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Summary

Mudbanks are pertinent features that can be found along the 1,500-km long coastline of the 
Guianas. These mostly subtidal banks consist primarily of sediments that originate from the 
Amazon River in Brazil. After formation near Amapá, they migrate along the coasts of French 
Guiana, Suriname and Guyana to the Orinoco Delta in Venezuela. Each mudbank consists of a 
mud layer that can be between 1 and 5 meters thick, stretching between 10 and 20 km alongshore 
and up to 60 km seaward. These large amounts of fine sediment damp incoming waves that 
predominantly come from north eastern directions and simultaneously provide a source of sediment 
for coastal expansion. Due to the erosion on the east side and transport of sediment under the 
influence of waves and currents towards the leeward side, mudbanks migrate westward with a speed 
of 1 to 5 km per year.

The specific conditions of mobile and migrating mudbanks result in 10 - 15 year long phases 
of progradation and erosion that can be associated with their presence and absence, respectively. 
As a consequence of these alternating phases, coastal management must account for non-linear 
and abrupt changes in the coastal zone, including coastline and mangrove cover variations. This 
cyclic instability is especially challenging for implementing coastal protection strategies, nature 
conservation initiatives, blue carbon policies and agricultural development. 

The coastal plain of Suriname, ~450 km downdrift of the Amazon, is of special interest because 
it has an estimated 100,000 ha of pristine mangrove forests. In their natural state these areas are 
composed of mangrove belts in various stages of succession, intertidal areas with distinct levels of 
consolidated mud or sandy substrates. These mosaics of terrestrial landcover are separated by diffuse 
and temporally changing boundaries. Significant variability in landcover changes can be observed 
on timescales that range from days to multiple decades and longer. 

The multi-decadal variability in local changes along the coastal zone, induced by alongshore 
migrating mudbanks remains poorly understood and unquantified. Especially at scales ranging from 
sub-kilometre to multiple kilometres have remained unquantified for the entire coastal zone. This is 
because the coastal zone is often inaccessible and mudbank footprints are difficult to demarcate 
from their surroundings. The lack of consistent estimates of mudbank footprints makes it difficult 
to differentiate between natural changes related to mudbank migration and human- or climate-
induced changes in the coastal zone. To be able to better estimate coastlines and mangrove changes 
and to simultaneously constrain predictions of future changes, it is thus important to demarcate 
mudbank footprints, study indicators of stress in mangrove forests and detect unusual coastline 
position changes at relevant spatial scales. 

In this thesis a remote-sensing workflow was developed to utilize the spatial and temporal 
resolution of the complete Landsat satellite data archive since 1986. Simultaneously, the semi-
automatic processing steps discriminate between subtidal mudbanks, intertidal areas and coastal 
land surfaces (Chapter 2). The implemented linear spectral unmixing approach made it possible 
to untangle distinctive reflectance signals into representative landcover fractions of water, mud and 
vegetation. Especially the estimates of mud abundance in the water column allowed the detection 
of diffuse boundaries associated with mobile migrating mudbanks. By applying this workflow it 
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became possible to show the paramount effect of migrating mudbanks on the multi-decadal 
coastline dynamics in Suriname. We show that on average 36 m/yr of accretion occurs during 
mudbank presence and 18 m/yr of erosion during mudbanks absence, although spatial and temporal 
variability was high (Chapter 3). 

The use of all available Landsat images increased the temporal resolution beyond perennial 
changes, while simultaneously considering the entire 1,500-km coast of the Guianas for the first 
time. Simultaneously, this approach allowed to highlight the large alongshore variability in observed 
coastlines changes. This becomes especially apparent when the effect of mudbank migration on 
the coasts of Suriname is compared with French Guiana and Guyana (Chapter 4). The computed 
frequency of mudbank occurrence, which is linked to the position and shape of mudbanks, proves 
to be a key factor controlling the number of years a coastal section is protected and accretion is 
facilitated. Differences between countries highlight the importance of considering non-linear 
changes of coastline positions and mangrove dynamics (Chapter 5) for future interventions, 
including building with nature initiatives, ecosystem restauration and coastal protection efforts. 

The optimal use of the opensource Landsat archive to detect the changes in mangrove 
forests that result from mudbank dynamics was explored (Chapter 5). This gave insight into the 
characteristics and spatiotemporal distribution of mangrove gain and losses along the coast of the 
Guianas. Patches of mangrove change were found to be spatially clustered and linked to mudbank 
migration. However, more and significantly larger changes occurred in the coastal hinterland, not 
directly influenced by mudbank migration. These observations suggests that all causes of mangrove 
changes should be explored, not only the losses when mudbanks are absent and mangrove 
colonization when present.

This thesis proposes that the established conceptual model of mudbank migration along the 
Guiana coastline, prescribing a cyclic instability of progradation and erosion related to bank and 
interbank phases, captures general trends but requires additional attention when addressing local 
coastal dynamics (which are crucial for coastal management). Especially the lack of progradation 
during mudbank phases, the heterogenous coastline response and the variability in mangrove cover 
changes are, until now, often neglected. The here developed methodology provides a way forward 
to specify where changes are happening and might take place in the future in the coastal zone of 
Suriname and the wider Guianas.
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Samenvatting

Modderbanken zijn kenmerkend voor de 1,500 kilometer lange kustlijn van de Guianas. Deze 
voornamelijk subgetijde banken migreren van de monding van de Amazone Rivier in Brazilië, langs 
de kusten van Frans-Guyana, Suriname en Guyana tot aan de Orinoco Delta in Venezuela. Bij elke 
individuele modderbank wordt een laag modder van een tot vijf meter dikte in suspensie gehouden, 
die zich 10-20 kilometer langs de kust uit kan strekken en tot 60 kilometer zeewaarts. Deze grote 
hoeveelheden fijn sediment zorgen voor bescherming van de kust door extra golfdemping en 
vormen tegelijkertijd een bron van sediment voor natuurlijke kustaangroei.

Door continue afslag van sediment aan de oostzijde en transport naar de luwere westzijde onder 
invloed van lokale golven en zeestroming, verplaatsen modderbanken zich westwaarts met één 
tot vijf kilometer per jaar. De migrerende modderbanken zorgen voor fases van kustaangroei en 
erosie die 10-15 jaar kunnen duren, afhankelijk hun respectievelijke aan- of afwezigheid. Door deze 
afwisselende fases moet het kustbeheer in de Guianas rekening houden met niet-lineaire erosie en 
uitbreiding van de kust, bijvoorbeeld in mangrovebossen. Zo’n cyclische instabiliteit is vooral een 
uitdaging voor de implementatie van lange termijn strategieën op het gebied van kustbescherming, 
natuurbehoud, natuurlijke opslag van CO2 en de ontwikkeling van landbouw en aquacultuur. 

De kustvlakte van Suriname, 450 kilometer van de Amazone Rivier, is bovendien interessant 
omdat er ongeveer 100,000 hectare natuurlijk mangrovebos groeit. In hun natuurlijke staat 
bestaat de kusvlakte uit stroken mangrovebossen in verschillende stadia van ontwikkeling, 
intergetijdengebieden met variabele consolidatie van modder of juist zandige afzettingen. 
Deze lappendeken van landbedekkingen worden gescheiden door diffuse en snel veranderende 
grenzen. Daarnaast is er significante variatie in landbedekking over de tijd, met veranderingen die 
plaatsvinden in enkele dagen tot veranderingen over meerdere decennia. 

Informatie over de veranderingen op jaarlijkse tijd- en lokale ruimteschaal krijgt tot op 
heden beperkte aandacht omdat consistente kwantificatie hiervan moeilijk is. Dit wordt mede 
veroorzaakt door de beperkte toegankelijkheid van de kustzone en de uitdaging om modderbanken 
af te bakenen is op satellietobservaties. Hierdoor is het lastig om natuurlijke veranderingen 
te onderscheiden van de veranderingen die worden veroorzaakt door modderbank migratie, 
menselijk ingrijpen of de invloed van klimaatverandering. Om een betere inschatting te maken 
van veranderingen die plaatsvinden in mangrovebossen en langs de kustlijn is het dus belangrijk 
modderbanken af te kunnen bakenen in observaties. Tegelijkertijd biedt dit soort observaties 
de mogelijkheid toekomstige voorspellingen te verbeteren, indicatoren van achteruitgang in 
mangrovebossen te bestuderen en onnatuurlijke veranderingen in de kustlijn op kleine en grote 
schaal te detecteren.

In deze thesis is een dataverwerkingsproces ontwikkeld om de ruimtelijke en temporele 
resolutie van Landsat aardobservaties, beschikbaar sinds 1986, beter te benutten voor de detectie 
van veranderingen in de kustgebieden. Daarbij zijn semiautomatische verwerkingsstappen 
geïmplementeerd om het onderscheid te maken tussen subgetijde delen van modderbanken, het 
intergetijdengebied en terrestrische landschapselementen (Hoofdstuk 2). Daarvoor is lineaire 
spectrale unmixing toegepast om kenmerkende reflectiesignalen te onderscheiden en representatieve 
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landbedekking van water, modder en vegetatie te berekenen. De hieruit voortkomende geschatte 
aanwezigheid van sediment in de bovenste waterkolom faciliteert de detectie van diffuse 
modderbank grenzen. Met deze methode werd het mogelijk het overweldigende effect van 
migrerende modderbanken op de lange termijn veranderingen van de Surinaamse kustlijn te 
kwantificeren. Gemiddeld vond er in Suriname 36 meter per jaar aan uitbouw van de kustlijn plaats 
als er een modderbank aanwezig was en 18 meter per jaar erosie als die er niet was, met grote 
ruimtelijke en temporele variatie (Hoofdstuk 3).

Door gebruik te maken van alle beschikbare Landsat observaties werd de temporele resolutie 
van veranderingen voor het eerst hoger dan enkel meerjarige of zelfs per decennium. Tegelijkertijd 
werd voor het eerst de gehele 1,500 kilometer lange kust van de Guianas in beschouwing genomen. 
Deze benadering zorgde ervoor dat het mogelijk werd de grote variatie in veranderingen langs de 
kust te analyseren. Dit wordt ook geïllustreerd door het effect van modderbank migratie voor de 
kust van Suriname te vergelijken met die voor de kust van Frans-Guyana en Guyana (Hoofdstuk 4). 
Het verschil in frequentie van voorkomen van modderbanken, wat gelinkt is aan de positie en vorm 
ervan, blijkt namelijk een dominante factor te zijn die bepaalt hoeveel jaar een kustlijn beschermd 
wordt of zelfs uitbouwt. Zulke verschillen tussen landen illustreren het belang van het meenemen 
van niet-lineaire veranderingen in kustlijn posities en mangrove dynamiek (Hoofdstuk 5) bij 
toekomstige interventies, zoals kustbescherming, building with nature en ecosysteemrestauratie. 

Het optimale gebruik van de beschikbare Landsat observaties werd verkend om veranderingen 
in mangrovebossen, die sterk beïnvloed worden modderbank migratie, te detecteren (Hoofdstuk 5). 
De resultaten boden nieuwe inzichten over de eigenschappen van veranderingen in mangrovebossen 
langs de kust van de Guianas en de bijbehorende ruimtelijke en temporele verspreiding van groei 
en verlies. Veranderingen in mangrovebossen bleken geclusterd te zijn en gelinkt te kunnen worden 
aan modderbankmigratie. Echter vonden er ook significante veranderingen plaats in het achterland, 
wat niet direct beïnvloed kan zijn door modderbank migratie. Deze observaties suggereren dat 
andere oorzaken van veranderingen in mangrovebossen ook verder onderzocht moeten worden. 

Deze thesis toont aan dat het gevestigde conceptuele model van modderbank migratie, dat een 
cyclische instabiliteit van kustuitbouw en erosie door modderbank migratie beschrijft, de algemene 
trends langs de kust van de Guianas goed beschrijft. De lokale veranderingen, die cruciaal zijn 
voor adequaat management van de kustlijn, verdienen echter meer aandacht. Vooral het uitblijven 
van kustuitbouw terwijl er een modderbank aanwezig is, en de heterogene reactie van, én variatie 
aan veranderingen in, mangrovebossen worden tot nu toe vaak genegeerd, terwijl deze factoren 
van grote invloed blijken te zijn. De methodes die in deze thesis zijn ontwikkeld kunnen gebruikt 
worden om verder te verduidelijken waar veranderingen plaatsvinden en verwacht worden langs de 
kusten van Suriname en de Guianas.
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Chapter 1   | Introduction

1.1 Societal context

1.1.1 Competition for space
Coastal zones have been among the most accommodating environments for human settlement for 
centuries and remain so today for 10-20% of the global population (Cohen et al., 1997; Cohen 
and Small, 1998; Kummu et al., 2016; Neumann et al., 2015). Almost without exception, densely 
populated coastal areas face a growing pressure to balance their social, economic, natural and 
protective functions (Brown et al., 2014; Lotze et al., 2006). As a result, the natural functioning 
of habitats in these regions often conflicts spatially with a growing population. This increases 
the demand for managing coastal protection, economic activities and compensating the impact 
of human-induced climate change by sequestrating carbon (Pendleton et al., 2012). In addition, 
anthropogenic activities have already altered the coastal environment by, among other activities, 
means of land reclamation (Sengupta et al., 2018), deforestation (Ahmed and Glaser, 2016), 
agricultural development (Giri et al., 2011), dredging (Bolam and Rees, 2003), groundwater 
extraction (Ferguson and Gleeson, 2012) and the introduction of (toxic) waste water (Dachs 
and Méjanelle, 2010; Jones et al., 2022, 2021; Meijer et al., 2021). There is also strong evidence 
that many densely populated coastal regions are subsiding due to climatic and human-induced 
disturbances. Despite the positive feedback loops that facilitate sediment accumulation and raised 
these environments above the mean sea level in the first place (Ericson et al., 2006; Nicholls et al., 
2021; Oppenheimer et al., 2019; Syvitski et al., 2009). 

