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Abstract 

Enhancing Dykeland Resiliency in a Hypertidal Estuary 

by Graeme Matheson 

March 02nd, 2020 

Dykelands are low-lying areas created by the reclamation of saltmarshes by the 

construction of dykes and other infrastructure which are made resilient to the impacts of 

climate change by the presence of robust foreshore saltmarshes seaward of dyke 

infrastructure. This study looked at the impact flood and erosion adaptation strategies 

have had on hypertidal saltmarshes at various spatial and temporal scales in the Bay of 

Fundy, Canada. While the primary cause of significant foreshore saltmarsh erosion and 

progradation were a result of natural processes, several features were found to have 

precipitated significant changes in the position of the foreshore. Borrow pits, which are 

excavated swaths of saltmarsh excavated from the foreshore for dyke topping material 

were also studied using an unmanned-aerial-vehicle and structure-from-motion software. 

Eight out of the 13 borrow pits studied were found to be infilling at a rate which would 

only reduce dykeland resiliency in the short-to-medium term. 

 

Keywords:  Dykeland, Climate Change, Sea Level Rise, Ecomorphodynamics, 

Adaptation, Mitigation, Management, Unmanned Aerial Systems, Structure-from-Motion, 

GIS 
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Chapter 1: Introduction to Research Project 

1.1 Introduction 

Dykelands are low-lying areas or former saltmarshes that have been removed 

from intertidal flow by the construction of dykes and other coastal infrastructure 

(novascotia.ca, 2013). As a result, dykelands reside below high-tide levels making them 

particularly susceptible to coastal inundation and erosion. This susceptibility is 

exacerbated by sea level rise (SLR) and other impacts of climate change such as increases 

in the frequency and magnitude of storm events (Nicholls and Cazenave, 2010). 

Furthermore, as sea levels increase seaward of the dykes, autocompaction on the 

landward side of the dykes decreases elevation capital over time via agricultural practices 

and other human uses (Allen, 2000). As populations increase within the areas protected 

by dykes, and the disparity between water levels and land elevation increases, dykelands 

are becoming less resilient to coastal flooding (van Proosdij and Page, 2012). Although 

many dykes can be topped to prevent coastal flooding, the cost to do so is high, and it is 

often prohibitive to top all dyke infrastructure in dykelands (van Proosdij and Page, 

2012). Fortunately, saltmarsh ecosystems, otherwise known as foreshore marsh, are often 

present on the seaward side of dykes and can help increase the resiliency of dykelands to 

climate change, SLR, and storm events (Gedan et al, 2010; Mºller et al, 2014; Vuik et al, 

2016). This thesis focuses on foreshore marshes in front of dyke infrastructure in order to 

focus on their role in increasing resiliency in ñgreen-greyò coastal defence systems. 

Resiliency is defined as the ability of a system to absorb and recover from the 

impacts of a hazardous event (IPCC, 2012). An important component in maintaining, or 

enhancing, coastal resiliency is the presence and promotion of a healthy natural coastal 
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ecosystem (Sutton-Grier et al, 2015). Saltmarshes, and other ecosystems such as 

mangroves, provide coastal regions with a myriad of ecosystem services that enhance 

coastal resiliency by mitigating many negative impacts associated with climate change 

and sea-level rise (SLR) (Gedan et al, 2011; Temmerman et al, 2013; Vuik et al, 2016; 

Rend·n et al, 2019). Chief amongst these benefits are saltmarshesô capacity to dissipate 

wave energy (Mºller et al, 1996; Gedan et al, 2011; Vuik et al, 2016).  The effectiveness 

of saltmarshes to attenuate waves is controlled by the width of the foreshore marsh, wave 

height, and the type, rigidity and density of vegetation (Sheppard et al, 2011; Barbier et 

al, 2011; Mºller et al, 2014, Anderson and Smith, 2014). As a result, healthy saltmarsh 

ecosystems are viewed as a viable source of coastal protection and are being integrated 

into ñgreen-greyò hybrid coastal defence infrastructures, worldwide (Sutton-Grier et al, 

2015; Narayan et al, 2016). In these hybrid systems, saltmarshes act either as the primary 

or secondary source of coastal protection, depending on the management scheme (van der 

Nat et al, 2016). In dykelands, saltmarshes explicitly increase dykeland resiliency by 

reducing the frequency and intensity of wave interaction with dyke infrastructure (Vuik et 

al, 2016).  

Besides wave attenuation, saltmarshes increase the resiliency of dykelands in less 

direct ways as well. Saltmarshes are also ecosystem engineers that can accrete at a pace 

similar to, or greater than, SLR given an ample sediment supply (Friedrichs and Perry, 

2001; Temmerman et al, 2012; Kirwan et al, 2016). With enough accommodation space, 

saltmarshes can continue to provide protection to dykes and dykelands in the context of 

future climate change and sea level rise. Furthermore, unlike hard engineered coastal 

protection structures, saltmarshes can rebound following a destructive storm event 

(Sutton-Grier et al, 2015). This makes green-grey hybrid coastal protection systems 



 

3 

 

inherently more resilient than strictly grey systems, and ultimately enhances the resiliency 

of dykelands themselves. However, for saltmarshes to be a viable component of coastal 

protection, they must remain healthy and robust. Changes in the natural drivers and 

human intervention can impact the integrity of saltmarshes. In the case of the human 

impacts, the implementation of coastal structures and strategies can positively, or 

negatively, affect the ecomorphodynamic processes that govern saltmarsh evolution. 

