
marshes, deposition on low marshes in one place is balanced by erosion elsewhere, such
as Tollesbury, Fambridge, and Dengie marshes, and a low marsh does not necessarily have
the highest rates of sedimentation (Koppel et al., 2005, Randerson, 1979, Richards, 1934).
Many marshes here appear to be in equilibrium with sea level rise based on uplift (sea level
fall) and subsidence (sea level rise) reported by (Shennan and Horton, 2002) (Figure 5.13).
However, some studies have estimated different ranges of sea level rise, even in the same
region. Both Pethick (1981) and NRA (1994) reported a regional sea level rise at 4 mm yr
and 6 mm yr respectively in the Blackwater estuary. (Cundy and Croudace, 1996) estimated
the sea level rise at around 4 mm/yr in Southern England, and others (Chini, Stansby et al.,
2010, Gehrels and Long, 2008) estimated the range of sea level rise as between 2.5 and 4

mm/yr around the UK.
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Figure 5-13 relative land-/ sea-level changes (mm yr™!) in Great Britain, positive values indicate
relative land uplift or sea-level fall, negative values are relative land subsidence or sea-level rise,

(Shennan and Horton, 2002).
Our approach using Pethick’s equation for estimating carbon burial is based on
sedimentation of each point of elevation across marshes from low to high marsh, and
carbon content. While (Cannell, et al., 1999) assumed that sedimentation across the whole
area of every marsh maintains its pace with local level in sea rise regardless of the position
of the sedimentation. However, there are notable variations in sedimentation positions
across marshes from low to high. The low marsh area is frequently inundated and receives

a large amount of sediment by tides. Although, a large amount of sediment occurs in the
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low marsh, sedimentation can be zero in the marsh which is much higher than MHWS such
as Morecambe Bay in Solway. Therefore, this part of the marsh will not receive sediment
until submerged during storm events. Additionally, in eroding mashes, sedimentation
cannot be stable in one position of the low marsh and will be variable depending on
duration of inundation such as Tollesbury and Fambridge (Figure 5.10, Tollesbury as
example). So, variations of sedimentation are linked to the position of the site on the marsh
and the accretion is identified in the marshes’ back at a lower rate as compared to the rest
of the marsh (Cundy and Croudace, 1995; 1996).

Allen (1990) reported that the major source of organogenic sediment is where there is a
high shore transition in the back of the marsh. As well as the transitions to Phragmites
marshes discussed above. (Kelleway, Saintilan et al., 2017) measured deposition rates
between different species of marsh vegetation and indicated that Juncus kraussii was the
dominant contributor of matter to soils in the high marsh areas. This may lie behind the
accumulation of organic rich sediments at a relatively high level on the Llanridian marsh,
where the vegetation is dominated by Juncus maritimus (Goodwin, 1983).

50 studies measuring carbon burial in saltmarshes were summarised by (Ouyang and Lee,
2014). Of these, 64 % used radionuclide markers (*3’Cs, 2!%Pb) to measure sediment
accumulation rates, whereas 27 % used marker horizons. Although there are different
models for estimating sedimentation rates across saltmarsh (Allen, 1990, Pethick, 1981,
Temmerman et al., 2004), mechanisms of sedimentation might be variable across marshes.
Sedimentation rates across marshes are temporally and spatially variable, even within a
small area (Carling 1982), and depending on the elevational impact on inundation
frequency, and suspended sediment can occur in pathways of water movement (French,
1993).
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The role of vegetation colonisation on the rate of sedimentation was also explored,
whereby, it was suggested that it could increase the sedimentation rate of different parts
of the marsh. At Welwick marsh, on a smaller scale, there are some observations of the
way in which vegetation colonisation at the marsh edge increases the sedimentation rate
leading to raised vegetated bumps separated by unvegetated areas (Brown, Warman et al.,
1999). (Alizai and McManus, 1980) observed that up to 2.6 kg m? of sediment can be stored
in different parts across a marsh within reed stems that are broken (Phragmites) in
Scotland’s Tay Estuary. Stumpf (1983) revealed that the retention of sediment by Spartina
alterniflora extended to 50% of the lost material from suspension in a small Delaware
marsh. (Kelleway, Saintilan et al.,, 2017) found different rates of sediments between
vegetations in different parts across saltmarshes.

A further finding was that, rates of sedimentation could also be affected by the extent of
closed vegetation (Adam, 1993). In some cases, the low areas are where marshes are
eroding, such as the natural marsh at Tollesbury (Figure 5.10). However, assuming that
these low areas are accreting may not align with reality, since erosion can influence
sedimentation rates across the whole marsh or specific areas of the marsh. The marsh
platform occurs in the same position, and there are alternating phases of erosion and
deposition (Harmsworth and Long, 1986) that can occur at the marsh edge. This can be due
to accretion occurring on the outer edge, leading to a relatively steep gradient, and wave
energy that is concentrated on this gradient leading to erosion, developing into a cliff.
Hence, a pioneer marsh may then develop at the foot of the cliff, leading to a terrace on
the marsh that continues to move in a landwards direction. This cycle of erosion and
deposition can occur when the main channel lies close to that bank, and deposition occurs
when the channel moves over to be closer to the opposite bank. (Harmsworth and Long,
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1986) observed that an identified variation in the erosion cycle and deposition occurs
across the marsh. As such, at Dengie saltmarsh, the rate of erosion was notable between
1978 and 1981, and from 1960 to 1970 when there occurred a period of slow marsh
building. Nevertheless, various qualitative differences in the deposition and erosion cycles
can also be identified (Harmsworth and Long, 1986). Sediment measurements in short
intervals can be variable in terms of the rate of accretion in the lower marsh areas due to
phases of erosion by the incidence of storms (Adam, 1993, Harrison and Bloom, 1977).
The influence of wind-borne sand on mechanisms of sedimentation on the high marsh
areas was further examined where it was observed to exert an influence. This might pose
an issue due to the transport of coarser material during storm surges such as Morecambe
Bay and river Mersey marshes (Goodwin and Mudd, 2019). Marshall, (1962) observed
higher fractional percentages of silt and clay and almost all of the saltmarsh material comes
from eroding zones at Morecambe Bay. In regions with macro- or meso- tidal regimes,
wind-borne sand may settle in the upper marsh zone due to strong winds particularly
through extensive sand flats in the low shore areas (Adam, 1993). Morecambe Bay marsh
area is considered to be the biggest marsh in the UK (Adam, 1993). Although, the area of
this marsh is vast, the predicted of the average carbon burial is notably low at 80 g
CO,/m?/yr (Table 5.2).