Gradients in abiotic factors, such as salinity and inundation frequency, provide habitats for 
a rich variety of flora and fauna in coastal ecosystems (Duke et al., 1998; Nicholls et al., 2007). 
This results in dynamic and ecologically rich environments, including salt marshes and mangrove 
coasts. Communities that utilize associated advantageous ecosystem services, such as biodiversity, 
food production on fertile soils and a reliable water supply, can therefore be provided with a 
beneficial livelihood (Kummu et al., 2016). Globally over 100 million inhabitants (Douglas and 
Peltier, 2002) also rely on the capability of coastal zones to protect against incoming waves, sea level 
rise and storm surges under a changing climate (Nicholls et al., 2007; Oppenheimer et al., 2019; 
Temmerman et al., 2013).

Since the start of industrial revolution in the 19th century, average global temperatures have 
increased by 1.1 °C (WMO, 2019), contributing to accelerated sea level rise of 3-4 mm/yr since 
1993 (Cazenave et al., 2018). Together with subsidence rates, going up and beyond 20 mm/yr for 
some coastlines (Nicholls et al., 2021), relative sea level rise has caused severe, yet variable coastlines 
retreat across the globe (Luijendijk et al., 2018). Expected climate warming of 0.1 to 0.4 °C per 
decade will most likely result in additional sea level rise up to two mm per year, further increasing 
coastal hazards during the coming century and beyond (Oppenheimer et al., 2019). For larger 
deltas, such as those in South America, effective sea level rise has been estimated to be at least 3.5 
mm/yr (Ericson et al., 2006) with a relative small contribution from subsidence. 



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 19PDF page: 19PDF page: 19PDF page: 19

3IntRodUCtIon      |          

Coastal management should aim to balance the diverse demands and ensure the livelihoods of 
coastal communities by avoiding rather than only mitigating increased flood risk, salinization of 
agricultural lands, land loss, coastal squeeze and ecosystem degradation (Nicholls, 2011). Especially 
land cover conversions near pristine coastal zones are potentially unsustainable and may cause 
severe habitat degradation, ultimately leading to additional losses of land and property. This is 
particularly undesirable for low- and middle-income countries, as they are already more vulnerable 
to climate change (Barbier, 2015). When local communities have little ability to adapt to changing 
conditions, there is an increasing likelihood of severe hazards with irreversible impacts. In such 
cases, mitigation measures are required, including artificial sediment supply, green and grey coastal 
protection and nature-based solutions. To ensure successful implementation, in-depth knowledge 
on the current state of the coastal environment, including local variability in coastal processes, 
biodiversity, hydrology, the response under anticipated climate changes and the resulting changes in 
spatial claims is required. This is crucial as such interventions do not only require large investments, 
they also have the potential to aggravate erosion risk and adversely affect the recovery capacity of a 
coastal zone following degradation. Therefore, there is an urgent need for reliable data on exposure 
to coastal hazards, as well as timely and specific information for those who need it.

1.1.2 Muddy coasts
Open coasts are generally dominated by rocky or sandy shores but can under specific conditions 
also be composed of muddy and vegetated shores (Anthony et al., 2013b). These coasts are often 
associated with the alongshore distribution of sediments that originate from large rivers and 
sediment-rich catchments such as the Yangtze, Mekong, Mississippi and Amazon River. The 
redistribution of sediment and thus the fate of coastal zones, is shaped under the influence of 
hydrodynamic forcing mechanisms, such as wind-generated waves, tides, currents and complex 
interactions between them (Vuik et al., 2019). 

In tropical regions, muddy coastal zones are predominantly characterized by mangrove belts in 
different stages of succession (Fabre et al., 1999; Gilman et al., 2008; McKee, 1995). Mangroves 
can thrive in salt water environments due to their root systems, providing enhanced stability under 
regular flooding and continued oxygen uptake via pneumatophores (Alongi, 2008; Krauss et al., 
2008). Simultaneously, the roots bind and stabilize sediment (Ellison, 2008), reduce water flow 
(Bryan et al., 2017) and wave energy (Horstman et al., 2014), further enhancing sedimentation 
(Furukawa et al., 1997). This raises the local bed level (Furukawa and Wolanski, 1996) and protects 
coasts against rising water caused by waves (Melet et al., 2018), storms (Woodroffe and Grime, 
1999) and sea level rise (Krauss et al., 2014; McKee et al., 2012; Saintilan et al., 2020). 

Globally, mangrove coastlines are threatened by agricultural activities, aquaculture, subsidence, 
reduced accommodation space for landward migration and a changing climate. This includes sea-
level rise and an increasing frequency and intensity of storms (Osland et al., 2017; Passeri et al., 
2015). As a result, an estimated one-third of the world’s mangrove forest was lost between the 
start of the industrial revolution and the 2000s (Alongi, 2008, 2002), although significant regional 
variations exists (Friess et al., 2019; Gebhardt et al., 2012). The decline in these valuable ecosystems 
will likely continue under the influence of global climate change and increasing anthropogenic 
pressures (McKee et al., 2012). Mangroves are, however, deemed invaluable when aiming at 
mitigation of climate changes and related impacts such as sea level rise (Duke et al., 2007; Krauss 
et al., 2014). The regulatory ecosystem services provided by mangroves, such as carbon sequestration 
and protection from sea-level rise, have therefore gained increased attention (Macreadie et al., 
2019).
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1.1.3 Coastal behaviour
As coastal systems are at the interface of land and water, they are subject to ever changing 
conditions, both internal and external to the system (Bitencourt et al., 2020; Brown et al., 2014; 
Cowell et al., 2003; Kombiadou et al., 2019). External control factors include, for example, sea level 
rise, tidal forcing and wave climate at regional to global scales (Green and Coco, 2014; Viles and 
Goudie, 2003). Internal controls are more often intrinsic to local environments and play a critical 
role in coastline evolution by determining sediment distribution, production, interaction between 
local wave climate and shoreline changes or the accommodation space for coastal progradation 
(Cahoon et al., 2006). Interactions between multiple controls will result in a spectrum of unique 
coastal systems with different shapes, land cover and future trajectories (Barbier et al., 2008; 
Koch et al., 2009). This is, for example, reflected by coastlines, as their position, shape and natural 
characteristics can vary spatially and change over time (Ashton et al., 2001; Geleynse et al., 
2012). Additionally, coastal morphology may also behave non-linear, due to alternating periods of 
dominant controlling factors or due to feedback mechanisms unrelated to timescales in external 
forcing (Ruessink and Terwindt, 2000). Cycles can range from seasons to years and multiple 
decades (Hu et al., 2018). External control mechanisms, like climate variability and wave forcing, 
work at different spatial and temporal scales, adding complexity when trying to explain observed 
heterogeneity and variability in coastal land cover (Stive et al., 2002).

The feedbacks between these control factors generate a shoreface that tends towards an 
equilibrium state for a given time-averaged wave climate and associated sediment transport 
(Anthony and Aagaard, 2020). Stationary coastal zones may thus sound intuitive for timescales 

Figure 1.1: Suriname and its location in the context of the wider Guianas’ coastal zone, which stretches from the 
mouth of the Amazon River to the Delta of the Orinoco River.
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ranging from seconds to hours or even days. However, also dynamic equilibria over years or decades, 
implying a balance between alternating progradation and erosion phases, are common (Kirwan 
and Megonigal, 2013; Moffett et al., 2015; Proisy et al., 2021). Yet, changes in weather, climate 
or oceanic forcing have the potential to affect the interplay between control factors and coastal 
zone changes. This inherently dynamic character of coastal zones, including land cover changes, 
variable coastline response, mangrove colonization over tidal flats or loss of mangroves, thus provide 
a way to simultaneously monitor the state of our climate and indicate the resilience of coastal zones 
against such changes.

1.2 Suriname and the wider Guianas coastal zone 

1.2.1 Anthropogenic influence in a dynamic mangrove system
This thesis focuses on the mud-dominated Suriname coast and the wider Guianas’ coastal zone 
(Figure 1.1), stretching over 1,500-km from the mouth of the Amazon River in Brazil, along 
the shores of French Guiana, Suriname, Guyana to the Orinoco Delta in Venezuela (Allison et 
al., 1995b; Anthony et al., 2010; Augustinus, 1980, 1978; Eisma and Marel, 1971; Gersie et al., 
2018; Rine and Ginsburg, 1985; Toorman et al., 2018; Wong, 1992). A significant body of research 
has been performed in this area, accelerating from the 1940s in Suriname (Allison et al., 1995a; 
Augustinus, 1980; Eisma and Marel, 1971; Teunissen, 1976; Wells and Coleman, 1981a) and from 
1980 onwards increasingly more in Guyana (Lakhan and Pepper, 1997) and especially French 
Guiana (Anthony et al., 2010, 2002). These field studies, supplemented with multi-decadal satellite 
observations, aerial photographs (Augustinus et al., 1989) and modelling efforts (van Ledden et 
al., 2009; Winterwerp et al., 2007), revealed that reshaping of the coastal zone has been recurring 
under influence of migrating subtidal mudbanks since the Holocene in distinct sedimentation 
phases (Augustinus et al., 1989; Wong, 1992; Wong et al., 2009). 

The pristine mangrove coastlines of the Guianas, particularly Suriname and French-Guiana, 
remain a welcome exception to declining global trends in mangrove cover over the last decades. 
Despite local to regional erosion hotspots (Brunier et al., 2019), these mangrove coast are showing 
net progradation over the last centuries (Plaziat and Augustinus, 2004). The coastal zone of 
Suriname, 450 km downdrift of the Amazon Delta, is a relative flat area that stretches from the 
landward extent of mangrove cover to the seaward limit of the intertidal area. In their natural state 
these areas compose of mangrove belts in different stages of succession and of intertidal areas with 
different levels of consolidated mud or sandy substrates (Anthony et al., 2010; Toorman et al., 
2018). These mosaics of terrestrial and oceanic environments are separated by diffuse and changing 
boundaries (Figure 1.2). 

The mangrove fringe of Suriname varies in width and is mainly occupied by Avicennia 
germinans, sometimes backed by Rhizophora spp. and to a lesser extent Laguncularia racemosa 
(Fromard et al., 1998; Marchand et al., 2004). Behind this belt a marsh forest may develop, 
containing several tree species, including older Avicennia germinans (Teunissen, 1976). The 
entire coastal plain is covered by an estimated 100.000 ha of mangroves, but this may fluctuate 
significantly at decadal timescales (Guzman et al., 2017). For the remainder, swamps, savannahs 
and tropical forest are most frequently observed habitat types (Lindeman, 1953; Teunissen, 1976). 
Several anthropogenic activities may impact the functioning of these natural systems in the 
Guianas, including sand mining, dredging, shrimp farming, logging of mangroves, construction of 
infrastructure, such as coastal protection measures and dredging to allow continued access to the 
harbours (Anthony and Gratiot, 2012; Nijbroek, 2014). Due to the low population density, there 
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Figure 1.2: Fuzzy transitions between vegetation, mud, water and sand typically found at the Suriname coastand 
the wider Guianas. Photographs were collected at 50-75 m flying height with a DJI Mavic Pro 2 UAV platform. 
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is limited groundwater extraction and consequently, subsidence rates are relatively small. This has 
resulted in an estimated sea-level-rise of less than two mm/yr between 1950 and 2000 in the region 
(Church et al., 2004; Losada et al., 2013; Milne et al., 2005; Saintilan et al., 2020). 

Natural climate variability along Guianas’ coastal zone is due to a complex interaction of 
atmospheric oscillations, ocean forcing mechanisms, temperature changes and high precipitation 
(Kushnir et al., 2006; Ortega et al., 2021). The relatively southern location of the Inter-Tropical 
Convergence Zone (ITCZ) between February and April causes the onset of a short dry season 
with north eastern trade winds (Allison et al., 2000). Between April and July the ITCZ moves 
north, heralding the onset of a longer wet season with lower wind speeds from the north east and 
occasionally the south east (Augustinus, 2004; Wells and Coleman, 1981a). Between August and 
December, the ITCZ is located north of the coastline, marking the start of the major dry season 
characterized by south-east trade winds. After this period, the ITCZ moves south of the coastline 
again, initiating a shorter wet season where the north eastern trade winds start to pick up again 
(Xie and Carton, 2004). Coupled climate phenomena such as the El Nino-Southern Oscillation 
(ENSO) are thought to enhance annual variability in precipitation in the Guiana shield countries 
(Servain et al., 2014). 