Specifically, changes in ecomorphodynamics can precipitate or enhance saltmarsh 

progradation (horizontal growth), accretion, and erosion. Ecomorphodynamics describes 

interaction of vegetation, hydrology, sediment dynamics and topography to create and 

influence landform morphology. Furthermore, ecomorphodynamics include the feedback 

loop created by the formation or changes in landform on the aforementioned drivers.  As a 

result, maladaptation is an obstacle to the successful implementation of nature-based 

coastal defence.    

Ultimately, saltmarshes not only increase dykeland resiliency by reducing the 

frequency and intensity of wave interaction with dyke infrastructure, but by rebounding 

following a storm event, and by sequestering carbon from the atmosphere (Sutton-Grier et 

al, 2015; Vuik et al, 2016; Wollenburg et al 2018). This reduces maintenance costs and 

reduces the critical dyke elevation to prevent overtopping if the foreshore saltmarsh is 

wide enough (Vuik et al, 2016). This can allow dykeland managers to focus capital on 

other dykes, infrastructure, or on projects that address socioeconomic issues in the 

dykeland, further increasing the resiliency of the dykelands.  
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1.2 Project Context 

Dykeland landscapes exist around the globe including, but not limited to, China, 

Vietnam, Netherlands, Croatia, France, England, USA, and Canada (van Proosdij and 

Page, 2012). This thesis examines dykeland adjacent saltmarshes in the Bay of Fundy, 

Nova Scotia, Canada. The Bay of Fundy is hypertidal with tide ranges that exceed 16m 

(50ft). The Bay of Fundy has several sub-regions with varying tidal ranges and 

hydrodynamic characteristics (e.g. suspended sediment concentration, sediment source). 

The Bay of Fundy also has a long history of dyke building for the creation of agricultural 

land dating back to the Acadian settlers of the 17th Century (Milligan, 1987; Bleakney, 

2004). Since then, saltmarshes in the Bay of Fundy have reduced as much as 80%, most 

of which has been lost as a result of reclamation (novascotia.ca, 2017). Dyke building has 

been a continued practice; however, the largest large-scale dyke building endeavor 

occurred in the 1950ôs following the implementation of the Maritime Marshlands 

Rehabilitation Act (MMRA), in 1949 (Milligan, 1987). By the end of this decade, over 

225km of new dyke was constructed with over 27,000ha of agricultural land being 

reclaimed or revamped in Nova Scotia, New Brunswick, and Prince Edward Island 

(Milligan, 1987). In 1970, the responsibility of dyke maintenance was passed over to the 

Nova Scotia Department of Agriculture (Milligan, 1987).  

Today, Nova Scotia has approximately 241km of dyke infrastructure protecting 

approximately 20,000ha of land that is under the purview of the Nova Scotia Department 

of Agriculture, Land Protection Division (van Proosdij and Page, 2012; novascotia.ca, 

2018). This responsibility is extended to the maintenance of over 260 aboiteau and 

implementation of rock armouring on the dykes and foreshore saltmarsh (novascotia.ca, 

2018). Many of the dykes in the province have not been topped since their original 



 

5 

 

construction in the 1950ôs. Currently, many of the dykes overtop during storm events that 

occur during a high tide. With sea level rise (SLR) projections for the Bay of Fundy 

predict levels could increase by as much as 0.79m, by 2055, coastal flooding will increase 

in Nova Scotia unless the dykes are topped (Greenburg et al, 2012). This constitutes a 

large endeavor, which is made worse by relatively scarce funding (Sherren et al, 2016). 

As a result, the NSDA has implemented some creative strategies to protect the dykelands 

in Nova Scotia including managed realignment of dyke infrastructure, saltmarsh 

restoration, living shorelines, and borrow pit construction. The NSDA recognizes 

saltmarshes are an important part of coastal defence and integral in dykeland 

management. This project received in-kind support and collaboration by the NSDA 

investigate the common structures and strategies implemented in the Bay of Fundy used 

to adapt to, and mitigate, coastal flooding and erosion. The goal of this investigation, and 

thesis, is to identify how these structures and strategies impact saltmarshes so that they 

can be managed and implemented into the coastal defence strategy, and in doing so, 

enhancing dykeland resiliency.   

1.3 Thesis Organization 

This thesis follows a manuscript style format. Ultimately, this thesis will examine 

how common dykeland practices, implemented in estuaries around the world impact 

saltmarsh integrity over various time scales. In Chapter 2, an intertidal morphodynamic 

analysis was implemented to examine how a variety of dykeland management practices 

have influenced saltmarshes over different temporal (i.e. yearly to decadal) and spatial 

(i.e. individual marsh to estuarine) scales. This was done using the Digital Shoreline 

Analysis System (DSAS) (Thieler, 2009) and Analyzing Moving Boundaries Using R 
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(AMBUR) software (Jackson, 2009) to determine change rates on foreshore saltmarshes. 