Although, the range of CHs and N;O emissions from saltmarshes might be negligible
compared to the range of carbon burial (Callaway et al., 2012, Connor et al., 2001, Livesley
and Andrusiak, 2012), CH4 emissions can be produced much higher in freshwater marshes,
such as those dominated by Phragmites (DelLaune, Smith et al., 1983). In landward sections
of saltmarshes, transition to freshwater marshes can occur where there is freshwater run-

off in ground water or where the area of wetland that develops is so extensive that
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freshwater does not completely drain off at low tide. Therefore, saline influence gradually
becomes limited to the areas adjacent to the tidal channels and as sulphate concentrations
are low, large quantities of methane (CH4) can be produced. These transitions from
saltmarsh to freshwater marsh and fen used to cover extensive areas in eastern England
from the Humber to the Thames and around the Severn Estuary, but most of the area of
these freshwater wetland have been reclaimed for agriculture. An extensive transition from
a high salinity saltmarsh to a Phragmites marsh does occur at Cley in North Norfolk. In this
marsh, there is a project to recreate large areas of Phragmites marsh, although at the
moment none of this is adjacent to salt marshes (https://www.norfolkwildlifetrust.org.uk).
For some time after Phragmites marsh is created, the benefits of carbon burial are likely to
be outweighed by methane emissions. However, from decades to centuries the increased
CH4 emissions might be outweighed by carbon burial, as the lifetime of methane in the
atmosphere is finite while carbon burial is essentially permanent.

Ecologically, sediment can be deposited by vegetation across saltmarshes leading to a rise
in the surface of marshes. Hence, the inundation frequency and the influence of saline
water will be reduced, and sediment redox is increased, which then allows ecological
succession to take place. However, researchers have failed to find evidence that succession
occurs on saltmarshes, particularly the type that represents a temporal succession of
vegetation (OIff et al., 1997, Wolters et al., 2005). The transitional communities between
saltmarsh and terrestrial vegetation are rarely on land reclamation. This might occur in very
low lying areas where land claims an extensive impact on the transition to Phragmites, such
as the Severn Estuary marsh. However, where there is significant gradient of the terrestrial

land surface, such as at Stiffkey and Warham, the transition zone will always have been
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over the space of a few metres horizontally, and as such, there is a narrow band of Sueada
vera and Elytrigia on the top edge of the marsh at Stiffkey.

Overall, the elevations across saltmarsh present variable in sedimentation from low to high
marshes, which result in variations in the rates of the accumulation from low to high
marshes (Ouyang and Lee, 2014). Carbon burial rates can be changed depending on the
area extent and elevation changes in habitats such as saltmarsh (Duarte et al., 2005). The
distinguished elevation distribution can indicate carbon accumulation rates, which was
confirmed by (Wang et al. 2019). The marsh area and elevation are significant in terms of
estimating overall sedimentation and carbon burial. Most of the marshes discussed here
have high sedimentation rates in the low marsh areas. However, low marsh areas are small
compared to the high marsh areas in the same marshes ((CCP), 2021). There are also
morphodynamical factores such as tidal flcutuations leading to cycle of erosion and
deposition that might make a difference in sedimentation across saltmarsh elevations,
leading to variations in estimated carbon burial and GHG emissions. Mechanisms of
sedimentation and vegetation succession appear to be variable and unstable, whether

across the whole saltmarsh or of different parts in an individual marsh.
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5.3.4 Conclusion

In this chapter, the findings ahow that most of the marshes examined have high redox
which point that GHG emissions reduced. the bulk of UK saltmarsh area is likely to be
relatively well oxygenated, so N;O and methane production will be relatively
unimportant.The range of CHs and N2O emissions from saltmarshes appears to be
negligible compared to the range of carbon burial for all marshes here. The variation of
elevations across marsh play a crucial role of determining the amount of sediment which
can be deposited within tidal duration. there will be limited sedimentation across
substantial areas of marsh, particularly in the northern half of the UK. For marsh platforms
that are at or below the level of MHWS, sedimentation will keep pace with sea level rise.
There are small areas of low marsh where sedimentation rates may be higher than this, but
these are, almost by definition, transitory in their occurrence such as Welwick and unless
something has led to the development of a new marsh, they probably often undergo
cyclical erosion and redeposition. This morphodynamical process might alter the amount
of carbon burial which result in variations of GHG emissions across marsh. Due to the
variations of sedimentation mechanisms which can be morphodinamically occurred across
marshes, there will be difficulties of considering that saltmarsh is uniform gradients of

gradually reducing sedimentation rates.
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Chapter six
General discussion