The offshore wave climate is assumed to be relevant for changes in the coastal zone, as incoming 
waves control sediment dynamics and thus the natural variability in the coastal zone (van Ledden 
et al., 2009). Due to the movement of the ITCZ, a distinct seasonality in wave climate can be 
observed along Guianas’ coastline (Augustinus, 2004; Gratiot et al., 2007). Between December and 
April, when the ITCZ is located further south, north east trade winds have a relative longer fetch, 
therefore enhancing swell waves coming from the Atlantic Ocean (Best et al., 2022; Walcker et al., 
2015). As a result, wave heights up to two m can be observed offshore, with periods between 6 and 
10 s (Wells and Coleman, 1981b). Closer to the shore, locally generated wind-waves are smaller 
and typically have shorter periods, but contribute significantly to resuspension of sediments during 
falling tides (Gratiot et al., 2007; Green and Coco, 2014). Variations in average wave height, period 
and incidence angle, with timescales ranging from annual to multiple decades, have previously been 
linked to the North Atlantic Oscillation phases (NAO) and variability in the ENSO (Cai et al., 
2020; Gratiot et al., 2008; Viles and Goudie, 2003; Walcker et al., 2015).

Despite the high annual precipitation, the larger rivers along Guianas’ coast, such as the 
Maroni, Suriname and Corantijn rivers, have relative low discharges that range from 46 m3/s to 
2,104 m3/s for the Maroni River (Gardel et al., 2022). Additionally, they contain low suspended 
sediment loads (1 – 150 g/m-3), especially compared to the total sediment load that originates from 
the Amazon River and is transported alongshore (Anthony et al., 2013a; Wright and Nittrouer, 
1995). The nearshore coastal waters do have a high turbidity that is associated with suspension (1 – 
300 g/m-3) of these Amazonian sediments (Froidefond et al., 2004; Gensac et al., 2016; Vantrepotte 
et al., 2011). The local rivers do, however, influence the coastal dynamics by supplying local sand to 
erosion-resistant cheniers (Augustinus et al., 1989). 

1.2.2 Mudbanks and their migration
Some 15-20% of the total sediment outflow from the Amazon migrates as subtidal mudbanks 
(Figure 1.3) attached to Guianas’ shoreline (Allison et al., 2000; Anthony et al., 2013a; Eisma et 
al., 1991; Nittrouer et al., 2021; Plaziat and Augustinus, 2004). The silty sediment is advected in 
turbid suspension by tidal and local currents (Lefebvre et al., 2004) along the coastline from east 
to west. Each mudbank can be up to 10-60 km long, 20-30 km wide and five m thick (Chevalier 
et al., 2004; Winterwerp et al., 2007) and can store up to six billion m3 of fine sediment (Gratiot et 
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al., 2007). The subtidal part is the largest part of the mudbank and can range from high suspensive 
(1-10 g m-3) to unconsolidated mud through fluid mud (70 to <650 g m-3) (Péron et al., 2013). 
A threshold of 13 g m-3 has been used previously to delineate the subtidal parts of mud banks 
(Froidefond et al., 2004; Vantrepotte et al., 2013).

At any given time at least 15 of these mudbanks, roughly 15-25 km apart, move with a 
variable speed, varying from 0.5 to 5 km/yr (Froidefond et al., 1988; Gardel and Gratiot, 2005) 
along the coastline of the Guianas (Figure 1.1), while constantly changing in shape and orientation 
(Augustinus et al. 1989). Mudbanks promote coastal progradation, directly linked to the fluid mud 
they partially consist of, their wave-damping potential and enhanced sediment supply. These specific 
conditions of mobile and migrating mudbanks thus result in phases of erosion and progradation of 
the coastline that last up to 30 years, with enhanced erosion during inter-bank and progradation 
during bank-phases (Allison and Lee, 2004; Anthony and Dolique, 2004).

The continuous coalesce of mud in distinct mudbanks is caused by hydrodynamic forcing 
mechanisms (Anthony et al., 2013b), including waves (Gardel and Gratiot, 2006) and currents 
(Allison et al., 1995a). Due to the refraction of waves, convergent and divergent areas of wave 
energy are created on the trailing and leading edges of the mudbank, respectively (Figure 1.3). This 
gives rise to differences in wave energy with higher waves at the trailing edge and lower waves on 
the leading edge (Chevalier et al., 2008). As a consequence, mud is eroded from the trailing edge 
and transported as fluid mud patches towards the leading edge of a bank. When waves propagate 
with an oblique incidence angle, they will result in a cross-shore and alongshore sediment energy 
flux (Allison et al., 1995b). As a result, continuous mud-wave interactions transport the fluid 

Figure 1.3: Conceptual overview of a mudbank and the factors that control dynamics of the coastal zone, 
including wave climate, alongshore current, tidal propagation, river discharge, sediment transport as well as 
mangrove growth and zonation. It remains unclear how all these natural control factors, together with agricultural 
development, urbanization, dredging and sand mining, determine the fate of the Guiana coastal zone in terms of 
coastal safety and natural ecosystem functioning. Adapted from Plaziat and Augustinus (2004). 
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mud layer in the direction of those fluxes, ultimately leading to increase in bank elevation in the 
terrestrial parts of mudbanks (Allison and Lee, 2004) or the formation of elongated mud bars 
(Gardel et al., 2011). When these bars dry, surface mud cracks can form, facilitating the growth of 
pioneering mangroves like Avicennia germinans (Anthony et al., 2008; Gardel et al., 2009; Proisy 
et al., 2009). After on average 20 years of being fronted by a mudbank, dense vegetation on the by 
then consolidated muds starts to erode again (Augustinus, 1980; Augustinus et al., 1989). The mud 
released will be transported towards the leading edge, restarting the process.

The preceding outline reveals that the general dynamics of coastline changes along Guianas’ 
coastline can be captured in a conceptual model of mudbank migration (Figure 1.3); however, 
spatiotemporal variable and non-linear changes in coastline positions, mudbank footprints 
and mangrove development make it difficult to differentiate between the natural variability, 
anthropogenic changes and the effect of climate change (Allison and Lee, 2004; Orseau et al., 
2020). Especially variability in mudbank footprints and the consequential migration behaviour, as 
response to uncertain feedbacks in hydrodynamic and wave forcing, remain poorly understood and 
unquantified for the entire Guiana coastline. Therefore, it remains unclear how all these natural 
control factors, together with agricultural development, urbanization, dredging and sand mining, 
determine the fate of the Guiana coastal zone in terms of coastal safety and natural ecosystem 
functioning.

1.3 Monitoring coastal zones 

Information of local variability in mangrove development, coastline changes and mudbank 
migration is crucial for the inhabitants of the Guiana shield countries. Because the vast majority 
of their inhabitants live in the coastal zone, indicators to track signals of stress in mangroves 
(Heumann, 2011), coastline position trajectories (Vos et al., 2020), mudbank footprints (Zorrilla 
et al., 2018), land cover changes (Kuenzer et al., 2019) and the success of nature-based restoration 
efforts are of increasing importance (Gijsman et al., 2021). These signals, especially when indicating 
rapid shifts or prolonged adverse trends, can signify potential risks and subsequently contribute to 
mitigation and prevention of irreversible changes. Because the coastal zone in the Guianas is often 
inaccessible, the spatial scales are large and consistent long-term field observations that capture the 
full range of ecosystems dynamics are lacking, remote sensing will be used in this thesis.

1.3.1 Satellite remote sensing
Air- and spaceborne observations offer numerous possibilities to efficiently monitor coastal changes 
at local to global scales (Figure 1.4). There is a wealth of remote sensing data available nowadays, 
equipped with optical, multispectral, hyperspectral, radar and LiDAR sensors. Each remote 
sensing platform, with a unique sensor, is designed to observe the earth surface with a predefined 
coverage, spatial resolution and spectral sensitivity. In the last decade, the use of high-resolution 
sensors (0.01-10 m), preferred to approximate field observations, increased (Mancini et al., 2013; 
Ruwaimana et al., 2018). While unmanned aerial vehicles (UAVs) allow maximum control over 
spatial, temporal and spectral resolution, acquisition of large temporal and especially spatial 
coverage is very labour intensive, if not impossible for regional studies (Smith et al., 2015). More 
recently almost daily observations with high spatial resolution have become available due to the 
launch of fleets of smaller satellites (e.g., Planet with three m spatial resolution). Yet, due to their 
spectral limits, including radiometric accuracy and spectral resolution platforms with medium-
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resolution (e.g., 10-30 m) sensors, such as Landsat and Sentinel (Figure 1.4), are still commonly 
considered. 

In image analysis, spectral information is assumed to be related to the land cover that the 
signal reflects from. As such, reflectance signals often describe subtle differences within pixels that 
result from radiation interacting with all active substances (Odermatt et al., 2012; Shi and Wang, 
2014). This results in spectral confusion and within-class variability, especially in coastal systems 
and mangrove-dominated regions, such as the Guianas. Here boundaries are fuzzy, land cover 
classes are similar and thus the spectral similarity between (groups of ) pixels is large (Matthews, 
2011; Ryu et al., 2002). Accordingly, image analysis techniques that can deal with this confusion 
offer an approach to characterize gradients, define groups of matching pixels and separates classes 
of interest. Some examples that have been applied to coastal studies include spectral unmixing, 
(supervised) classification, machine learning algorithms and geographic object-based image analysis 
(Kuenzer et al., 2011; Matthews, 2011).

1.3.2 Landsat: Potential for monitoring
For the Guianas, researchers have previously used single satellite images (Froidefond et al., 2004) 
or focussed on limited areas (Baghdadi et al., 2004; Fromard et al., 2004; Gardel and Gratiot, 
2006) due to high costs of acquiring and processing multiple to hundreds of images. The, release of 
remote sensing observations, including the Landsat data archive, to the public and the availability 

Figure 1.4: Natural dynamics that commonly occur in the Guiana coastal zone. Variability considered in the 
thesis are related to mudbank migration, coastline changes and mangrove gain and losses. Spatial scales (y-axis) 
considered in the thesis range from centimeter accurate coastline position estimates to local-scale coastline 
changes and ultimately global-scale external control factors that influence mudbank migration and regional 
differences in mangrove- and coastline dynamics. Temporal scales (x-axis) range from sub-daily variations in water 
level that complicate the detection of coastlines and mudbank footprints, to multi-decadal trends in coastline 
changes that are almost never linear. For reference the range of scales covered by Landsat observations are 
indicated. Adapted from Orseau et al. (2020).
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of cloud computing platforms, such as Google Earth Engine (GEE), now allows parallel processing 
petabyte sized datasets (Gorelick et al., 2017). This sprouted a new paradigm within remote 
sensing, referred to as pixel based image compositing (White et al., 2014). To overcome missing 
data from cloud cover, aerosol contamination and inconsistent view angles, observations (e.g. pixels) 
within an ‘composite period’ are reduced to a single ‘best’ observation (Flood, 2013; Roberts et al., 
2017). Change detection and classification studies increasingly used aggregated pixel composites 
representing epochs, years or seasonal observations (Hermosilla et al., 2015; Sagar et al., 2018). 
The image selection is often temporal, like closeness to a reference date, data quality like cloud 
proximity or an aggregation (e.g. mean, min, max or median) of spectral bands (Flood, 2013).

These aggregated snapshots hold meaningful spectral information to quantify temporal and 
spatial dynamics on larger scales and spanning longer periods (White et al., 2014). Examples 
include change detection over forests (Senf and Seidl, 2021), water bodies (Donchyts et al., 2016), 
intertidal areas (Murray et al., 2019) and coastlines (Vos et al., 2019). They potentially misrepresent 
local-scale landform characteristics and temporal evolution when conditions during acquisition 
vary over shorter time scales (e.g., stages of a tidal cycle). Also when features are migrating (Figure 
1.4) and adjacent images do not consistently represent the dynamics of the system, aggregated 
images are likely to be inadequate (Koohafkan and Gibson, 2018). This limits the use of the created 
composite images for change detection of morphological features along the Guiana coastline, where 
sediment concentrations are extremely variable, coastline changes can be rapid, fluctuating water 
levels determine the visibility or data quality and availability (Zhang et al., 2022). 

To overcome the limits associated with satellite monitoring in the coastal zone of the Guianas 
(Figure 1.4), observations with sufficient temporal coverage and resolution are required. As such, 
individual images from the Landsat archive may provide insights into the variability in mudbank 
footprints, their migration rates, consequential coastline change trends and mangrove ecosystem 
response. Landsat observations have been acquired since the 1970s, and over the last 25 years at 
least every 16 days at a spatial resolution of 30 m (Zhang et al., 2022). This makes the Landsat 
data archive a consistent, and still growing source of long-term observations, appropriate for multi-
decadal monitoring now and in the future (Mondal et al., 2018). Finally, image analysis techniques 
that can address the inherent spectral confusion between similar land covers and diffuse boundaries, 
offer an approach to characterize the dynamics. This makes it possible to monitor landscape 
evolution for the entire Guiana coastal zone by characterizing seemingly blended responses to 
complex interacting processes (Koohafkan and Gibson, 2018).