Chapter 3 examines whether borrow pit excavation, a practice not thoroughly researched 

in the literature, can be considered a sustainable method of obtaining dyke topping 

material in the context of contemporary dykeland management. To do this, an unmanned 

aerial system (UAS) and structure-from-motion (SfM) software was used to measure the 

volumetric change of sediment in the borrow pits following their excavation. These 

changes were supplemented with measurements of hydrodynamics (e.g. suspended 

sediment concentration, flow velocity). Chapter 4 will integrate the findings from Chapter 

2 and Chapter 3 in order to make broader suggestions related to the implementation of 

various flood and erosion mitigation structures and strategies in the Bay of Fundy. 
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 Chapter 2:  

Ecomorphodynamic response of saltmarshes to natural and anthropogenic 

modifications in a fetch-limited, highly turbid, hypertidal estuary. 

2.1 Introduction 

Coastal regions around the world are increasingly concerned about the impacts of 

contemporary and future climate change; particularly those related to sea-level rise 

(SLR). Rising sea levels and associated increases in storm surge will exacerbate a number 

of different threats to coastal regions, including: inundation of low-lying areas, erosion of 

shorelines, vulnerability to coastal flooding during storms, saltwater intrusion, loss or 

alteration of coastal ecosystems, damage to existing flood and erosion prevention 

structures, as well as the potential displacement of millions of people worldwide 

(Nicholls and Cazenave, 2010; van Proosdij and Page, 2012; Doney et al, 2012; IPCC, 

2013). To mitigate and adapt to these impacts, namely those related to coastal flooding 

and erosion, coastal communities often implement a number of hard engineering 

structures such as dykes, sea walls, groynes, and shore rocking (Allen, 2000; French, 

2001; Bernatchez and Fraser, 2012; van Proosdij and Page, 2012). Building and 

maintaining these structures is expensive. Many older structures were built without SLR 

in mind and are no longer adequate to protect coastal regions from current and future 

flooding extents. Furthermore, hard engineering structures often replace or segment 

coastal ecosystems ï effectively reducing the resiliency of shorelines and their ability to 

adapt and respond to changes in sea levels and other natural processes or anthropogenic 

stressors. Natural ecosystems such as saltmarshes, which often grow on the foreshore side 

of dykes in tidal estuaries, not only provide a significant source of coastal protection but 
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its capacity to recover from disturbance makes the coastline more resilient (Gedan et al, 

2011; Sutton-Grier et al, 2015; Vuik et al, 2016). As such, saltmarshes and other 

ecosystems such as mangroves represent a cheap and green alternative to conventional 

hard engineering structures (Costanza et al, 2008; Gedan et al, 2011; Vuik et al., 2016). 

Saltmarshes are especially resilient to the impacts of climate change and SLR because 

they are self-engineering ecosystems (Crain and Bertness, 2006; van der Nat et al, 2016). 

During the wave attenuation process, saltmarshes also promote sediment deposition 

(Freidrichs and Perry, 2001). This allows saltmarshes to accrete vertically with SLR given 

an ample sediment supply further adding to the resiliency they contribute to the coastline. 

Finally, saltmarshes provide several co-benefits that make them a valuable coastal 

ecosystem in the context of climate change.  

Saltmarshes are dynamic ecosystems that offer a myriad of environmental services 

including carbon sequestration (Chmura et al, 2003; Andrews et al, 2006; Wollenburg et 

al, 2018), flood abatement, habitat for a variety of flora and fauna (van Eerden et al, 

2005) and as a valuable source of coastal protection (Mºller et al, 2014; Sutton-Grier, 

2015; Sanchez-Arcilla et al, 2017). Several studies have shown that saltmarshes 

effectively dissipate wave energy during typical over-marsh tides (Mºller and Spencer, 

2002) and during large storm events (Mºller et al, 2014; Vuik et al 2016). If saltmarshes 

are to be incorporated into a coastal protection strategy it is imperative to understand how 

saltmarshes respond to both changes in the natural environment and human interventions 

in the intertidal zone (Bouma et al, 2014). Since foreshore saltmarsh width is a reliable 

indicator of the effectiveness of a saltmarshôs ability to attenuate waves and provide 

coastal protection, understanding how natural and man-made drivers impact changes 

foreshore edge through erosion and progradation is crucial. In this regard, changes in the 
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position of the foreshore edge reflect the changing efficacy of an individual saltmarsh to 

provide coastal protection, and therefore, the resiliency of the saltmarsh and dyke 

infrastructure system.  