6.1 General discussion

Saltmarshes deliver diverse and important ecosystem services, encompassing coastal
protection, carbon sequestration, tourism, and nurseries for fish, crabs and other animals
(Costanza, Pérez-Maqueo et al., 2008). The assessment of ecosystem services provided by
saltmarshes in the literature (Adams, Andrews et al., 2012, Ford, Garbutt et al., 2012, King
and Lester, 1995, Moller, 2006, Moller and Spencer, 2002, Moller, Spencer et al., 1999),
have usually calculated ecosystem services delivered by saltmarshes on the assumption
that they can be treated as a homogeneous object. They do not consider the substantial
heterogeneity of their ecology and biogeochemical functioning, particularly that driven by
their elevation in the tidal frame. Therefore, the overarching aim of this research regarded
the assessment of the extent to which considering saltmarsh elevations altered estimates
of the ecosystem services that were provided in the UK saltmarshes. The premise of this
study was to determine the elevation and relative tidal height characteristics of 35
saltmarshes around the UK and the consequences of this for ecosystem service delivery.

The 35 saltmarshes were chosen to cover all the areas of the UK where there are substantial
areas of saltmarsh (Table 2.1, Chapter 2). LIDAR data has been widely used to examine
saltmarsh environments (Hladik and Alber, 2012; Schmid et al., 2011; Wang et al., 2009),
and this thesis confirms that saltmarsh topography can be successfully characterised by
LiDAR data. However, there are two types of elevation data DTMs and DSMs need to be
investigated to identify which one is reliable to estimate elevations of the surface of the
sediment on the marsh. The DSMs fails to estimate surface elevation in creeks and sets the

elevation to NaN (plotted in white on the DSMs) (Fig. 2.5, Chapter 2), while the DTMs
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algorithm makes reasonable estimates of the elevations of the bottoms of the creeks.
Additionally, the DTMs can also successfully remove trees and shrubs such as gorse (Ulex
europeaus) in areas adjacent to the saltmarsh and removes some of the herbaceous
vegetation on the saltmarsh itself (Chapter 2).

Comparisons between GPS estimates and DTM of elevation on the salt marsh surface
showed that in most cases the DTM estimated elevations of the surface of the sediment on
the marsh with an accuracy better than 20 cm (Fig 2.11, Chapter 2). The great majority of
saltmarsh areas were correctly identified using the UK landcover map (Rowland, Morton et
al., 2017), with only a small number of polygons needing to be removed manually, and no
areas needing to be added in (Table 2.1, Chapter 2). Elevations of pixels occupied by
saltmarsh could then be extracted from LIDAR data (Chapter 2 and 3) rather than relying
on unsupervised classification of LIDAR data alone (Goodwin et al, 2018).

The ecological literature on saltmarshes focusses on succession and usually represents
them as showing an approximately constant gradient from pioneer communities at an
elevation just above MHWN to high marsh and transitional communities at elevations
around those reached by the highest tides(Prahalad, et al. 2019; Doody, 2008; Boorman,
2003b; Adnitt 2007). By contrast, the elevations of the UK saltmarshes studied here often
have a frequency distribution which displays a relatively tight peak, corresponding to the
presence of sub-horizontal platforms on the upper marsh (Goodwin et al., 2018, Mdller,
2006). Data on the elevations corresponding to mean high water of spring and neap tides
(MHWS and MHWN) from (Mossman et al. 2012 a) and (UK Hydrographic Office, 2014)
show that most of these marsh platforms from the Humber Estuary on the East coast
moving in clockwise to the Dovey Estuary on the West coast occur at or below the level of

MHWS (Fig. 3.15, Chapter 3). This is consistent with models of marsh development in the
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geomorphological literature which note that limited sediment deposition is possible on the
high marsh as the number of annual inundations is low (Pethick, 1981). If isostatic sea level
rise is occurring, then these models predict the development of a marsh platform at the
elevation where sediment deposition is equal to the rise in sea level. Furthermore, where
there are high suspended concentrations of sediment, such as the Severn Estuary, the
amount of sediment deposited per tidal inundation is greater and marsh platforms develop
at slightly higher elevations than in areas where suspended sediment concentrations are
lower (Allen, 1991; Allen, 1990; Kirby and Parker, 1982).

In these parts of the UK, the area of marsh that is above the level of MHWS is usually small,
although on some marshes (such as Stiffkey, Fig. 3.2 and 3.3, Chapter 3) levees along creek
banks lie just above the level of MHWS. Other areas above MHWS such as Erth Island result
from isostatic lift, deposition of organogenic sediments, high input of fluvial sediments
(Ranwell and Rosalind, 1986), transportation of sediments during storm surges or pre-
existing topography. In the past a number of marshes in the South and East England would
have undergone transition to Phragmites fen at their landward boundaries and deposition
of peat would have led to sediment accumulation above the level of MHWS. However,
almost all these areas have been claimed for agricultural use (Hughes and Paramor, 2004).
An exception where organogenic sediment accumulation may be occurring is the
Llanrihidian marsh in south Wales where there is a relatively large area above the level of
MHWS. Soils here are high in organic matter and the vegetation is dominated by Juncus
maritimus (Goodwin, 1983) a species associated with organogenic sediments elsewhere.
By contrast, in Northwest England and Scotland a number of marshes have substantial
areas that lie above MHWS. This is likely to be a consequence of isostatic sea level fall. In

almost all areas, low marshes make up only a small proportion of the total saltmarsh area.
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The implication of the variation in the elevation of the saltmarshes is that, it influences
sedimentation rates and the effectiveness of the marshes in dissipating wave energy as
well as protecting or preserving the coastal ecosystems. In most cases, however, the
saltmarshes lie at or just below the MHWS. In addition, there are only limited areas where
the pioneer marsh can continue to extend outwards over a long period of time, as has been
observed at Welwick on the Humber estuary. This marsh is unique in comparison to the
other examined marsh profiles since in most instances, marshes are part of an equilibrium
with the estuarine channel and cannot extend further out into the estuary because the
need to dissipate tidal energy. In turn, this makes them increasingly vulnerable to erosion
as they extend outwards and can lead to steep gradients in the pioneer zones at the
seaward edge of marshes, such as at Stiffkey and Warham, and in other cases the formation
of a vertical cliff at the seaward edge. Steep gradients are, however, not invariably present
and the seaward edge of the marsh. At Frampton and Welwick, for example, there is only
a slight change in elevation at the seaward edge of the marsh.