1.4 Objective and thesis outline

The migration of mudbanks, dynamic climate controls, changes in heterogeneous land cover in the 
coastal zone and feedback between forcing mechanisms result in complex local to regional variable 
coastline and mangrove cover changes. To better quantify changes and constrain predictions coastal 
zone changes for future scenarios, it is important to elucidate on the spatial variability related 
to mudbank migration. The added benefit of improved predictions to coastal communities is 
supported in the United Nations Sustainable Development Goals (SDG; United Nations, 2015). 
These goals describe the ambitious aims the international community set out to achieve by 2030 
and beyond. They include the reduction of CO2 emissions and restrain temperature increases, 
while simultaneously minimizing the impact of unavoidable climate changes. Relevant sustainable 
development goals are explicitly defined in SDG 4: quality education, SDG 13: climate action, 
SDG 14: life below water and SDG 15: life on land. Numerous efforts have been initiated to 



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 28PDF page: 28PDF page: 28PDF page: 28

12

incorporate coastal protection, restoration and a beneficial livelihood for coastal communities in 
generic coastal management plans and engineering projects (Gijsman et al., 2021; Sutton-Grier et 
al., 2015; van Zelst et al., 2021). This dissertation is also part of a project that is a direct spinoff from 
the agreements adopted during COP 21 in Paris on 12 December 2015. Funded by NWO-Wotro 
the MangroMud project aims to enhance adequate management in coastal ecosystem of Suriname 
by improving scientific understanding of the coastal ecosystem in Suriname. 
The main objective of this thesis is 

To increase the understanding of multi-decadal variability in local changes along the Suriname 
coastal zone induced by the migration of subtidal mudbanks along the entire Guianas’ coastline 

and regional-scale differences in control factors.

To achieve this, 4 research questions have been formulated:
1. How can mudbanks and their fuzzy boundaries be detected in medium-resolution Landsat 

images given the heterogeneous and dynamic character of the Suriname coastal landscape?
2. What is the spatiotemporal variability in the position of the Suriname coastline imposed by 

alongshore migrating mudbanks, as mapped from Landsat images available between 1985 and 
2020?

3. What is the spatiotemporal variability in coastlines changes along entire Guiana coast and to 
what extent are these differences due to variability in mudbank footprints or to external control 
factors?

4. What is the spatiotemporal variability in mangrove loss and gain along the Guiana coast and to 
what extent can this variability be explained by alongshore mudbank migration?

In Chapter 2, an unsupervised decision tree (UDT) is developed to discriminate between different 
landforms at the Suriname coast, while utilizing the spatial and temporal resolution of the complete 
Landsat dataset. In Chapter 3, the developed UDT is extended to quantify effect of multi-decadal 
mudbank migration on the dynamics of the Suriname coast. In Chapter 4 the local difference in 
coastline changes for the entire Guianas are untangled and linked to the variability in mudbank 
footprints and compared to various control factors. In Chapter 5, a novel temporal segmentation 
method is applied to detect, quantify and characterize mangrove cover changes at patch level along 
the Guiana coastal zone with respect to migrating mudbanks. Finally, Chapter 6 contains the 
synthesis with an outline of the major findings and a discussion on coastal sustainability in the 
Guianas.
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Chapter 2   | Unmixing water and mud

Based on: 

de Vries, J., van Maanen, B., Ruessink, G., Verweij, P. A., & de Jong, S. M. (2021). Unmixing 
water and mud: Characterizing diffuse boundaries of subtidal mud banks from individual satellite 
observations. International Journal of Applied Earth Observation and Geoinformation, 95, 102252. 
https://doi.org/10.1016/j.jag.2020.102252

Abstract

Mapping of subtidal banks in mud-dominated coastal systems is crucial as they influence not 
only shoreline and ecosystem dynamics but also economic activities and livelihoods of local 
communities. Due to associated spatiotemporal variations in suspended particulate matter 
concentrations, subtidal mudbanks are often confined by diffuse and rapidly changing boundaries. 
To avoid inaccurate representations of these mudbanks in remote sensing images, it is necessary to 
unmix distinctive reflectance signals into representative land cover fractions. Yet, extracting mud 
fractions, in order to characterize such diffuse boundaries, is challenging because of the spectral 
similarity between subtidal and intertidal features. Here we show that an unsupervised decision 
tree, used to derive spatially explicit and spectrally coherent image endmembers, facilitates robust 
linear spectral unmixing on an image-to-image basis, enabling the separation of these coastal 
features. We found that resulting abundance maps represent cross-shore gradients of vegetation, 
water and mud fractions present at the coast of Suriname. Furthermore, we confirmed that it is 
possible to separate land, water and an initial estimate of intertidal zones on individual images. 
Thus, spectral signatures of end-member candidates, determined from relevant index histograms 
within these initial estimates, are consistent. These results demonstrate that spectral information 
from well-defined spatial neighbourhoods facilitates the detection of diffuse boundaries of 
mudbanks with a spectral unmixing approach.

https://doi.org/10.1016/j.jag.2020.102252
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2.1 Introduction 

Accurately mapping boundaries of geomorphological landforms in mud-dominated coasts is crucial 
for integrated coastal management, and for understanding landscape evolution in these dynamic 
areas (Koohafkan and Gibson, 2018). These landforms are often associated with the distribution 
of large sediment concentrations, originating from high-discharge rivers such as the Amazon, 
Mississippi and Yangtze rivers (Murray et al., 2019). The coalesce of mud is typically favoured when 
coastlines are confined, wave energy is low and tidal range is large (Anthony et al., 2013), resulting 
in characteristic landforms and coastline fringing wetland vegetation such as mangroves and salt 
marshes. In some settings the presence of fluid mud can also trigger the formation of subtidal 
mudbanks along open coasts (Anthony et al., 2010).

 These banks are associated with extreme spatiotemporal variations in suspended particulate 
matter (SPM) concentrations in the water column (Gratiot and Anthony, 2016). This can be related 
to their non-linear response to for example, wave climate, tidal stage, currents, proximity to the 
coastline and liquefaction processes (Vantrepotte et al., 2011). As a result, the boundaries between 
mudbanks and adjacent heterogeneous coastal features are inherently diffuse and change rapidly. 
Sediment exchange and increased wave damping potential associated with mudbanks, provide 
a window of opportunity for mangrove species to colonize large intertidal surfaces (Balke et al., 
2011). These mangroves provide regulating services, such as protection against sea level rise and 
carbon sequestration (Anthony et al., 2013). Hence it is vital to monitor mud-bank dynamics, 
to support adaptive coastal management and conservation strategies that account for material 
exchange between these banks and the coastline.

Due to the inaccessibility of mudbanks and the spatial and temporal scales involved in their 
dynamics, monitoring via remote sensing emerged as a cost effective alternative to field surveys 
(Augustinus, 1980; Vantrepotte et al., 2011) and aerial photographs (Augustinus et al., 1989). 
Various methods, including SPM inversion algorithms (Froidefond et al., 2004; Zorrilla et al., 
2018), as well as supervised and unsupervised classifications (Anthony et al., 2008), have been 
developed to estimate mud-bank characteristics. Some of these methods have been applied over 
increasingly large areas and improved the temporal resolution, especially since the introduction of 
data-cubes such as Google Earth Engine (GEE) (Gorelick et al., 2017).

At the same time, challenges emerged in the identification of these mudbanks from time-
series of satellite observations due to missing data and uneven sampling across tidal stages. This 
is related to the sun-synchronous orbits of satellite constellations, such as those from Landsat, 
that never capture the extremes of low- and high-tide with favourable cloud cover (Murray et 
al., 2019). Previous attempts successfully focussed on extracting spatially coherent information of 
intertidal features by selecting (Murray et al., 2012) and aggregating observations for specific tidal 
stages (Sagar et al., 2017). Yet, for subtidal features, resuspension of mud and migration processes 
at seasonal timescales are responsible for the spatiotemporal variability of their footprints (Zorrilla 
et al., 2018). This suggests that pixel based image compositing, where one tries to overcome missing 
data by reducing multiple observations to a single ‘best’ observation, potentially misrepresents 
diffuse boundaries and temporal evolution of these features (Koohafkan and Gibson, 2018).

This is related to the fact that reflectance signals describe subtle differences in composition, 
resulting from radiation interacting with multiple active substances in a pixel (Odermatt et al., 
2012). Consequently, the spectral similarity in muddy coastal systems, together with differences in 
grain sizes, turbidity and soil moisture content, complicates differentiation between subtidal- and 
intertidal features (Ryu et al., 2002). Accordingly, image analysis techniques that involve semi-
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automatic unmixing of land cover fractions from distinctive reflectance signals, offer an approach 
for the analysis of gradients in mud-dominated coastal system that are associated with diffuse 
mud bank boundaries (Alcântara et al., 2009). Where per-pixel classifiers assign each pixel to a 
class based on its similarities, unmixing methods model abundance as a linear- or non-linear 
combination of each provided spectral signature. This means that the presence of more materials 
within one pixel is estimated, based on the provided end-member signatures (Shanmugam et al., 
2006). Especially linear spectral unmixing (LSU) is a convenient unmixing tool to handle mixed 
pixels, as it does neither require extensive training data nor a computationally demanding analysis 
(Somers et al., 2011).

The aim of this study was to develop a data-driven approach to analyse diffuse boundaries of 
mudbanks from individual Landsat images using LSU and cloud computing in GEE. The method 
is evaluated on its ability to consistently select end-member candidates for the purpose of unmixing 
land cover fractions of water, mud and vegetation, using a section of the Suriname coast as case 
study.

2.2 Materials and methods 

2.2.1 Study area
The study area is located near Paramaribo, the capital of Suriname (Figure 2.1). This area was 
selected because it is part of the Guyana coastline, a prime example of a mud-dominated coast 

Figure 2.1: Median composite image of available Landsat images between 2008 and 2010 for the region of 
interest with in the bottom left panel, in white the intertidal area as estimated by Murray et al. (2019). The red line 
indicates the transect location used in this study, black pixels indicate masked clouds. 
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(Augustinus, 1980). About 15-20% of the sediment migrates (0.5-5 km a year) alongshore as 
mudbanks attached to the coastline, which are continuously reworked by waves and currents 
(Anthony et al., 2010). Due to the dynamics of these mudbanks, the topography and bathymetry 
of the Suriname coastline experiences quasi-cyclic variations in erosion and progradation, related 
to inter-bank and bank phases that last up to 30 years (Allison and Lee, 2004). Trade winds and 
precipitation vary on a seasonal scale, with more south-easterly trade winds (3-9 m/s) during the 
major dry season (August-November) and more easterly to north-easterly winds during the major 
wet season (April – August). This change in wind direction results in higher swell waves in the wet 
period. The tide is semidiurnal with a range up to 2.5 m during spring tide. As a result of these 
environmental conditions, the migrating mudbanks continuously change in shape and orientation 
(Augustinus, 2004; Augustinus et al., 1989), adding to the diffuse character of their boundaries 
(Vantrepotte et al., 2011). 

2.2.2 Selecting end-member candidates
The coastal system of Suriname is characterized by spatially heterogeneous mixtures of vegetation, 
mud and water. In order to define a collection of spectral signatures that represents these distinct 
substances, endmembers are identified. Because endmembers from spectral libraries and field 
surveys do not handle variability between image acquisition very well, a more suitable approach 
was chosen by deriving these spectra directly from end-member pixels in each image (Somers et al., 
2011). For this we used Top of atmosphere (TOA) reflectance data available in GEE (Gorelick et 
al., 2017). This includes data from geometrically corrected Landsat-4 and -5 Thematic Mapper and 
Multispectral Scanner system, Landsat-7 Enhanced Thematic Mapper and Landsat-8 Operational 
Land Images sensors. Any pre-processing steps are described in this section, followed the step-by-
step decisions (steps 1-4 in Figure 2.2) made for each pixel, to determine whether it was a candidate 
endmember for either of the representative land cover types. Such an Unsupervised Decision Tree 
(UDT) was used to consistently separate land, water and an initial estimate of the intertidal area. 
By adding this spatial context and these spectral criteria, we selected image endmembers that 
represent characteristics found in the image at the time of acquisition (Shi and Wang, 2014). The 
abundance maps that result from the subsequent LSU can therefore indicate the mixed pixels, in 
our case related to diffuse boundaries.

2.2.2.1. Pre-processing
For each image the flags from the pixel assessment band were used to mask out clouds and 
shadows, as detected by the automatic cloud mask algorithm (Zhu and Woodcock, 2014). The 
here used blue, green, red, near infrared (NIR) and shortwave infrared (SWIR) bands have 30 m 
resolution. The thermal infrared (TIR) band with a resolution of 120 m was resampled to 30 m to 
match the other bands. From these bands the Normalized Difference Vegetation Index (NDVI) 
and Normalized Difference Water Index (NDWI) were calculated. The NDWI uses the green 
wavelengths to maximize the reflectance of water features and simultaneously takes advantage of 
their low reflectance in the NIR range (McFeeters, 1996): 

          (2.1)

As a result of higher NIR reflectance, both vegetation and mud usually have low or negative values.