Saltmarsh erosion and progradation (i.e. the horizontal movement of the foreshore 

edge) is a dynamic process which can naturally alternate over the decadal scale (Chauhan, 

2009; Allen and Haslett, 2014). This autocyclic erosion process can make attributing 

erosion or progradation at the foreshore edge to any single driver challenging as most 

marshes will contain some degree of natural variability (Chauhan, 2009). Furthermore, 

there is often a significant lag between human intervention along the coast and the 

emergence of a new erosional or progradational state on the foreshore edge. This is 

because many implementations will alter the bed level morphodynamics of the intertidal 

mudflat adjacent to the foreshore edge (Willemsen et al, 2018). Recent studies have 

shown that these changes are often inextricably linked to saltmarsh erosion and 

progradation due to the role the mudflats play in the autocyclic erosional processes 

(Chauhan, 2009; Willemsen et al, 2018). Changes in bed level morphodynamics, 

especially those that promote the growth of intertidal mudflats, can ultimately lead to 

changes in tidal prism, which is another important control on the evolution of saltmarshes 

(Dyer and Taylor, 1973; Pye and Blott, 2014). Tidal prism is the volume of water that 

flows in and out of an estuary (Dyer and Taylor, 1973; Luketina, 1998; Pye and Blott, 

2014). Tidal prism can be altered by a change in both natural drivers, such as changes in 

sea level, and by the implementation of flood defence structures, such as dykes and tidal 

barriers (van Proosdij et al, 2009; Wang et al, 2015). Ultimately, changes in tidal prism 

can alter tidal velocities leading to an increase or decrease in sedimentation in the 
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intertidal zone, which influences where saltmarshes can evolve or where erosion may take 

place.   

Finally, how a saltmarsh responds to an implementation or change in natural 

driver can be dependent on where in the estuary it is situated (i.e. wave/tidal, mixed, or 

fluvial dominated). Its position in the estuary will dictate the types and strength of the 

ecomorphodynamic interactions that ultimately control its morphology. 

Ecomorphodynamics involve the interaction between sediment dynamics, hydrology, 

topography of the antecedent landscape, and vegetation to shape the landscape; this 

extends to include the feedback landscape change has on said drivers.  Applying an 

ecomorphodynamic analysis at both the saltmarsh and estuarine scale ñéprovides a 

process oriented framework from which to better understand the stability of both natural 

and engineered tidal marshes in terms of what sustainable configuration may 

accommodate changes that occur in a state of dynamic equilibriumò (Friedrichs and 

Perry, 2001, p.7). By doing this, it is possible to avoid implementing maladaptive 

practices.  

This thesis will examine the ecomorphodynamic response of foreshore 

saltmarshes to the implementation of flood and erosion mitigation structures and 

strategies as well as changes in natural drivers in a fetch limited, highly turbid, hypertidal 

estuary at both the saltmarsh and estuarine scale. The work presented here will extend the 

focus of previous morphodynamic analyses by explicitly recognizing and attributing 

which implementations increase dykeland resiliency (i.e. promote progradation) and 

which detract from it (i.e. exacerbate erosion) in the context of climate change adaptation.  

Figure 1 shows a brief description of common human implementations used to 

mitigate coastal flooding and erosion. Other implementations are less common but are 
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prominently featured in the study area of this thesis, which provides a unique opportunity 

to explore the impact of less-explored implementations. Table 1 provides a brief summary 

of the morphodynamic response to each implementation found in those studies. It should 

be noted that several implementations were found to trigger a number of different 

responses (i.e. erosion and/or progradation) depending on other influencing factors (e.g. 

placement in the estuary, suspended sediment concentrations, local hydrology). 

Ultimately, the saltmarsh responses below will be compared to those found in this thesis 

and discussed later on.     
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Figure 1: A list of common structures and strategies implemented in hypertidal estuaries around the world and in the Bay of Fundy. These will be 

the focus of this study. 
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Table 1: Summary of common flood and erosion mitigation structures and their recorded influence on saltmarsh ecomorphodynamics. 

Structure System Response Author(s) 
Dykes/Levees 

 

Reclamation: Reclamation involves cutting off a saltmarsh from tidal flow, usually via the 

construction of a dyke, or embankment. The saltmarsh is drained and the land-use is often 

converted to agriculture. Over time, saltmarshes on the foreshore side of the reclamation can 

accrete, while autocompaction on the landward side can cause the land to subside, making the 

reclaimed less resilient to SLR.  

 

Reduction of tidal prism: Dyke effectively reduce the cross-sectional area of estuaries, which 

decreases the tidal prism and tidal velocities. Deposition occurs when the tidal velocities are no 

longer adequate to transport sediment. If wave action is limited, the net effect of these changes is 

sediment deposition, which leads to the creation of new saltmarshes on the foreshore side of the 

dykes.  

 

 

Coastal Squeeze: Dykes represent a hard boundary that prevent saltmarshes from retreating inland 

in response to rising sea levels combined with wave action. The limitation of horizontal 

accommodation space often leads to in situ net losses in saltmarshes. It can lead to overall losses in 

estuarine saltmarsh if the eroded saltmarsh material cannot adequately deposit in other areas.  

 

 

Alters bathymetry and/or hydrology: In the mixed and fluvial portion of estuaries, dykes can 

confine the lateral movement of flood and ebb channels. This impacts the location of erosion and 

deposition occurrence. Furthermore, channels that are confined laterally can transfer erosional 

energies from the walls of the channels, to the beds. This can lead to channel deepening, and 

potentially reinforce the location of these channels.   