The badly eroding marshes such as Tollesbury in the Blackwater Estuary and North
Fambridge marshes (Crooks, Schutten et al., 2002) were reclaimed for long period ago.
Reclaim marsh platform lie between MHWS and MHWN, which considered to be low
marsh, but in this particular marsh, accretion rates can be changed significantly during long
periods (Shi, 1993). Some marshes lie above the level of MHWS due to the deposition of
substantial amounts of sediment that is concentrated in areas such as the Severn Estuary
marshes.

The understanding of the distribution of elevations for ecosystem service delivery leads to
implications in this research. First, some marshes have extended to a considerable size. The

second implication is that some of the marshes also have extensive areas at higher
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elevation than MHWS, particularly where land reclamation has not occurred and the land
area vulnerable to coastal flooding is small. The high elevation of saltmarshes at these sites
mean that these saltmarshes are able to reduce flooding during storm surges.

There are significant relationships between wave dissipation and water depth over the salt
marsh. As water depth decreases wave dissipation decreases across saltmarsh (Moller and
Spencer, 2002, Yang, Shi et al., 2012), (Table 4). This will reduce the vulnerability of the
seawall to wave action during normal high tides. However, saltmarshes are less effective
against flooding during storm surge events, such as when water height overtops the crest
of the seawall at the peak of 3.48 above MHWS such as Blakeney in the UK during 2013
storm (Table 4.1) the seawall could be broken or damaged by waves, when the water level
overtops the seawall’s crest (Masselink et al., 2016),(Chapter 4).

The role of saltmarshes in reducing risks of coastal flooding by dissipating wave energy has
played a prominent role in argument in favour of managed realignment and more formal
assessment of the ecosystem services that they deliver. Saltmarsh environments can
significantly attenuate incident waves as compared to unvegetated sand/mudflats
(Brampton, 1992, Modller and Spencer, 2002). These environments are, therefore,
fundamental to sustainable shoreline protection and contribute to wave energy
attenuation during large storms (Gedan, Kirwan et al., 2011, Moller, Kudella et al., 2014).
Marshes also have the ability to attenuate large frequent waves and reduce flood peaks.
The areas that are most vulnerable to coastal flooding are in South and East England where
the construction of seawalls has led to extensive land claims (Hughes and Paramor, , 2004).
This thesis shows that the presence of saltmarshes to seawards of this will help to protect
sea walls from wave action during normal tidal conditions. However, most of the saltmarsh

area is at elevations at or below the level of MHWS, which is approximately 2.5m lower
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than the water level during storm surges that occurred in the two recent biggest storm
surge events in 1953 and 2013 (Table 4.1, Chapter 4). Saltmarshes can’t be effective in
reducing potential seawall overtopping, and 71 wave events through saltmarsh that
overtopped a seawall with 0.4m (ODN) at Dengie (Moller and Spencer, 2002). Some
dissipation of wave energy will occur in this depth of water, but waves will still reach the
sea wall so their contribution in reducing risks of flooding during storm surge events is
much less important (Chapter 3 and 4). By contrast, saltmarsh elevations are above
(MHWS) in the Northern west of England and Scotland (Figure 3.29). These marshes will be
more effective in dissipating wave energy during storm surge events, but rather few of the
saltmarshes in these areas are observed to be low-lying in nature, thereby, being
vulnerable to flooding (Chapter 3 and 4).

Blue carbon ecosystems, including saltmarshes, play a greater role in the global carbon
cycle due to their storage of organic carbon in saltmarsh soils. The origin of organic carbon
stored in saltmarsh soils, which may be allochthonous or autochthonous. The origin of
organic carbon is either in the form of freshly deposited sediment (allochthonous source),
or aboveground and belowground biomass of vegetation (autochthonous sources). There
are some factors their sedimentation such as surface elevation and distance to a sediment
source, which have been found to determine the spatial patterns of sediment deposition,
are also important factors determining the relative contribution of allochthonous to topsoil
organic carbon stocks of saltmarshes (Mueller et al.,2019). Saltmarsh environments fix
more CO; from the atmosphere annually than most other natural ecosystems. Organic
carbon gets deposited onto marshes in sediment with much of the carbon being oxidised
and converted back to CO,. However, some of the carbon is buried in long-term leading to

its subsequent elimination from the atmosphere. GHG emissions are also observed in cases
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where sediments are anoxic as some of the carbon is converted by methanogenic
microorganisms to methane and some nitrogen compounds are converted by
denitrification or nitrification to N2O.