NDWI GREEN  NIR
GREEN  NIR

�
�
�
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2.2.2.2. Land or water
After the pre-processing, land and water pixels were separated based on grey level histograms 
of the NDWI. Therefore a Canny Edge detection algorithm (step 1) was used on these NDWI 
values to distinguish locally between homogeneous land and water pixels (Liu and Jezek, 2004). 
This algorithm detects edges by looking for maximum gradients, or sharpest changes of values, in 
the NDWI image. A Gaussian pre-filter (GPF) filtered noise by smoothing the original image 
and a minimum gradient (MG) excluded edges with weaker gradients. Subsequently, edges were 
filtered with a minimal length of connected pixels to avoid selecting discontinuities between 
other land covers (e.g. urban – agriculture or cloud – shadows). A buffer was applied around these 
edges, resulting in a set of spatial neighbourhoods. The pixels from these neighbourhoods form a 
bimodal histogram (Donchyts et al., 2016), emphasizing the difference in spectral properties in the 
Green and NIR reflection bands for water (NDWI values approaching 1) and land (NDWI values 
approaching -1) pixels. The adaptive Otsu thresholding algorithm (step 2) was then employed on 
the smoothed bimodal histogram, to separate the two dominant lobes with distinct mean values, 

Figure 2.2: Workflow applied to individual image: (1) canny edge detection with the relevant parameters, (2) the 
Otsu thresholding on the NDWI histogram resulting from canny edge detection, (3) TIR thresholding on the 
TIR histogram to separate intertidal zone from turbid water, (4) defining the spectral ranges used to select end-
member candidates. The resulting end-member graphs are used to apply linear spectral unmixing, resulting in 
maps representing fractions of water, vegetation and mud. 
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corresponding to land and water values (Lu et al., 2011). This threshold was used to simultaneously 
mask terrestrial vegetation and bare ground. 

Finally, the mask was updated with land cover classes urban, agriculture and forests from the 
yearly MODIS land cover classification (Friedl and Sulla-Menashe, 2015). Derived from Terra and 
Aqua reflectance data, this layer (international Geosphere-Biosphere program classification) was 
used to ensure urban, agriculture and forest classes were included in the land mask. The relevant 
pixels were eroded by 120 m to avoid interference in the coastal waters and intertidal surfaces 
resulting from differences in pixel size.

2.2.2.3. Initial estimate intertidal zone
The spectral similarity between intertidal flats and turbid waters prevents the use of generic 
thresholds or aggregation of images when trying to separate them (Ryu et al., 2002). Thermal 
Infrared (TIR) bands are sufficiently sensitive to separate these two classes, but they lack the 
spatial resolution to extract the waterline (Sørensen et al., 2006). Therefore, an initial estimate 
of the intertidal zone was made using a thermal threshold (step 3) derived from the modal pixel 
value in the detected Canny Edge neighbourhood zone (from step 1). This temperature threshold 
was applied on all water pixels that remained after applying the land mask (step 2). In this way 
all exposed water pixels with a different radiant temperature were isolated, serving as the initial 
estimate of the intertidal zone. 

2.2.3 Linear spectral unmixing 
Unique image histograms, made up of from the canny edge neighbourhood zones and water 
mask, were used select end-member candidates (step 4). Thus, spatial information to extract the 
endmembers was added (Shi and Wang, 2014). For vegetation, NDVI values of all land pixels inside 
the detected canny edge neighbourhood zones were selected (see section 2.2.2.1). This resulted in 
a histogram with a clearly distinguishable peak that corresponded to dense vegetation. Afterwards, 
pixels were selected based on a 5% buffer on both sides of this NDVI peak. For the water end-
member candidates a similar approach was adopted, deriving the peak NDWI value from the 
water pixels (see section 2.2.2.2) with a buffer of 1% around it. The driest mud pixels were selected 
from the initial estimate of intertidal zone (see section 2.2.2.3), excluding vegetation by adopting a 
NDVI threshold < 0.3. From these sets of pixels, the mean values per band were derived to define 
the spectral signatures per end-member group. 

Fractions of the reflectance signal were untangled by applying the spectral signatures for each 
endmember to a fully constrained standard linear mixture model (Alcântara et al., 2009): 

         (2.2)

where n is the number of bands, pij the surface reflectance of land cover type j in band i, f being the 
fraction of the pixel covered by type j and ei the error. This model assumes that the total reflectance 
is the sum of the components that make up the pixel, without interaction between them (Somers 
et al., 2011). This results in a set of fractions that linearly represent the proportion of each active 
component to the signal per pixel. Our LSU model was constrained, so that the fractional cover fj is 
always between zero and one, and such that the sum cannot be larger than one for each pixel (Ri).

R P f ei ij i i
i

n

� �
�
�
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2.2.4 Decision tree performance 
Because of limited availability of field observations that can relate end-members and LSU fractions 
to sediment concentrations and the subtidal footprint of mudbanks in Suriname, validation is 
restricted here to a robustness check of the described decision tree. Especially in muddy coastal 
environments the combination of canny edge detection and Otsu thresholding methods can be 
sensitive to the input parameters (GPF and MG), the buffer width and minimum edge length 
(section 2.2.2.2.) (Bishop-Taylor et al., 2019). This sensitivity expresses itself in spatial variability 
of the spatial neighbourhood zones from which to sample end-member candidates, resulting 
from variability in the Otsu threshold, vegetation peak, water peak and temperature threshold. 
The temporal consistency of end-member signatures was therefore quantified by comparing 
changes in Otsu thresholds, vegetation peak, water peak and temperature threshold for parameter 
combinations for a subset of 88 images, acquired between 2008 and 2010 over Paramaribo, 
Suriname (Figure 2.1). Values of 0.3, 0.5, 0.7, 0.9 and 1 were used for the GPF; for the MG values 
of 0.7, 0.9, 1.1 and 1.3; minimum length values of 10, 25, 50 and 75 pixels; for the buffer values of 
5, 10 and 15 pixels were tested. 

2.3 Results

2.3.1 Image histograms 
To show the benefits of using an UDT and the application of the resulting fractions for the purpose 
of analysing cross-shore gradients of mud, water and vegetation fractions, two relatively cloud-free 
Landsat-5 images were selected from the subset (see section 2.2.4.). The image acquired on 12 
September 2009 was captured near high-tide while the second image, acquired on 15 November 
2009 was captured near low-tide. A GPF of 0.7, MG of 0.9, buffer width of 10 pixels and 
minimum length of 25 pixels were used to derive the canny edge neighbourhood zones. Based on 
their different NDWI histograms, made up of pixels in these zones, image specific thresholds of 
-0.186 and -0.246 were derived to separate land and water pixels (Figure 2.3, panel A). In the high-
tide and low-tide images the NDWI peaks, between 0.422 – 0.438 and 0.524 – 0.534, correspond 
with water end-member candidates (Figure 2.3, panel B). For vegetation end-member candidates 
the peak values, derived from histograms with pixels from the canny edge neighbourhood zones, 
were between 0.684 - 0.696 and 0.678 - 0.700 (Figure 2.3, panel C). Mud pixels were separated 
from water pixels that remained after applying the land mask, based on a radiant temperature 
threshold of 296 and 294.2 Kelvin for low- and high-tide (Figure 2.3, panel D). These observations 
of unique threshold values illustrate the rationale behind the decision to apply an UDT procedure 
that automatically separates land, water and an initial estimate of the intertidal zone. Threshold 
values for the low- and high-tide image, derived with alternative input parameters are shown in 
Table A1 (Appendix A).

2.3.2 Fractions
In Figures 2.4 and 2.5 fractions of vegetation, water and mud, from the selected high- and low-tide 
image, respectively, are compared along a 30 km cross-shore transect (see Figure 2.1). These profiles 
reveal that the outlined approach was able to generate abundance maps of the end-member classes 
that match expected cross-shore patterns. Namely, the mud fractions show a discontinuous decrease 
for the visually estimated subtidal part, from 0.95 to 0.50 during low tide ( Figure 2.4). The water 
fractions show a contrary pattern, implying variable SPM concentrations. At around 6,000 – 6,041 
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m the ratio of mud and water fraction changes more quickly; more specifically this rearmost rapid 
decline of mud abundance reveals a diffuse, and thus seaward mud-bank boundary. 

During high tide (Figure 2.5) absolute mud-fractions were significantly lower over the 
visually estimated subtidal mud bank, ranging from 0.30 to 0.10. This difference can potentially 
be attributed to the amount of SPM, variable tidal elevation, wave climate (Zorrilla et al., 2018) or 
difference in spectral signatures. For this reason, it is more difficult to use an absolute fraction value 
as indication of diffuse mud-bank boundaries. Still, like the low-tide transect, the rearmost decline 
in mud abundance around 5,982 to 6,000 m suggests the same seaward mud-bank boundary.
The edge of the land mask remained fixed at its position around 817 m, between 12 September 
2009 and 15 October 2009. This location coincided with a decreasing vegetation fraction, from 1 to 
± 0.25 for both images, indicating that the detected boundary between land and water follows the 
mangrove fringe. The lower vegetation fractions seaward of this fringe may correspond to a change 
in vegetation type, the presence of microphytobenthos or even sparse mangroves standing in turbid 
waters.

The intertidal extent visible during low tide, that is, the cross-shore distance between the land 
mask edge and sea-mudflat boundary, coincides with scattered mud fractions between 817 m and 

Figure 2.3: The histograms for the high-tide (left column) and low-tide (right column) image that are used to 
derive end-member candidates. Panel A shows the histogram (blue) used for separating land and water with the 
corresponding Otsu threshold for the selected images. In grey the histogram is shown corresponding to all pixels 
in the coastal zone. Panel B and C indicate the ranges of index values used for selecting the water and vegetation 
end-member (NDWI for water, NDVI for vegetation). The temperature threshold (in Kelvin), shown in panel D, 
indicates the value used to separate intertidal mud from water pixels and is based on the histogram derived from 
land pixels in the detected canny edge neighborhood zones.
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roughly 2,000 m (Figure 2.4). For the high-tide image (Figure 2.5), the intertidal zone was also 
visible from the initial estimate based on the TIR threshold. These results highlight that the image’s 
TIR threshold did not match the local thermal difference between water and land locally, due to 
weather conditions and shallow water depths in the low-tide image.

2.3.3 Robustness of the approach
To test the robustness of the UDT approach, all available Landsat images (88) between 2008 and 
2010 were selected. A total of 68 images resulted in explicit end-member candidates that could be 
used to extract spectral signatures for LSU. The excluded images did not contain enough detected 

Figure 2.4: Cross-shore patterns in pixel fractions for the defined end-member classes for the low-tide image (15-
11-2009). The land mask, derived by applying a threshold value of -0.246, is shown in panel A. Panel B shows 
the LSU fraction outputs in RGB (R = mud, G = vegetation and B = water). Panel C shows the cross-shore 
development of fractions and the land mask boundary at 817 m. The subtidal extent of the mud-bank is visually 
estimated to align it with the rearmost rapid decline of mud abundance. Patches in panel A and B indicate masked 
clouds.
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canny edge neighbourhood zones to sample endmembers from, while matching the UDT informed 
decisions. Figure 2.6 shows the reflectance variation of all endmembers of vegetation, water and 
mud. Although images originated from different sensors, they show similar values and recognizable 
signatures within the same order of magnitude. 

The NDWI threshold to separate land and water proved to be an important parameter in 
the UDT workflow. With each parameter combination in the canny edge computation the 
median value, range and distribution of threshold values changed slightly (Figure 2.7), especially 
when comparing them to the stable NDVI peaks and TIR thresholds for the same parameter 
combinations (Figure A1 and A2, appendix A). For all parameter combinations the NDWI 

Figure 2.5: For the same location as in Figure 2.4, now during high tide (12-9-2009). The in initial estimate of 
the intertidal extent and land mask, derived by applying a threshold value of -0.186 are shown in panel A. Panel B 
shows the LSU fraction outputs in RGB (R = mud, G = vegetation and B = water). Panel C shows the cross-shore 
development of fractions and the land mask boundary at 817 m. The subtidal extent of the mud-bank is visually 
estimated to align it with the rearmost rapid decline of mud abundance. Patches in panel A and B indicate masked 
clouds.
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threshold ranged from -0.326 to -0.050, with outliers up to 0.034 (Figure 2.8). Especially with 
MG values of 1.1 or 1.3, a higher GPF reduced the Otsu threshold, while the opposite can be seen 
for an MG of 0.7 (Figure 2.7). This implies that the combination of MG and GPF influenced the 
edge detection, and thus the NDWI histogram used to separate land and water pixels. The NDWI 
threshold reduced also with an increasing buffer size (Figure 2.8), because of the larger amount 
of land and mixed pixels included in larger buffers. The opposite can be seen when increasing 
the minimum length of detected canny edges (Figure A3, Appendix A). This effect disappears 
for MG > 1.1, suggesting that the effect of filtering on a minimal edge length is comparable 
with applying a higher MG threshold. Hence, the higher the MG, the more likely these larger 
magnitude changes in NDWI are detected; with the potential of not detecting any boundaries 
at all with a MG > 1.1 and GPF > 0.5. These results show that it is possible to consistently 
select boundaries from NDWI images that correspond with transitions from land to water. This 
robustness is supported by table A1 (see appendix A) where four parameter combinations were 
applied on the selected low- and high-tide images. The variation in NDWI threshold resulted in 
differences in land-water boundaries, and thus selection of end-member candidates. Yet, both the 
signal to noise ratio of the end members and mean LSU error (see equation 2) remained consistent. 