 

Allen, 2000, Doody, 2008 

 

 

 

 

 

van der Wal et al, 2002;  

French et al, 2005; van 

Proosdij and Baker, 2007; 

van Proosdij et al, 2009 

 

 

 

Doody, 2004; Wolters et al 

2005; Dario and Chmura, 

2013 

 

 

 

van Proosdij and Baker, 

2007; Pye and Blott, 2014 

Dredging Sediment removal: Dredging practices aim to remove sediment from an estuary for navigational 

or flood abatement purposes. If the sediment is not redistributed back into the system, dredging can 

lead to large net losses of sediment, which can reduce the amount of sediment for saltmarsh 

platforms.  

 

Blott et al, 2006 
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Alters bathymetry and/or hydrology: When dredging practices are isolated to one channel (i.e. 

ebb channels for navigation), they can potentially influence the capacity of both channels to 

transport sediment. This can influence the sediment transport patterns within the estuary and can 

either increase or decrease the amount of available sediment in an estuary.  

van der Wal and Pye, 

2004; Blott et al, 2006; 

Wang et al, 2015 

Rocking/Seawalls Alters hydrology: Rocking can significantly reduce the interaction of hydrodynamic forces and 

saltmarshes or other coastal landscapes. This provides protection for saltmarshes limiting the 

amount of in situ erosion but can limit the availability of sediment elsewhere in the estuary. 

Furthermore, the ends of rocking or seawalls can experience scour leading to an increase in erosion 

that might otherwise occur. 

 

French, 2001; Bernatchez 

and Fraser, 2012 

 

Kickers (Groynes) Alter hydrology : Kickers deflect the thalweg away from saltmarshes in the fluvial and mixed 

portions of an estuary. The result of this is a reduction in ebb velocities, creating an environment 

that is conducive to sediment deposition and saltmarsh progradation. 

Klingeman et al, 1984; van 

Proosdij and Matheson, 

2015; This study 

Borrow Pits Alter sediment transport: By creating artificial tidal channels, or by enhancing existing channels, 

borrow pits alter sediment transport on the platform by providing a conduit for sediment to the 

areas of the high marsh it would not normally reach. Also, by deepening the existing channels, 

borrow pits act as a sediment sink and trap sediments that might reach the platform in a natural 

tidal creek system.  

 

Alter hydrology : Borrow pits can significantly increase velocities within the saltmarsh platform 

causing scour and erosion in places that may not experience said forces except during large storms.  

 

Sediment Loss: Borrow pit excavation constitutes a significant loss of sediment on the saltmarsh-

scale. Large borrow pits can represent a loss of >10,000m3 of sediment in a single marsh.  

Pye, 1995; Dale et al, 2018 

This study: Chapter 3 

Managed Realignment Saltmarsh restoration: Managed realignment projects reintroduce reclaimed agricultural land to 

tidal flow. This results in the rapid deposition of sediment creating large intertidal mudflats which 

are then colonized by saltmarsh vegetation.  

 

Increase tidal prism: By opening reclaimed land to tidal flow, the local tidal prism is increased. 

This can lead to erosion within the restored saltmarsh and in the tidal creek networks of adjacent 

marshes. Breach channels can also expand into natural marshes if not implemented correctly.  

Garbutt et al, 2006; 

Stronkhorst and Mulder, 

2014; Wollenburg et al, 

2018 

Friess et al, 2014 

Aboiteau Alteration of sediment supply: Aboiteau management has shifted in the past century favouring a 

fewer amount of larger aboiteau over a higher number of smaller aboiteau. This has consequences 

on where and how much sediment is introduced into the estuary from the upland. An increase in 

sediment due to aboiteau alteration can lead to increased availability for mudflat/saltmarsh 

development, and vice versa.  

 

This study 
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Aboiteau channel migration: The channels created by aboiteau can be considerably large 

depending on the size of the drainage basin they control. During large events, the channels can 

migrate significantly leading to rapid and significant erosion at the foreshore edge. In areas with 

high suspended sediment concentrations, the relict aboiteau channel can infill rapidly and lead to 

significant periods of saltmarsh colonization.   

 

This study 

NATURAL DRIVERS 
Natural Channel Migration Erosion and progradation of foreshore edge: Flood and ebb channels can be move quite 

dynamically within the estuarine basin leading to significant changes in location of foreshore 

saltmarsh edges. When channels move landward and interact with the foreshore edge erosion can 

occur quite rapidly by undercutting saltmarsh cliffs. When the channels move seaward, they can 

often leave behind a ñdepositional wedgeò which can lead to the rapid accumulation of sediment. 

Once this sediment reaches an appropriate elevation in the tidal frame, saltmarsh can colonize 

leading to rapid progradation.    

Pringle, 1995; Gabet, 

1998; Pedersen and 

Bartholdy, 2007; Chauhan, 

2009.  

Wave Action Erosion at foreshore edge: Wave action is a driver of erosion along the foreshore edge of 

saltmarshes. Erosion occurs via a few different mechanisms, including the undercutting of 

foreshore saltmarsh cliffs and through large block failures at the foreshore edge.   

Chauhan, 2009; Leonardi 

and Fagherazzi, 2014; 

Leonardi et al, 2016.  

Tidal Asymmetry Control on net sediment transportation : In flood-dominated estuaries, the net direction of net 

sediment transport is usually towards the inner estuary. This typically increases the availability of 

sediment within the estuary, which is then available for the creation and expansion of intertidal 

mudflats. These mudflats can be colonized by saltmarsh vegetation. In ebb-dominated estuary, net 

sediment transport often results in sediment leaving the estuary to the greater basin. This means 

that sediment lost to erosion may not be re-deposited within the estuary, which leaves less for 

mudflat/saltmarsh development. 