Previous researchers have attempted to investigate the redox potential of saltmarshes in
different parts of the globe including in the UK. Much of the findings reported have focused
on identifying the association between carbon burial and salinity of the saltmarshes as well
as the influence of sea levels. Our work goes beyond what is currently known in previous
research studies by considering the levels of sedimentation and elevation of the marshes
as influential factors in calculating carbon burial for elevated saltmarshes. The importance
of reporting elevation amongst the metadata for work on GHG production and carbon
burial mentioning that most studies give only the vaguest of information about tidal levels.,
in addition, (Mason, Choi et al., 2012) don’t even mention redox, and the individual studies
of GHG emissions do so, even though it is a key determinant of biogeochemical functions.
The redox potential increases when elevation increases across saltmarshes (Davy et al.,
2011), and the predicted of redox potential of most of the marsh areas here have high
redox which provide a clear indication of GHG level. Therefore, redox potential can be more
important than salinity of providing information regarding places where GHG emissions
occur across saltmarshes. Most of These marshes’ platforms lie at or above MHWS which
indicated that lower sediment occurred and GHG emissions reduced. The range of values
of CH4 and N0 emissions from saltmarshes (Fig. 5.1, Chapter 5) appears to be negligible
compared to the range of carbon burial (Callaway et al., 2012; Connor et al., 2001; Livesley
and Andrusiak, 2012), however, N2O emission is a little higher. This might be due to the
process conditions of both Methanogenic and denitrification in saltmarsh sediment

(Chapter 5).
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The changes in elevations across marsh can determine the amount of sediment which can
be deposited within tidal duration. This will influence the amount of carbon burial in the
sediment which result in variations of GHG emissions across marsh. Most of the marshes
discussed here are predictably to have high sedimentation rates in the low marsh areas.
However, low marsh areas are small compared to the high marsh areas in the same
marshes (((CCP), 2021) Fig.5.6, Chapter 5). There are also morphodynamical factors might
make a difference in sedimentation across saltmarshes, which may result in variations of
estimating carbon burial and GHG emission. Mechanisms of sedimentation and vegetation
succession appears to be variable and unstable, whether across the whole saltmarsh or in
different parts in an individual marsh (Chapter 5). Therefore, it will be informative in the
future work to examine sedimentation in each small scale of elevation of different positions
of the marsh.

6.2 Suggestions for future research

Despite the novel findings identified in this research, most of the tests, experiments and
adaptations should be completed in future. Understanding sedimentation across saltmarsh
elevation needs to be considerable. Previous studies estimated higher sedimentation rates
in low marshes and lower sedimentation rates in high marshes using different models
(Allen, 1990; Pethick, 1981; Temmerman et al., 2004). Our observations that the area of
the high marsh is much greater than that of low marsh, and sedimentation can occur
extensively in small scale of elevation, and different positions across saltmarsh whether in
low or high marsh (Cundy and Croudace, 1996; Cundy and Croudace, 1995). In the low
marshes a cycle of erosion and deposition can occurs (Harmsworth and Long, 1986), which
leads to little permeant sedimentation. In the high marsh, sedimentation might occur

rather than low marsh (Goodwin and Mudd, 2019). It is also relevant that big chunks of
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marsh in NW England and Scotland are very high in the tidal frame so will not accumulate
any additional carbon due to the rise in sea levels. This is indicative that it will be
informative to extend field work measurements considering the high and low marsh area
which fall into small scale of elevations across saltmarsh. This will determine sedimentation
positions across saltmarsh in the reality and how carbon burial can be variable across marsh
elevations. In addition, it is recommended that in future studies, fieldwork focuses on the
biggest uncertainties regarding suspended sediment concentrations and soil organic

matter content.
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6.3 Conclusion

This research reveals that although saltmarshes play an integral role in the delivery of
diverse ecosystems services ranging from coastal protection to carbon sequestration and
provision of habitats for birds and other animals, there is need to assess their services from
a heterogenous perspective rather than a position of homogeneity. This work has extended
previous research regarding delivery of ecosystem services in saltmarshes by considering
the influence of substantial differences in their ecology, particularly driven by elevation and
sedimentation rates. Most of the marshes examined have high redox which point that GHG
emissions reduced. The findings emphasise that elevation of the saltmarshes and
deposition of sediments accounts for significant performance in services such as wave
dissipation and redox potential. As a result, the insights from this research on how elevation
and sedimentation affect wave dissipation and GHG emissions as well as carbon burial

serve as an important input for policy and practice on the reclamation of saltmarshes.
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8. Appendix

Appendix to Chapter two
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Appendix 2.1 A map detail at Welwick Saltmarsh.
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Appendix 2.2 Welwick saltmarsh 3D terrain generator
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Appendix 2.3 Aerial photograph at Welwick saltmarsh.

Appendix 2.5 Aerial photograph of polygons after removing Non marsh polygons at

Welwick saltmarsh.
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Appendix 2.6 LIDAR image at Welwick saltmarsh.

212



420500
1

420000

o
g “-» -8
T
2 -6
[ =
=3
S -4
o
2 -2
2
<
L-o
o
o
f=
@®
&~
o
(=]
ﬁ =
; T T T T T
532000 532500 533000 533500 534000 534500 535000

Appendix 2.7 LIDAR image with polygons at Welwick saltmarsh.
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Appendix 2.8 The differences in saltmarsh elevation between DTM and DSM at Wewick.
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Appendix 2.9 Salt marsh elevation (DTM &DSM) along transect across saltmarsh at

Welwick.
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Appendix 2.10 A map detail at Crably Creek Saltmarsh.
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Appendix 2.11 Crably Creek saltmarsh 3D terrain generator.

Appendix 2.12 Aerial photograph at Crably Creek saltmarsh.
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Appendix 2.13 Aerial photograph with polygons at Crably Creek saltmarsh.
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Appendix 2.14 LIDAR image at Crably Creek saltmarsh.
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Appendix 2.15 LIDAR image with polygons at Crably Creek saltmarsh.
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Appendix 2.18 A map detail at Dengie Saltmarsh.