2.4 Discussion 

2.4.1 Gradients and diffuse boundaries
By using spatial selection criteria for the definition of robust image endmembers, we developed an 
UDT for analysing diffuse boundaries of subtidal mudbanks. The pixel fractions resulting from the 

Figure 2.6: Variation in spectral signatures for the baseline scenario with a buffer of 10 pixels, a minimal length of 
25 pixels, a gaussian pre filter sigma 0.7 and a minimal gradient of 0.9. End-member signatures are taken from 
selected images between 2008 and 2010.
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LSU represent mud, vegetation and water gradients, as shown in the selected transect for a low-tide 
and high-tide image (Figure 2.4 and 2.5). Thus, we account for mixed pixels and avoid aggregating 
multitemporal image observations with different tidal heights. 

The mud fractions show a discontinuous decrease in the offshore direction for both selected 
images (Figure 2.4 and 2.5). Yet, more abrupt changes at 6,041 and 5,982 m in both mud and 
water fractions indicate changes in the presence of mud in the upper water column. These are 
considered fuzzy transitions between higher and lower mud concentrations, corresponding with 
diffuse boundaries of mudbanks. This indicates that, despite differences in tidal elevation and the 
time between acquiring the images, this seaward mud bank boundary remains relatively stable at 
approximately 6,000 m offshore. The remaining difference can be attributed to mud bank migration 
and the temporal variability of SPM concentration, resulting from waves, tides and currents 
(Zorrilla et al., 2018). Absolute values of mud fractions in the estimated subtidal area also varied 
between the two images, with lower mud fractions for the high-tide image than for the low-tide 
image. This reflects the difference in sediment concentrations, preventing the use of an absolute 
mud fraction threshold to indicate diffuse boundaries.

2.4.2 Intermediate results
Besides the pixel fractions, the intermediate results, so far mainly used in the UDT procedure, show 
promising signs of added value. For example, Figure 2.5 indicates that the intertidal zone can be 
estimated with the TIR band, when image quality is sufficient. In our case this allowed us to isolate 
pure mud pixels as endmember for the entire image. The undetected intertidal area in Figure 2.4 is 
an example where the image TIR threshold locally didn’t result in an estimate of the intertidal area. 

Figure 2.7: Variation in the NDWI threshold, used to separate land and water, for different input parameters 
sets variation of the minimal gradient (0.7, 0.9, 1.1 and 1.3) and gaussian pre filter sigma (0.3, 0.5, 0.7, 0.9 and 1). 
Minimum length of the edges and buffer size around them are fixed at the defaults of 25 and 10 pixels, respectively
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However, when the threshold is determined locally from well-defined spatial neighbourhoods, the 
intertidal zone can be demarcated more precisely. This is in line with findings from earlier studies 
that relate exposure time and intertidal topography to de difference in thermal irradiance between 
land and water (Ryu et al., 2002; Sørensen et al., 2006). 

The boundaries of the terrestrial land masks, for example between 12-09-2009 (Figure 2.5) 
and 15-11-2009 (Figure 2.4), were consistently estimated at 817 m. As a result it becomes possible 
to analyse transitions from intertidal- to terrestrial land cover classes without using a static global 
or regional land mask product (Laengner et al., 2019). Especially in Suriname, where analysis of 
coastal morphology is hampered by limited data availability and changes are rapid and omnifarious, 
this type of spatial information can be beneficial to coastal managers. It allows for example to detect 
changes in vegetation composition for terrestrial and intertidal zones and incorporate that in coastal 
conservation- and protection measures.

2.4.3 Robustness and sensitivity 
The sensitivity analysis on the NDWI threshold provided a better understanding of the capabilities 
of combining canny edge detection algorithm and Otsu thresholding for separating land and water 
pixels. The range of unique NDWI thresholds supports earlier observations (Bishop-Taylor et al., 
2019) that especially in mud-dominated systems, a dynamic threshold is required to separate sea 
from land. 

Figure 2.8: Variation in the NDWI threshold (n = 68) used to separate land and water for different input 
parameter set: variation of the buffer size (5, 10 and 15 pixels), different minimum edge length values (10, 25, 50 and 
75 pixels) and MG values (0.7, 0.9, 1.1 and 1.3) and the GPF is set at its default of 0.7.
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We found that the canny edge algorithm complemented with buffer and length filters results 
in a consistent, spatially explicit and robust neighbourhood zone when the MG and GPF are set 
appropriately. By applying a sufficiently large length filter, only true land-water boundaries are 
included (Figure A3). For a larger buffer, when more pixels are included, the threshold values shift 
towards the land lobe of the histogram. This implies that more pixels are included in the terrestrial 
land mask, resulting in the boundary shifting seaward. Nonetheless, the resulting neighbourhood 
zone consistently creates histograms that can be used to estimate representative image endmembers 
from ranges in both NDWI and NDVI values. This is supported by the relatively small temporal 
variation in spectral endmembers, sampled from these neighbourhoods, which we observed for all 
images between 2008 and 2010 in the area (Figure 2.6). This facilitates the comparison of the linear 
spectral unmixing outputs for different images. 

2.4.4 Limitations & improvements
A disadvantage of the outlined approach is that resulting fractions are only approximations of SPM 
or vegetation cover, as non-linear responses in reflectance spectra are not accounted for (Somers et 
al., 2011). Moreover, the spectral signatures of the image endmembers were not selected based on 
their pixel purity but rather on spatial and spectral selection criteria. However, monitoring requires 
an objective and standardized end-member extraction technique that allows for spatiotemporal 
analysis of LSU outputs (Figure 2.4 and Figure 2.5). The here discussed UDT approach 
consistently selects these endmembers and thus results in comparable LSU outputs between 
different dates and environmental conditions during acquisition.

Also, automatically estimating the position of the seaward boundary of mudbanks from the 
LSU outputs remains a future improvement. As we showed in the fraction profiles (Figure 2.4 and 
Figure 2.5), the cross-shore transects reveal multiple rapid declines of mud fractions, indicating 
diffuse boundaries. Especially automatically selecting the rearmost rapid decline requires additional 
advancements in processing the LSU outputs and sufficient field observations for validation. This 
diffuse boundary position estimate is required to facilitate multitemporal position analysis of mud-
bank footprints. The thresholds and index ranges used to define end-member candidates can then 
be used to assess the suitability of the image in a timeseries analysis, compared to for example only 
using estimates of cloud cover.

2.5 Conclusions

We developed a data-driven method that facilitates the detection of diffuse boundaries of subtidal 
banks along mud-dominated coastlines, as exemplified for a section of the Suriname coast. The 
developed unsupervised decision tree includes 1) advances in separating land and water with 
Otsu thresholding, 2) a novel approach to automatically estimate the intertidal zone and 3) an 
assessment of cross-shore gradients in mud, water and vegetation fractions from individual Landsat 
observations. We reaffirm that efficiently separating land and water is possible in mud-dominated 
coastal systems by defining a spatial neighbourhood with an edge detection algorithm applied to 
the NDWI index. However, selecting the appropriate input parameters is a non-trivial exercise. 
The resulting terrestrial boundary allows the separation of the remaining exposed intertidal zone 
from water, based on a temperature threshold. Consistently sampling potential end-member 
candidates from these initial estimates of water, intertidal and land surface can be done from 
their index histograms. The resulting spatially explicit and spectrally coherent image endmembers 
facilitate multitemporal LSU outputs with fraction maps of water, vegetation and mud. From these, 
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spatiotemporal differences in their sub-pixel proportions can indicate much needed information 
about changing gradients and the presence of coastal features. 

Supplementary Materials
https://code.earthengine.google.com/?accept_repo=users/jobdevries90/MangroMud

https://code.earthengine.google.com/?accept_repo=users
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Chapter 3   | Multi-decadal coastline dynamics 
in Suriname controlled by migrating subtidal 
mudbanks

Abstract

For the development of climate-resilient coastal management strategies, which focus on challenges 
in the decades to come, it is critical to incorporate spatial and temporal variability of coastline 
changes. This is particularly true for the mud-dominated coastline of Suriname, part of the 
Guianas, where migrating subtidal mudbanks cause a cyclic instability of erosion and accretion of 
the coast that can be directly related to interbank- and bank phases. The coastline hosts extensive 
mangrove forests, providing valuable ecosystem services to local communities. Recent studies on 
mudbank dynamics in Suriname predominantly focused on large-scale trends without accounting 
for local variability, or on local changes considering the dynamics of a single mudbank over 
relatively shorter time scale. Here we use a remote sensing approach, with sufficient spatial and 
temporal resolution and full spatial and temporal coverage, to quantify the influence of mudbank 
migration on spatiotemporal coastline dynamics along the entire coast of Suriname. 

We show that the migration of six to eight subtidal mudbanks in front of the Suriname 
coast has a strong imprint on local coastline dynamics with an average 32 m/yr accretion during 
mudbank presence, and 4 m/yr retreat of the coastline during mudbank absence between 1986 and 
2020. Coastal erosion can, however, still occur when mudbanks are present and coastal aggregation 
may happen in the absence of mudbanks, exemplifying local variability and thus suggesting the 
importance of other drivers of coastline changes. 

Based on: 

de Vries, J., van Maanen, B., Ruessink, G., Verweij, P. A., & de Jong, S. M. (2022). Multi-decadal 
coastline dynamics in Suriname controlled by migrating subtidal mudbanks. Earth Surface Processes 
and Landforms, 47 (10), https://doi.org/10.1002/esp.5390. 

https://doi.org/10.1002/esp.5390.
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3.1 Introduction

Coastal wetlands provide a livelihood for local communities and simultaneously provide services 
that include coastal protection, enhanced carbon storage and habitats provision for both wild- 
and ocean life (Kirwan and Megonigal, 2013). Yet, these economically and ecologically important 
ecosystems, including mangroves, saltmarshes and tidal flats, are under constant pressure from 
climate change, natural disturbances and increasing anthropogenic activities (Friess et al., 
2012). Variable responses of coastal ecosystems to forcing mechanisms pose challenges for the 
development of climate resilient management strategies that need to account for changes in coastal 
zones that might occur in the coming decades (Dolan et al., 1991). 

Mangrove forest are (sub) tropical ecosystems typically located in sheltered coastal 
environments such as estuaries and tidal embayment’s, where climatic drivers, tidal currents and 
sediment dynamics control their distribution, abundance diversity and dynamics (Osland et al., 
2017; Woodroffe et al., 2016; Xie et al., 2020). At the same time, mangroves can also occur along 
open coasts, changing forcing mechanisms that determine the long-term fate of these ecosystems 
compared to sheltered mangrove forests. In such open settings, mangrove forests can expand 
seaward when waves are low and sediment availability is sufficiently high, or retreat when the 
opposite is true (Pardo-Pascual et al., 2012). On top of that, variability in coastline positions can 
occur gradually or episodically, with alternating phases of stability, retreat and progradation (Stive et 
al., 2002). This is because the driving processes operate at varying spatial- and temporal scales, like 
the redistribution of sediment, anthropogenic interference, sea level rise or hydro-meteorological 
forcing mechanisms (Ellison, 2015; Luijendijk et al., 2018).

The coastal zone of the Guianas, stretching from the mouth of the Amazon River to the 
Orinoco Delta in Venezuela, shows exactly this spatiotemporal variability in coastline dynamics 
(Anthony et al., 2013a; Toorman et al., 2018). Earlier work already linked this to the migration 
of subtidal mudbanks, consisting of fine grained sediments that originate from the Amazon River 
and are transported along the coast (Augustinus et al., 1989; Eisma and Marel, 1971). A mudbank 
is for the most part a muddy subtidal feature, obliquely attached to the coast through its subaerial 
intertidal extension (Wells and Coleman, 1981b). 

Migrating mudbank are only found in a few places around the globe including India (Samiksha 
et al., 2017) and the USA (Taylor and Purkis, 2012). In the Guianas these mudbanks are longer 
and wider and migrate more quickly; they can therefore be identified by their irregular and 
triangular shape that can extend up to 20 km offshore and on average 30 km alongshore (Chevalier 
et al., 2008). Conceptually, where a mudbank migrates alongshore under the influence of waves and 
currents, coastal accretion can be initiated. This is due to enhanced wave damping and increased 
sediment deposition near the coastline that is associated with these mudbanks (Winterwerp et al., 
2007). Consequently, mud flats form and pioneer mangrove species colonize these flats, further 
enhancing mud deposition and attenuation of waves (Balke et al., 2011; Baltzer et al., 2004; de Jong 
et al., 2021). Finally, when the mudbank after 10-15 years has migrated further, the coastline and 
mangrove ecosystems are again susceptible to enhanced erosion as a result of increased wave activity 
(Anthony et al., 2010; Toorman et al., 2018). 