Dronkers,1986; Fredrichs 

and Perry, 2001; 

Dalrymple et al, 2012. 
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2.2 Study Area 

The Cobequid Bay ï Salmon River Estuary is in the northeastern portion of the 

Bay of Fundy, in Nova Scotia, Canada (Figure 2). It is a hypertidal semi-diurnal estuary 

with a tidal range exceeding 16m (Desplanque and Mossman, 2004). In the winter, 

ephemeral ice is present throughout the system. The sediment in the Cobequid Bay ï 

Salmon River Estuary consists primarily of coarse and very coarse silt in the outer and 

mid-estuary (samples taken in May and September) (van Proosdij et al., 2014). The inner 

estuary consists predominantly of fine to medium gravel in the North River, and the 

Salmon River consists of medium gravel during the spring but shifts to medium silt by the 

fall (CBCL, 2015). Suspended sediment concentrations range from 0.5gĿl-1 up to >100gĿl-

1 in saltmarsh tidal channels around the turbidity maximum, which can vary spatially 

along the estuary due to the large tidal range (Crewe et al, 2004; Purcell, 2020).   

There is a long history of dyke building in the Cobequid Bay Salmon River 

Estuary, dating back to the 17th Century. Acadian settlers were the first to dyke, or 

reclaim, saltmarshes and did so until their expulsion in the 1750ôs (Bleakney, 2004). The 

practice of dyke building persisted through to the 1950ôs; however, many dykes in the 

area fell into a state of disrepair by that time (Milligan, 1987). In this time, the 

Government of Canada stepped in and established the Maritime Marshlands 

Rehabilitation Administration (MMRA), which mandated the repair and improvement of 

agricultural dykes in Nova Scotia and New Brunswick (Milligan, 1987). Most of the 

dykes in the Cobequid Bay Salmon River Estuary were built between the 1950ôs and 

1970ôs and are now currently managed by the Nova Scotia Department of Agriculture 
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(NSDA), Land Protection Division. Many dykes in the province are engineered to an 

agicultural standard which accepts periodic overtopping (Agricultural Marshland 

Conservation Act, 2000). However, as development as moved into the natural flood extent 

these dykes now protect vital infrastructure and commercial interests. The NSDA are also 

responsible for the maintenance of over 260 aboiteau structures, armouring dykes and 

foreshore marsh, and the excavation of borrow pits for dyke topping (novascotia.ca, 

2018). The NSDA uses several of the structures and strategies outlined in Table 1 to 

mitigate and adapt to coastal flooding and erosion ï including rocking, kickers, dredging 

(Municipality of Colchester), and managed realignment. 

The legacy of dyke building and maintenance has had a lasting impact on the 

saltmarshes in the Cobequid Bay Salmon River Estuary. An estimated 80% of saltmarshes 

have been lost in Nova Scotia, with as much as 50% as a result of reclamation 

(novascotia.ca, 2017). As a result, this study will look to see whether any of the 

implementations mentioned above can enhance or detract dykeland resiliency by 

examining how they have influenced saltmarsh erosion and progradation during the past 

80 years. 
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Figure 2: Study area map showing the location of foreshore saltmarsh and dyke infrastructure as 

well as the extent of the various process dominated zones in the Cobequid Bay Salmon River 

Estuary, Nova Scotia, Canada. 
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2.3 Methods and Materials 

In order to measure change in the foreshore edge position (i.e. erosion and 

progradation) a large dataset of imagery was compiled, digitized and analyzed using GIS, 

Digital Shoreline Analysis System (DSAS) (Theiler et al, 2009) and Analyzing Moving 

Boundaries Using R (AMBUR) (Jackson, 2009). The measured change was reported as 

End Point Rate (EPR), which is the rate of change of the foreshore position between 

successive images along a transect.  

The images used in this analysis include aerial photographs, satellite imagery, and 

imagery obtained from an unmanned aerial vehicle (UAV), all of which were projected 

into the NAD83 CSRS EPOCH2010 UTM Zone 20 coordinate system. The oldest images 

date as far back as 1938. The foreshore was manually digitized (i.e. delineated) from 

these images in ArcMap 10.5, and was double-checked for quality control. Furthermore, 

images were only used if they were captured during low to mid-tide to ensure the entire 

foreshore was visible. Since these images were individually georeferenced and/or 

georectified, and vary in their resolution, each set of foreshore boundaries digitized from 

a given year has its own level of error (i.e. digitization error) called the Shoreline Position 

Error (ESP). The ESP associated with set of images can be calculated using equation (1): 

Equation 1: Shoreline Position Error (Tibbetts and van Proosdij, 2013). 

Ὁίὴ Ὁὶ  ὉὨ  Ὁέ 

where, Esp is the shoreline position error, Er is the root mean squared (RMS) error 

of the image rectification, Ed is the digitizing error, and Eo is the shoreline proxy offset 

which is two metres for each image. (Tibbetts and van Proosdij, 2013; van Proosdij et al, 

2018). The shoreline proxy offset was generalized based off the entire suite of images. 
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The resultant shoreline position error for each image used in the analysis is in Appendix 

1.  