Appendix 2.19 Welwick saltmarsh 3D terrain generator.

Appendix 2.20 Aerial photograph at Dengie saltmarsh.
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Appendix 2.21 Aerial photograph with polygons at Dengie saltmarsh.
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Appendix 2.22 LIDAR image at Dengie saltmarsh.
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Appendix 2.23 LIDAR image with polygons at Dengie saltmarsh.

o™ 10" DSM DIFFERENCE
‘
, %108 o 10° DSM 5 210 DIFFERENCE “TMO0200
‘ ILL | ‘

Appendix 2.24 The differences in saltmarsh elevation between DTM and DSM at Dengie.
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Appendix 2.25 Salt marsh elevation (DTM &DSM) along transect across saltmarsh at

Dengie.
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Appendix 2.26 A map detail at Hamford Water Saltmarsh.
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Appendix 2.27 Hamford Water saltmarsh 3D terrain generator.
Appendix 2.28 Aerial photograph at Hamford Water saltmarsh.

Appendix 2.29 Aerial photograph with polygons at Hamford Water saltmarsh.
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Appendix 2.30Aerial photograph of polygons after removing Non marsh polygons of

Hamford Water saltmarsh.

228000

227000

12
— 10

226000
1
1
o

— 6
4
=2

225000
L

)

224000
1

- . .

622000 623000 624000 625000

223000

Appendix 2.31 LIDAR image at Hamford Water saltmarsh.
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Appendix 2.32 LIDAR image with polygons of Hamford Water saltmarsh.

Appendix 2.33 The differences in saltmarsh elevation between DTM and DSM at Hamford

Water.
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Appendix 2.34 Transects across Hamford Water saltmarsh.
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Appendix 2.35 Salt marsh elevation (DTM &DSM) along transect across saltmarsh at

Hamford Water.
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Appendix 2.36 A map detail of Undy (Severn Estuary) Saltmarsh.

Appendix 2.37 Aerial photograph of Undy (Severn Estuary) saltmarsh.
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Appendix 2.38 Aerial photograph with polygons of Undy (Severn Estuary) saltmarsh.

Appendix 2.39 Aerial photograph of polygons after removing Non marsh polygons of

Undy (Severn Estuary) saltmarsh.
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Appendix 2.40 LIDAR image of Undy (Severn Estuary) saltmarsh.
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Appendix 2.41 LIDAR image with polygons of Undy (Severn Estuary) saltmarsh.

Appendix 2.42 The differences in saltmarsh elevation between DTM and DSM at Undy

(Severn Estuary).
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Appendix 2.43 Salt marsh elevation (DTM &DSM) along transect across saltmarsh at Undy

(Severn Estuary).
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Appendix 2.44 Aerial photograph of polygons at Tollesbury saltmarsh.

Appendix 2.45 Aerial photograph of polygons after removing Non marsh polygons at

Tollesbury saltmarsh.
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Appendix 2.46 LIDAR image at Tollesbury saltmarsh.
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Appendix 2.47 LIDAR image with polygons at Tollesbury saltmarsh.

Appendix 2.48 The differences in saltmarsh elevation between DTM and DSM at

Tollesbury.

227



Appendix 2.49 Aerial photograph at Tollesbury saltmarsh.
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Appendix 2.50 Matlab script of analysing the differences between the DTMs and the DSM

along transects across saltmarshes.
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Appendix to Chapter three

Histogram of saltmarsh heights - welwick
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Appendix 3.1 Elevation histogram relative to ODN at Welwick saltmarsh.
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Appendix 3.2 Saltmarsh polygons above MHWS at Welwick.
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Appendix 3.4 Saltmarsh polygons below MHWN at Welwick.
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Histogram of saltmarsh heights - Crably Creek
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Appendix 3.5 Elevation histogram relative to ODN at Crably Creek saltmarsh.
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Appendix 3.6 Saltmarsh polygons above MHWS at Crably Creek.
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Appendix 3.7 Saltmarsh polygons below MHWN at Crably Creek.

Histogram of saltmarsh heights - Dengie
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Appendix 3.8 Elevation histogram relative to ODN at Dengie saltmarsh.
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Appendix 3.9 Saltmarsh polygons above MHWS at Dengie.
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Appendix 3.10 Saltmarsh polygons below MHWN at Dengie.
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Appendix 3.11 Elevation histogram relative to ODN at Hamford Water saltmarsh.
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Appendix 3.12 Saltmarsh polygons above MHWS at Hamford Water.
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Appendix 3.13 Saltmarsh polygons below MHWN at Hamford Water.
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Appendix 3.14 Elevation histogram relative to ODN at Undy (Severn Estuary)

saltmarsh.
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Appendix 3.15 Saltmarsh polygons above MHWS at Undy (Severn Estuary).
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Appendix 3.16 Saltmarsh polygons below MHWN at Undy (Severn Estuary).
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Appendix 3.16 Saltmarsh polygons above MHWS at Fambridge.
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Appendix 3.17 Saltmarsh polygons below MHWN at Fambridge.
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Histogram of saltmarsh heights - Fambridge
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Appendix 3.18 Elevation histogram relative to ODN at Fambridge.
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Appendix 3.19 Elevation histogram relative to ODN at Scolt Head Island.
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Appendix 3.20 Saltmarsh polygons above MHWS at Scolt Head Island.
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Appendix 3.21 Saltmarsh polygons below MHWN at Scolt Head Island.
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Appendix 3.22 Saltmarsh polygons above MHWS at Longburgh.
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Histogram of heights - Longburgh
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Appendix 3.23 Elevation histogram relative to ODN at Longburgh.