The conceptual model of mudbank migration has been extensively studied, including field 
observations of mangrove development and coastline evolution (Augustinus, 2004; Wells and 
Coleman, 1981a). Also, studies using a variety of publicly available remote sensing observations, 
including radar, medium-resolution multispectral satellite observations and aerial photographs 
show that coastlines of the Guianas are changing due to migrating mudbanks (Baghdadi et al., 
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2004; Vantrepotte et al., 2013; Walcker et al., 2015). In fact, it was pointed out that a variety of 
mechanisms may affect mudbank dimensions, migration speeds and thus coastline changes. 
Especially waves, but also other controlling factors such as variable trade wind regimes (Augustinus, 
2004), the 18.6 year nodal tidal cycle (Gratiot et al., 2008), coastline angle and coastal currents 
(Lefebvre et al., 2004) are deemed important. This implies a degree of complexity at local scales, 
going beyond relatively simple alternating phases of erosion and accretion that, despite the 
attention, are not well understood.

As coastline changes are reflecting the complex interplay between controlling factors (Boak and 
Turner, 2005), it is necessary to interpret changes from datasets that have high temporal and spatial 
resolution, cover large stretches of coastline and go back at least one complete cycle of mudbank 
migration including a bank- and interbank phase (Li and Gong, 2016). This avoids masking of 
trends, due to for example changing water-levels (Klemas, 2013) and allows capturing subtle local 
effects within a broader regional context (Almonacid-caballer et al., 2016). Yet, it also remains 
challenging to differentiate between subtidal mudbanks, that can extend to intertidal parts of the 
coastal area, and other coastal land cover classes. Especially when preferred 3D observations, from 
for example LiDAR, GNSS or Terrestrial Laser scanners, are lacking or have insufficient spatial- 
and temporal coverage, we rely on two-dimensional interfaces that are visible in images (Moore 
et al., 2006). Especially the Landsat archive can be considered as a consistent source of long-term 
observations with an unprecedented combination of global coverage and a high temporal- (16 days 
return period) and spatial (30 m) resolution (Mondal et al., 2018; Xu, 2018).

The aim of this study is to quantify the effect of mudbanks being present or absent on long-
term spatiotemporal dynamics of local coastline changes in Suriname from medium-resolution 
Landsat imagery. We used an Unsupervised Decision Tree (UDT) that has the ability to extract 
coastline positions and estimate spatiotemporal differences in mud gradients (de Vries et al., 
2021; Chapter 2) on the available Landsat images between 1986 and 2020. This series of decisions 
incorporates a Linear Spectral Unmixing (LSU) model, necessary to estimate sub-pixel coverage 
of the three dominant types of land cover in muddy coastal ecosystems: water, vegetation and 
bare consolidated mud. The sub-pixel approach is required because medium-resolution pixels 
often contain mixed spectral signals, especially in inter- and subtidal regions due to the presence 
of diffuse boundaries between different land-use classes (Odermatt et al., 2012). This especially 
hampers the identification of mudbanks in the upper water column, that are rapidly changing as a 
result of wave climate, tidal flow and river outflow (Zorrilla et al., 2018). While it is the detection of 
mudbank presence that is required to separate their effect on coastline changes from other forcing 
mechanisms.

3.2 Study area

The sparsely populated coastal region of Suriname can be divided into three regions that are 
intersected by the Suriname River near Paramaribo and the Coppename River (Figure 3.1). This 
area receives an average of 2-3 m of annual rainfall, of which most falls in the wet seasons between 
December-February and April-July. Despite high precipitation, the rivers in Suriname have relative 
low discharges (~150 km3/yr) and suspended loads (1-130 mg/L), especially compared to the total 
along-shore sediment transport and the mud supply originating from the Amazon River (Willems 
et al., 2015). Nearshore brown waters, between zero and twenty km offshore, have a high turbidity 
that can be associated with the suspension of muddy sediments or presence of mudbanks (Figure 
3.1).
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The dominant wind direction at the coast is from northeast to the southwest during all months 
of the year. The majority is coming from northeast to eastern directions, with average speeds 
ranging from 3 to 9 m/s. Relative stronger winds between December and April coincide with most 
energetic offshore waves, up to two meters significant wave height and periods of 6-10 s (Anthony 
et al., 2010). This wave-dominated coastal regime shows variations in wave height at timescales 
ranging from annual to multi-decadal timescale, caused by North Atlantic Oscillation phases and 
other large-scale atmosphere-ocean interactions (Walcker et al., 2015).

Tides along the coast of Suriname are semi-diurnal with a micro to mesotidal scale, ranging 
from 1.5 to 3 m (Rine and Ginsburg, 1985). The resulting tidal currents are orientated perpendicular 
to the coastline which is especially relevant for sediment transport in the mouth of rivers 
(Augustinus, 2004). All along the coast the Guiana current runs parallel to the coast with a velocity 
varying between 0.2 to 0.6 m/s in the nearshore zone (Pujos and Froidefond, 1995) and 0.5 to 
0.9 m/s outside the coastal boundary (Wells and Coleman, 1981b). The nearshore currents, directly 
related to residual currents due to wave breaking and tidal flow, contributes to the alongshore 
migration of mudbanks (Allison et al., 1995; Gratiot et al., 2007). Although coastal dynamics in 
Suriname are mainly driven by natural processes and interactions between waves, currents, sediment 
transport and mangrove growth, anthropogenic activities interfere with these natural processes and 
can locally modify coastal behaviour (Nijbroek, 2014). This includes the building of dikes, removal 
of mangroves, conversion to agriculture, and the development of aquaculture.

Figure 3.1: The coastal area of Suriname with the different coastline sections. The eastern section is situated 
between the Maroni and Suriname River, the western section between the Corantijn River and the Coppename 
River and finally the centre section of the coastline is located in between the Coppename River and Suriname 
River. The field sites near Weg naar Zee (2x) and Braamspunt that are used for the validation, are also shown. The 
image is an RGB median composite of all Landsat observations available between 2017 and 2019, clearly showing 
the high concentrations of sediment that are associated with the presence of subtidal mudbanks.
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Figure 3.2: The applied workflow used to extract coastline positions and simultaneously determine the presence 
or absence of mudbanks in Landsat observations. The steps from the used Unsupervised Decision Tree (UDT) are 
indicated with the blue dashed line (step A-C). The resulting binary land mask and mud abundance map were then 
used to estimate the presence of mudbanks simultaneously with the coastline position (step D-E).
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3.3 Methods and data

We studied the spatial and temporal dynamics of the Suriname coastline between 1986 and 2020, 
in relation to alongshore migrating mudbanks. We therefore first applied an Unsupervised Decision 
Tree (UDT; de Vries et al., 2021; Chapter 2) inside the Google Earth Engine environment (GEE; 
Gorelick et al., 2017). Afterwards, intermediate outputs from the UDT, consisting of binary land 
masks and mud abundance maps (Figure 3.2, step A-C), were analysed for the presence or absence 
of mudbank boundaries in relation to estimates of coastline positions (Figure 3.2, step D-E). All 
steps, including a short summary of the UDT, are described below.

3.3.1 Pre processing and UDT
In this work we applied the UDT and subsequent workflow on all Top of Atmosphere (TOA) 
images collected over the coastal area of Suriname between 1986 and 2020 by Landsat 4, 5, 7 and 
8. These tier-1 products are corrected for atmospheric, illumination and viewing geometry effects, 
with estimated spatial accuracy sufficient for timeseries analysis (Vos et al., 2019). 

Due to high cloud-cover throughout the year in the study area, the pixel assessment bands were 
first used to mask out clouds and shadows in all images. To minimize false detection of coastline 
changes, biased estimates of spectral indices and inaccurate representation in mud abundance maps 
due to undetected shadows, an additional masking step was implemented (step A, Figure 3.2). By 
using the pixels that were initially indicated as clouds and the image metadata describing the solar 
azimuth, different shadow paths were estimated on a range of pre-defined cloud heights. Within 
these paths, pixels that reflected low in Near Infrared (NIR) and two Shortwave Infrared (SWIR1 
and SWIR2) bands were considered shadow pixels (Housman et al., 2018).

For the non-cloud pixels Normalized Difference Water Index (NDWI) and the Normalized 
Difference Vegetation Index (NDVI) were calculated according to:

     NDWI GREEN  NIR
GREEN  NIR

�
�
�   (3.1)

     NDVI NIR  RED
NIR  RED

�
�
�

  (3.2)

The NDWI uses the reflection in both green and NIR wavelengths to maximize the difference for 
water features compared to non-water features (McFeeters, 1996). As a result, vegetation and mud 
usually have low or negative values, whereas water has positive NDWI values. Similarly, the NDVI 
uses the difference in NIR and red reflectance to indicate vegetated pixels with positive values 
(Tucker, 1979). 

The NDWI index was first utilized to detect the interface between land and water (Donchyts 
et al., 2016). A Canny edge detection algorithm was used to detect local edges based on gradients 
in the NDWI image (Liu and Jezek, 2004). After filtering these edges on a minimum length, and 
buffering the remaining edges, a set of spatial neighbourhoods remained (Figure 3.2, Step B). The 
bimodal histograms resulting from pixels in these neighbourhoods, reflect the difference in spectral 
properties between land and water that is contained in the NDWI index (Donchyts et al., 2016). 
An Otsu thresholding algorithm was applied to separate these two dominant lobes in the resulting 
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Figure 3.3: The applied steps, following the Unsupervised Decision Tree (UDT), to simultaneously determine 
the exact position of the coastline and absence or presence of mudbanks. On the right-hand side, the extraction 
of coastline position and consequential outlier detection to define median annual coastline positions is displayed 
as was applied on the binary land masks that resulted from the UDT. Steps 1-4 on the left-hand side show the 
sequence of steps that were taken to determine the presence of mudbanks for each year from the mud abundance 
maps that resulted from the UDT.
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histogram (Lu et al., 2011), to simultaneously separate terrestrial vegetation and bare ground from 
water pixels, resulting in a land- and water mask (Figure 3.2, step B). 

The NDWI and NDVI were used to detect image endmembers required for linear unmixing 
the fraction cover of mud in each image pixel. Therefore, image histograms, extracted from the 
canny edge neighbourhood zones and the water masks, were defined to select image end-member 
candidates (de Vries et al., 2021; Chapter 2). By selecting the most abundant NDVI value in the 
coastal zone, the driest mud pixels in the intertidal zone and the most abundant NDWI value from 
water pixels, mean spectral signatures were derived for each end-member group. By applying a fully 
constrained standard linear mixture model, the reflectance signatures were used to derive fractions 
of land cover type for each pixel in separate bands (Figure 3.2, step C). These fractions represent 
the proportion of each active component to the signal per pixel, with a cover always between zero 
(absent) and one (full cover) and the sum of all land cover fractions not exceeding one (Alcântara et 
al., 2009). 

To simultaneously characterize the coastline change rate and mudbank extents along the 
coastline, transects were defined. As opposed to an area-based method, this transect-based method 
facilitates analysing rates of coastline change with respect to the presence or absence of mudbanks 
(Xu, 2018). A series of ~380 transects with a spacing of 1,000 m was defined perpendicular to a 
baseline spanning the coastal zone of Suriname. The baseline is a manually digitized line that is 
always landward of historic coastlines included in the time series of satellite images. 

3.3.2 Mudbank detection
The presence or absence of mudbanks was determined by detecting abrupt changes in sediment 
fractions in abundance maps of mud, which result from the UDT method (Figure 3.2, steps D 
and E). The rationale behind using abrupt changes is that resuspension at the leeward side and 
deposition at the front side of mudbanks, associated with the migration of mudbanks, results in 
highly variable mud abundance (Zorrilla et al., 2018). Abrupt changes in the mud abundance were 
considered as fuzzy transitions that correspond to diffuse mudbank boundaries. To limit the effect 
of noise and simultaneously preserve and enhance the changes in sediment fractions in these active 
migration areas, we opted for a bilateral filtering approach (Figure 3.3, step 1). 

The bilateral filter is a non-iterative technique that uses the weighted average of intensity in 
nearby pixels, thus taking the local difference in intensity into account while eliminating noise but 
simultaneously preserving edges (Tomasi and Manduchi, 1998). The filter has two kernels: one 
spatial filter to smooth the image, based on a gaussian function in the neighbourhood, and a second 
to highlight the similarity in intensity of the pixel value, compared to other pixels inside the kernel 
(Asokan and Anitha, 2020):

 ( )
ε

= ∑X r p q q
p

1I (x=p) || p-q|| •f (I -I )•I
w s

q S
g   (3.3)

where p represents the selected pixel and q the coordinates in the neighbourhood S, Gs the spatial 
gaussian function needed to reduce the influence of distant pixels and fr the range that reduces 
the pixels in the neighbourhood when their intensity values differ from pixel p with value Iq. The 
normalization factor, Wp can be computed as: 
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ε

∑ r p q|| p-q|| •f (I -I )                  s
q S

            gWp =     (3.4)

The weight assigned to neighbouring pixels (e.g., with coordinates k,l) to denoise a certain pixel (i,j) 
can be calculated according to: 

 
2 2 2

2 2
(i-k) +(j-l) ||l(i,j)-l(k,l)||w(i,j,k,l)=exp

2 2d rσ σ
 

− − 
 

  (3.5)

with σd and σr the smoothing parameters that control the intensity and spatial behaviour of the 
filter. 