Foreshore change was measured along transects that were cast every 25m along 

dyke centrelines in the Cobequid Bay Salmon River Estuary. The dyke centreline, which 

was created using the most recent RTK-GPS surveys, was used as the baseline since this 

project coincided with another project which examined dyke vulnerability (van Proosdij 

et al, 2018). DSAS was chosen as the preferred method to cast transects over AMBUR 

because of the convoluted shape of the baseline (i.e. dyke centreline). Specifically, DSAS 

allowed for the orientation of the transects to be edited in ArcMap 10.5 to reflect and 

properly capture the movement of the foreshore saltmarsh (Figure 3). While manually 

editing the transects introduced user bias and diminished reproducibility, without the 

manual editing (which AMBUR does not offer) the resultant EPR was often unrealistic 

and either over-exaggerated or under-exaggerated the amount of change that was 

occurring at the foreshore edge. In total, 2070 transects were cast. Of those 2070, 266 

(12.85%) were removed from the analysis, 954 (46.09%) were modified to capture the 

direction of foreshore change and 850 (41.06%) remained untouched. The transects were 

cast using the Smoothed Baseline Cast method and a smoothing distance of 50m.  
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Figure 3: An example of how transects were edited to be perpendicular to the direction of 

foreshore processes. 

Analyzing Moving Boundaries Using R (AMBUR) software was then used to 

determine the EPR of the foreshore along each transect (Jackson, 2009). EPR represents 

the rate of change at the foreshore edge along a transect between successive images, 

whereas mean EPR is the mean change along a transect throughout the entire range of 

images. AMBUR uses the transects and shorepoints (i.e. where the transects intersect the 
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digitized saltmarsh polygons) generated in DSAS to obtain statistics regarding each 

transectsô EPR using the basic equation (2): 

Equation 2: Equation for calculating End Point Change Rate (EPR). 

ὉὖὙ 
Ὀ  Ὀ

Ὕ  Ὕ
 

Where D equals the distance along the transect to the shorepoint and T represents 

the year the image was obtained. Using the ESP values from equation 1, the error in EPR 

between any successive year can be calculated using the equation (3): 

Equation 3: Potential error in EPR between any two images. 

ὉὖὙ  
ὉὛὖ  ὉὛὖ

Ὕ Ὕ
 

These error values are reported in the Results and Discussion sections when 

discussing foreshore change. When calculating EPR, the last intersection method was 

chosen in AMBUR, meaning the EPR were calculated using last shorepoint (i.e. furthest 

away from the dyke) in each respective saltmarsh polygon (Jackson, 2012). This allows 

for the calculation of EPR independent of the direction of saltmarsh change. Two separate 

outputs from AMBUR were used in the analysis: mean EPR of individual transects 

throughout all images and the foreshore width along all the transects in each 

corresponding image. The mean EPR of each individual transect was also used to 

visualize change at the saltmarsh scale throughout the full range of available images. This 

value was used to characterize the mean direction and magnitude change in each 

saltmarsh between all the images. It is important to note that most saltmarshes had areas 

of erosion and progradation even though only one value was reported. To examine the 

variation in change within each marsh more closely, the mean EPR of each transect 

within a marsh was also examined to determine significant changes at the saltmarsh level. 
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Finally, to capture the variability of movement of the foreshore edge the EPR of each 

transect between all successive images were used to identify significant changes. This 

allowed for the capture of episodic changes that may have been precipitated by 

anthropogenic alterations within the intertidal zones or by natural processes.  

Significant changes were identified as those that exceeded a two-sigma deviation 

from the mean change rate measured at both the saltmarsh and process-dominated scales. 

The two-sigma changes were calculated at the individual saltmarsh level, using the mean 

EPR and standard deviation of each transect using the equation (4): 

Equation 4: Equation for calculating significant change. 

ВὉὖὙ

ὲ
 ς„ 

Significant changes in the process-dominated zone were calculated using all the 

EPR between successive years for each transect (Figure 4 and 5). The process-dominated 

zones were the tidal/wave, mixed, and fluvial dominated zones, which were delineated in 

Dalrymple et al (1990).  This was done because morphodynamic drivers interact 

differently with the flood and erosion prevention structures in each process-driven zone, 

impacting EPR and saltmarsh evolution in different ways, leading to varying 

ecomorphodynamic responses, and ultimately, different magnitudes of EPR. Furthermore, 

it was expected that rates of change would be greater in the higher energy zones (e.g. 

tidal/wave) than the low energy zones (e.g. fluvial), particularly regarding erosion. 