565000

o
8
o
3
8
10

o
8
S |
2 08
8
=] 06
o |
S
3
3 —= 04
o
8 .l 0.2
o
8

/ 00
o
8
S 4
S
8 -

T T T T T T
329000 330000 331000 332000 333000 334000

559000

Appendix 3.22 Saltmarsh polygons below MHWN at Longburgh.
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[ IsourceonSave = O/ ~
#install.packages("raster")
#install.packages("rgdal™)
#install.packages("rgeos™)
#install. packages("magick™)
#install.packages("imager")
require(rgdal)

require(rgeos)

Tibrary(raster)

Tibrary(magick)

Tibrary(imager)

Tibrary(modeest)

#mlvlibrary(raster)

Tibrary(genefilter)

getwd ()

# reading data file name from keyboard not working yet
#readLines(con=stdin(),n=1)

#print("input data file name without the .txt extension
#infile=readLines(con=stdin(),n=1)

setwd("C:/Users/zvsl6rja/onebdrive - university of East Anglia")

infile="Burnham_c1ipped"
infile2=paste(infile,”.txt",sep="")
outfile=paste(infile,”_clipped.txt",sep=

inputspec <- readLines(infile2)

title=inputspec(1]

data_directory=inputspec(2]
fileroot=unlist(strsplit(inputspec[3],","))
map_limits=as.numeric(unlist(strsplit(inputspec(4],”,")))
#

#Map_limits is not currently used to do any clipping
#
hist_limits=as.numeric(unlist(strsplit(inputspec[5],",")))
key_heights=as.numeric(unlist(strsplit(inputspec(6],",")))
excluded=as.numeric(unlist(strsplit(inputspec(7],",")))
remove_polygons=as.numeric(inputspec[8])

#read in the salt marsh polygons

setwd("C:/Users/zvsl6rja/onebrive - university of East Anglia")
#setwd("C:/Users/zvsl6rja/onedbrive - uUniversity of East Anglia")

shape3 <- readoGrR(dsn = ".", layer = "LCM2015_GB3")

#set working directory containing lidar data

B B e L

3 (Untitled)

FATL WUl Ry U SR Y LUy sl uata
setwd(data_directory)
#setwd('C: /users/2vsl6rja/oneprive - university of East anglia™)

#set the squares that we want to use

# check first image file exists

imagel=load. image (paste(fileroot[1]," _rgb_250_04. jpg",sep=""))
plot(imagel)

# check first 1idar file exists
lidar_test-raster (paste(fileroot[1],"_dtm_1m.asc”,sep=""))

plot(lidar_test)

par (mfrow=c(2,3))

nnn=length(fileroot)
image_files=""
for (iif in 1:nnn) {

}

image_files[i1i]=intersect(1ist.files(patrern = filersot[iii]), list.files(pattern = "jpg"))

if (length(image_files[ii1)>1){
int("more than one image file for this square”)
image_files[iii]
image_files[iii]=image_files[iii,1]

image_files

Tidar_all-raster (paste(fileroot[1], " _dtm_im.asc”,sep="")

)

image_all-brick(paste(fileroot[1],"_rgb_250_04. jpg",sep=""1)
image_all=brick(image_files[1])

extent (image_all)-extent{lidar_all)

for (iii in 2:nnn){

Smmnmnn
B (Untitied) *

lidar2-raster (paste(fileroor[1i1],"  _drm_1m.asc”,sep=""))
Tidar_all-merge(lidar_all,lidar2)

il fmmm s £ T ke TE457 b AEA A dmmt mam PN

238



; k4 |_ISourceonsave | gy v ]
89 Tidar_all=merge(lidar_all,lidar2)

90 image2=brick(paste(fileroot[iii],"_rgb_250_04. jpg",sep=""))
91 image2-brick(image_files[iii])

92 extent (image2)=extent(lidar2)

93 image_all-merge(image_all,image2)

94 }

95 extent2=extent(lidar_all)

98 #next lines extend are with a 1 km buffer

100 extent2[1]=extent2[1]-1000;

102 extent2[2]~extent2[2]+1000;

104 extent2[3]=extent2[3]-1000;

106 extent2[4]-extent2(4]+1000;

111 #cropped_shapes2<-crop(shape3,extent(573000, 576000, 342000, 347000) )

113 cropped_shapes2<-crop(shape3,extent2 )

118 cropped_shapes<-crop(shape3,lidar_all)
120 cropped_shapes<-subset (cropped_shapes,0BIECTID!' =excluded)

124 heights2=extract(lidar_all,cropped_shapes2)

126 dev.new()
127 hist(unlist(heights2,use.names=FALSE) ,breaks=200)

129 MHwWN=1.87
130 MHWS=3.17

132 #Find mode

il imldme Cnad abe s 3 marbiad Tesdoal b A AAYY

o
301:2 63 (Untitled) =

Cancnla
H I Source on Save W |
133
134 mlv(unlist(heights2),method="naive",bw=0.001)
135 Zmlv
136

137 nHeights=length(unlist(heights2))

138 nHeights

139 below_mhwn=sum(unlist(heights2) < MHWN)
140 proportion_below=below_mhwn /nHeights

141

142 proportion_below

143

144 above_mhws=sum(unlist(heights2) > MHWS)
145

146 proportion_above=above_mhws /nHeights

147 proportion_above

148

149 dev.new()

150 #plot whole lidar image as normal

151 plot(lidar_all)

152 dev.new()

153 #plot areas in whole lidar image above MHWS
154 plot(lidar_all>MHWS)

155 dev.new()