Conditional statements in Excel were used to highlight significant changes along each 

transect between any two successive years, which were scrutinized to determine if they 

were real changes, or a false positive as a result of user error (e.g. digitization error, image 

boundary) 
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Figure 4: Workflow for determining significant change at the saltmarsh scale. 
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Figure 5: Workflow for validating and identifying significant changes at the process dominated zone scale. 
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Once the significant changes were verified, they were examined qualitatively 

using knowledge of the ecomorphodynamic processes that occur in highly turbid, 

hypertidal estuaries. This method of examining quantitative changes and explaining said 

changes through the lens of morphodynamics is used in several studies including van der 

Wal et al (2002), and van Proosdij and Baker (2007). The examination of the foreshore 

change rates was facilitated by the various imagery as well as a suite of other geospatial 

data collected for the Marshlands Atlas (van Proosdij et al, 2013). These included the date 

and location of the implementation, upgrade, or removal of dykes, rocking, kickers, 

aboiteaux and dredging. 

2.3.1 Assessment of error reporting for EPR 

The uncertainties in this study should be considered conservative based off the 

resolution and rectification accuracy of the images used. The over-estimation of error is 

primarily an artifact of the digitization and shoreline proxy errors used to determine the 

uncertainty of the foreshore edge location. Shoreline proxy is typically used to determine 

more ambiguous shorelines, such as the high-water line (HWL) or mean high water 

(MHW), which is delineated using changes in vegetation or wrack. The delineation of 

saltmarsh versus mudflat is much less ambiguous, especially in the higher-resolution 

imagery, yet maintains a value of two metres to cover the uncertainty presented in the 

black and white, low-resolution, aerial photographs. Future studies should involve photo 

specific estimations of shoreline proxy and digitization error in addition to rectification 

error and image resolution.  
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2.4 Results 

In total, the End Point Change Rate (EPR) of 1804 transects were analyzed along 

53.8km of dyke. Of those 1804 transects, 932 were eroding and 872 were prograding 

(Figures 6). The tidal/wave dominated zone in the Cobequid Bay Salmon River estuary 

was eroding at a mean of -0.9mĿyr-1 Ñ 0.1mĿyr-1, while the mixed zone was eroding at a 

mean rate of -0.6mĿyr-1 Ñ 0.1mĿyr-1 (Table 2). The fluvial zone was the only zone that was 

prograding and was doing so at a rate of 0.1mĿyr-1 Ñ 0.1mĿyr-1. Furthermore, the mixed 

zone showed the greatest variation in (EPR) with a standard deviation of 6.1mĿyr-1. For 

context on marsh locations refer to Figure 2. 

Table 2:EPR Statistics generalized for each process dominated zone. The error associated with 

mean EPR is the mean of the ESP errors for all years.  

Dominant 

Process 

Number 

of 

Marshes 

Mean (m·yr -1) Standard 

Deviation 

(m·yr -1) 

Significant 

Erosion  

(-2 Sigma) 

(m·yr -1) 

Significant  

Progradation 

(+2 Sigma) 

(m·yr -1) 

Tidal/Wave 5 -0.9± 0.1m·yr-1 3.5 -7.8 6.0 

Mixed 13 -0.6± 0.1m·yr-1 6.1 -12.7 11.5 

Fluvial 8 0.1± 0.1m·yr-1 1.6 -3.2 3.3 
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Figure 6: Percentage of total transects per EPR range and zone. 

 

EPR in the tidal/wave dominated section of the Cobequid Bay Salmon River 

estuary were predominantly negative. Here, average rates of change ranged from               

-1.7 Ñ 0.1mĿyr-1 to 0.0 Ñ 0.1mĿyr-1 (Table 3) (Figure 7). The marsh that had the greatest 

mean erosion was NS066 Round Marsh, which eroded at a rate of -1.7 Ñ 0.1mĿyr-1 

between 1938 and 2013. The greatest rates of erosion occurred between 2011 and 2013, 

with rates exceeding -10.0mĿyr-1 measured in front of 150m of the dyke, reaching as high 

as -16.3 Ñ 2.4mĿyr-1. The only marsh edge in the tidal/wave zone that did not retreat was 

NS114 Great Village, which had mean change of 0.0 Ñ 0.1mĿyr-1 along the entire 

foreshore. However, this marsh was reclaimed sometime after 1964, which triggered a 

mean foreshore progradation at a rate of 0.2 Ñ 0.4mĿyr-1 between 1994 and 2013 despite 

the significant loss of saltmarsh area overall (see 2.5.1 for further discussion). 
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Table 3:ERP statistics for wave dominated zone. The error associated with mean EPR is the ESP 

error divided by the range of years between the first and last image.  

Marshbody 

Tract  

# 

Images 

Mean 

(m·yr -1) 

Standard 

Deviation 

(m·yr -1) 

Significant 

Erosion 

(m·yr -1) 

Significant 

Progradation 

(m·yr -1) 

Max 

Erosion 

(m·yr -1) 

Max 

Prog. 

(m·yr -1) 

NS024_01 3 -0.1±1.6  2.0 

-8.3 6.7 

-8.1 4.3 

NS024_03 3 -0.4±0.1 1.1 -3.0 3.0 

NS097_01 4 -0.2±0.1 1.7 -6.6 7.1 

NS114_01 5 0.0±0.1 2.2 -6.9 8.8 

NS066_01 8 -1.7±0.1 5.1 -16.3 12.2 

 

 

Figure 7: Mean EPR per dyke segment (25m) for marshes in the Tidal/Wave dominated zone. 

NS064_02, NS064_04, and NS023r are considered fluvial. 


























































































































































































































































































