156 #plot areas in whole lidar image below MHWN
157 plot(lidar_all<MHWN)

158 dev.new()

159 #plot areas within saltmarsh polygons above MHWS
160 plot(mask(lidar_all1>MHwWS,cropped_shapes))
161 dev.new()

162 #plot areas within saltmarsh polygons below MHWN
163

164 plot(mask(1lidar_all<MHWN,cropped_shapes))
165

166

167 dev.new()

168 plotrGB(image_all,r=1,g=2,b=3)

169 par(new=TRUE)

170 dev.new()

171 plotrRGB(image_all,r=1,g=2,b=3)

172 par(new=TRUE)

173 plot(cropped_shapes,add=TRUE,col="yellow")

174
175 ~ ##ERERERERE
176 #

177 # pPolygon removal - number to be removed is read from input file
170 -

&
301:2 £ (Untitled)
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173 pleticropped_shapes, asd-Tou cols"yellon’ )
174

175+ ivsssiiei

177 # Folygon removal = nusber to be removed 15 read from fnput file
g #

179 # Could potentially read resove_polygons from terwiral
e

181+ it {resove_palygons
18- for (481 in 12 mm.polmu
18 to_resoves c'lidu’l:rwd_phq)ﬁ'\
18 reoved-to resveRBIECTID
185
188

finputspes | 7]-paste inputspec[7], 5. character [resoved) sep=",7)
187 cropped_shapes<-subset cropped_shapes DRJECTIO! <to_resove (08 JECTIO)

15

18 #plot(cropped_shages, aodeTi

18

91}

192 dev.

19 y1m wage_all,red,ged b )

13 par (reweThiE)

185 pleticropped_shapes, add-Thig col="lue’)

1%

LA

198 S o)

199 plotTidar_a11)

00 par(pew-TiE)

M1 pletcropped shapes,addsThic cols"yellon’)

m

M3 #line below plots salmarsh exteny for a 3 x 3

i

205 #plon(cropped_shapes2, cols"yellow")

06

207 #line below plos saltearsh extest for chosen lim square
06

M dplot{cropped shapes cole'yellon’)

m

N1 #plot kistograa for pairts falling within palygens
mn

bit] u-h:st mlm'lmgts! USE namessf 4L 5% | breakss 200, xlimehist_1imits,main = paste( wistogran of saltmarsh heights -~ , title) plotsThie, xlabe"Elevation relative to 0087)
m

15 mnm J!hjls"] Jey_heights[1])
bb=c (0, max 225 counes )

M9 aplon(eropped shapes,cals"yellon")

20
M1 sglos i fzvogram for points fallieg witkis polygons

2 dev.new

3 zzehist ‘wumhﬁw;!.mm-un'ks:, breaks =200, 21 fn=hist_linits, main = paste("wistogram of saltearsh heighes -7, viele) plotTaue xlab-"Elevatfon relative to oow™)

B4 par (newsThiL)
S aaegikny_haights(1], lﬁ')ﬁ!ﬁi 1
TI6 b=, B (22 eORTES)
uz [ a.\-t» ahi=ThLE)

L Tey="salid”, col-"green”, Tude3)
8 el km#ﬂs 2], ey i ghes (2]

21 plat(n-aa,yebb, add-TRiE)
222 lines(xeaa, yebb, Toy="solid”, col="red”, Tuds3)

il
= A (0 ke _hedghts) 201
05w ghts 3] ey_heights [3])

2 [r-u.y b, adg=TRLE)
1T TGS [xedd, yobb, Ty Ss1NE, esla e, Teded)
L

st [heights2,use. nases-ra o), breaks-200,5lis-c (0. 6.1}

Tt e b eaks 2003

rg of GPS dth comsented sul

1 sdana_Lidar_reightere xa8d, o3}

ta_Lidar_weight

I pmnschind(data Lidar heig
S nyespatialpoions ()

7 #lidar_hefghtsextract{lidar_all xy)
e

53 o ffelidar_height-dataf 4]
Ni2 1D e ¢

Appendix 3.23 script of R program to analyse elevation data and relative tidal heights for all marsh
sites undertaken in this study.
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Appendix to Chapter Four

141 $ the last fuctions represent wave height reduction
142 - figure

143 - a=0.00042297,b=0.00315405

144 — length=1300

145 - depths=ones(length,l)

146 - H=ones (length,1l)

147 = depths=(3.9-LZQ_dtm(1000:2300,2500))
148 - H(1)=1.0

149 - kkk=inline('a*l./depth+b*1l./depth.*2','a’','b', 'depth’)
150 - kkk(a,b,depths)

151 - kreal=kkk(a,b,depths);

152 — for i=2:1length

153 - H(i)=H(i-1l) *exp(-kreal(i-1))

154 - end

155 - plot (H)

156 - hold on

157

158 - a=0.00042297,b=0.00315405

159 = length=1300

160 - depths=ones (length,l)

16l - H=ones (length,l)

162 — depths=(4.9-LZQ_dtm(1000:2300,2500))
163 - H(1)=1.0

164 - kkk=inline('a*l./depth+b*1l./depth.”2','a’','b’', 'depth')
165 - kkk(a,b,depths)

166 — kreal=kkk(a,b,depths);

167 - -Ifor i=2:1ength

168 - H(i)=H(i-1l) *exp(-kreal (i-1l))

169 — -end

170 - plot (H)

171 - hold on

172

Appendix 4.1 script of R program to analyse water level as a function of wave dissipation using K
(Decay) at Llanrhidian marsh.
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Appendix to Chapter five
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Appendix 5.1 Predicted distribution of redox values averaged across the whole area of the marsh at each

individual marsh in this study.
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