The resulting filtered fractions of mud were analysed along each of the intersecting cross-shore 
transects (Section 3.3.1). In general, these two-dimensional representations show a discontinuous 
decrease in sediment abundance over the subtidal parts of a mudbank, with abrupt changes 
being associated with diffuse mud-bank boundary (de Vries et al., 2021; Chapter 2). Therefore, 
the smoothed bilateral filter output and a smoothed approximation of the original mud fraction 
were extracted for each pixel that intersected with the transect (Figure 3.3, step 2). The smoothed 
approximation was used to define the range of decreasing mud fractions that coincides with this 
active migration area of subtidal mudbanks, containing the mudbank boundary (Zorrilla et al., 
2018). We thereby excluded significant changes in mud fractions that were not related to mudbank 
boundaries, but for example with high mud fractions often found in wetlands. Transects with 
insufficient valid intersecting pixels (<70%), due to clouds and shadows, were also excluded from 
the analyses.

Within the estimated active migration area, abrupt changes in the mud fractions were 
extracted from the filtered mud abundance that result from bilateral output (Equation 3.5). These 
discontinuities were defined as local maxima that have been extracted from the zero crossings of 
the first order derivatives of the filtered mud fractions. Local maxima were then selected based on 
different criteria associated with their fraction value and position along the transect. In this way 
we ensured that the positions were: (1) farther offshore than the land boundary, (2) not associated 
with cloud- and shadow remnants, (3) represented an abrupt change in mud fraction and (4) had 
a sufficiently high fraction value  to be associated with mudbanks. Then for each transect maxima 
were selected that can be associated with the largest absolute decrease, largest-, relative decrease and 
quickest decrease (slope), and exported from GEE for further analysis (Figure 3.3, step 2). These 
decreases in sediment fraction were considered potential mudbank boundaries as they indicated 
abrupt changes in mud abundance. 

An annual frequency of mudbank presence was computed to compare coastline changes 
(Section 3.3.3 for a detailed description) with the presence of mudbanks during a given year. 
This indication was defined for all transects in individual images: first, we determined along each 
transect the average increase or decrease in mud abundance. Secondly, we labelled transects with an 
offshore increasing mud abundance as no mudbank and excluded the concerning observations from 
further analysis (Figure 3.3, step 2). Thirdly, we defined an alongshore orientated search window 
and used it to identify local clusters of previously defined abrupt changes, with relative low mud 
fractions and thus not considered to be a mudbank (Figure 3.3, step 3). Finally, a mudbank was 
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considered present when at least 60% of the observations for a given year contained an indication of 
a mudbank (Figure 3.3, step 4).

3.3.3 Coastline change detection 
For each image the binary land mask, that resulted from the UDT (Figure 3.2, step B), was 
used in this research to extract the last transition from land (1) to water (0) on each individual 
transect (Figure 3.3). We then implemented a modified end point rate method to estimate rates 
of coastline change from the median coastline distance for a given year, compared to the median 
distance in the year before (Dolan et al., 1991). By doing so, we avoided omitting important trends 
in dynamic areas on longer timescales and were still able to separate annual from decadal trends. 
Even though taking a median value already reduced the effect of random error introduced by 
our methodology (Boak and Turner, 2005), we applied an outlier test to also exclude systematic 
erroneous observations (Figure 3.3). 

Systematic errors were mainly related to inaccurate thresholding (Figure 3.2, step B) and data 
gaps that result from for example clouds, shadow and Landsat 7 ETM Scan Line Corrector (SLC) 
-off striping. Due to hampered visibility of the actual coastline, when no observation was available, 
potential false-positive detection of land-water transitions occasionally occurred. These erroneous 
coastline observations in the time series, measured in meters from the origin of the transect, were 
removed with the use of Rosner’s hypothesis test within time windows of three years (Rosner, 
1983). The time window was extended by maximum two years when the observation density was 
lower than ten observations. This allowed us to detect several unusual large or small coastline 
distances for each individual transect. The testing is performed in R’s EnvStats package (version 
2.3.1) that has the function rosnerTest implemented (Millard, 2014).

3.3.4 Coastline validation
Due to the complexity of coastal morphology in muddy coastal areas and the errors associated 
with the interpretation of coastline proxies from remote sensing images, we opted to compare 
our coastline estimates with different coastline interpretations (Li and Gong, 2016; Moore et al., 
2006). These coastline proxies were manually digitized, based on visual cues in high-resolution 

Table 3.1: Characteristics of the different surveys, including the XY error representing the average horizontal 
offset computed from a set of independent ground control points (n). The Landsat images column indicates the 
number of Landsat images that are validated with the corresponding orthophoto

Date Location substrate Images
(flights)

Flying 
height [m]

Area [km2] xy error [m] Landsat 
images [n]

2019-06-20 weg naar Zee 
(w)

Mud 1102 (6) 50 0.51 ~0.02 (n=21) 8

2019-07-13 weg naar Zee (e) Mud 1192(6) 30 0.21 ~0.02 (n=13) 5

2019-07-24 Braamspunt sand 1188(9) 75 1.16 ~0.1  (=10) 6

2020-02-19 weg naar Zee 
(w)

Mud 1385(9) 75 0.63 0.04 (n=9) 3

2020-03-03 Braamspunt sand 885(8) 100 0.73 0.06 (n=37) 4

2020-03-04 Braamspunt sand 478(6) 100 0.63 0.02 (n=22) 4
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orthophotos that we retrieved from different Unmanned Aerial Vehicle (UAV) campaigns. When 
present, mature vegetation was considered as a robust indicator of the coastline (Gratiot et al., 
2008). Yet, when vegetation was sparse the contrast between dry and wet pixels, also referred to 
as the high water line (HWL), was considered a more suitable indicator (Boak and Turner, 2005). 
Alternatively, the mean high-water line (MHW), a more static estimate, was based on visible 
features, including cliffs, scarps washed up brushwood and human constructions. It is important to 
mention these different proxies of coastlines may overlap.

Three orthophotos were created for three highly dynamics sites (Figure 3.1): two at Weg Naar 
Zee and a sandy chenier at Braamspunt (Anthony et al., 2019). Therefore, we used a DJI Mavic Pro 
2 UAV, with a L1D-20C camera model which acquires 20 megapixels photographs that can be used 
to construct high-resolution orthophotos (Westoby et al., 2012). We collected these photographs 
at different flying heights with a forward- and side overlap of 80% and 60%, respectively (Table 
3.1). During low-tide, 6-9 separate flights were planned and executed in Litchi software, aimed at 
collecting alternating nadir and off-nadir pictures to minimize doming (Carbonneau and Dietrich, 
2017). Markers and natural terrain features, measured with Emlid Reach+ RKT GPS, were used as 
ground control points to process the photographs in Agisoft Metashape (version 1.5) to point clouds 
and ultimately orthophotos with a downscaled resolution of 50 cm. Accuracy of these orthophotos 
ranged between 0.02 and 0.1 m (Table 3.1), substantially smaller than the uncertainty associated 
with the acquisition of Landsat images.

Satellite images taken within 100 days of the orthophoto acquisition date were considered for 
validating the coastline position. This selection resulted in 12 satellite images for which coastline 
positions were estimated, following the procedure described in previous sections (Section 3.3.3 and 
Figure 3.3). As opposed to using transects with 1,000 m spacing like we did for the entire coast of 
Suriname (Section 3.3.1) we used transects with a spacing of 50 m for the validation. Euclidean 
distances between the resulting position estimates and the different manually delineated coastline 
proxies (vegetation interface, MWL and MHW) were calculated as indicator for the overall 
accuracy of position estimates.

3.4 Results

3.4.1 Mudbank dynamics
The alongshore variation in mud fractions can be associated with the presence or absence of six 
to eight mudbanks of varying length in front of the Suriname coast between 1986 and 2020 
(Figure 3.4). Especially in the western part of Suriname, between 0 and 120 km, three or four 
clearly distinguishable alongshore migrating mudbanks can be seen. Also, in the middle section it 
is possible to distinguish segments associated with the front of one migrating mudbank between 
2000 and 2010. Finally, in the eastern section, two segments that are associated with mudbanks 
are visible. All these segments show a clear shift from east to west, associated with their migration 
direction and speed. The smaller east to west shift for each segment between different years in the 
western sector, compared to the middle and eastern parts of Suriname, suggests slower migration 
rates of mudbanks towards the Corantijn River (Figure 3.1).

In general, high mud fractions, ranging from ~0.4 to ~0.8, indicate the presence of mudbanks 
because continuous transport of mud towards the front of mudbanks causes a higher turbidity. Mud 
at the coast, especially near the back of mudbanks and in the interbank zones, is consolidated and 
therefore not easily resuspended, causing lower mud abundances in the water column (Vantrepotte 
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et al., 2013). This can for example be illustrated by the band of lower mud fractions (~0.05 and 
~0.3) in the eastern sector between 300 and 350 km (Figure 3.4).

3.4.2 Validation of coastline position
Coastline positions, derived from Landsat images, are compared to different coastline interfaces 
digitized in the UAV images acquired over Weg Naar Zee at 2019-06-20 (Figure 3.5, Panel A). 
Coastline positions retrieved from the Landsat images that were acquired 72 days (2019-08-31) 
and 80 days (2019-09-08) after the UAV acquisition date (2019-06-20) show significantly larger 
mean distances compared to the digitized coastlines (Figure 3.5, Panel B). 

We developed similar comparisons between the automatically derived coastline positions in 
all the selected Landsat images and the defined coastline proxies in the different high-resolution 
UAV images (Figures B1-B4, Appendix B). Overall, position estimates agree with the observations, 
indicating on average less than 50 m distance (<1.67 Landsat pixel) to the different reference 
lines (Figure B5, Appendix B). The median euclidian distance from each coastline position to the 
nearest line is less than 30 m. The coastline position estimates agree with the lines corresponding 
to the MHW and HWL (Appendix B, Figure B6). Exceptions are the MHW acquired in the 
Weg Naar Zee UAV image of 2020-02-19 and the vegetation interface acquired at Braamspunt 
in 2019-07-2 (Figures B2 and B3, Appendix B). Comparisons between Landsat derived coastline 
positions and the coastline proxies retrieved from the UAV images acquired over Braamspunt show 
8-12 significant outliers, with distances of up to 600 m. These offsets can be attributed to the spit 
that has formed with a width sometimes smaller than the size of one Landsat pixel (Figure B4, 
Appendix B) 

Figure 3.4: Mean values of the peaks of mud fractions and position estimates of mudbanks, distributed along the 
coastline of Suriname for all years between 1986 and 2020. The peaks of sediment fractions were calculated as 
described in section 3.3.2 and Figure 3, step 2. The presence of mudbanks was estimated for each transect-based on 
the steps explained in section 3.3.2 and Figure 3.3, step 3. Masked out values are related to transects that are in the 
mouth of the Suriname- and Coppename River (Figure 3.1) or missing satellite data.
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3.4.3 Coastline dynamics
The annual rate of coastline changes between 1986 and 2020, in relation to the presence of 
mudbanks in front of the Suriname coastline, is shown in Figure 3.6 (Panel A). Of all coastline 
position changes, 90% ranges from -125 m/yr of erosion to 150 m/yr of accretion. Overall, there 
are no clear trends with dominant accretion or erosion rates between 1986 and 2020 for the entire 
coastline (Figure 3.6, Panel B). Yet, years of erosion and accretion are alternating, with on average 
erosion in the last six years. Especially in the western region (Figure 3.6, Panel C) alternating zones 
with on average accretion or erosion are visible, although no single transect shows continuously 
erosion or accretion for the studied period 1986-2020. 

Figure 3.7 supports the general observation that in the period 1986-2020 Suriname has an 
accreting coastline with an averaged total of 310 m between 1986 and 2020, yet there is strong 
alongshore variability. More specifically, the western section is characterized by erosion with a mean 
coastline position change of 88 m, but also with occasional accretion compared to 1986. The eastern 

Figure 3.5: Validation results of the Landsat images acquired within 100 days of acquiring the high-resolution 
UAV image near Weg naar Zee West (2019-06-20). Panel A shows the digitized shorelines in the UAV image that 
are used for validation. The panels on the right show the different Landsat images that are used, together with 
their automatically derived shoreline positions. The coloured boxplots in Panel B summarize the difference for 
each of these Landsat derived shoreline positions compared to the different digitized shoreline positions visible in 
panel A (MHW, HWL and vegetation interface). The Landsat 7 image acquired at 2019-08-31 shows missing data 
related to SLC-off striping.
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section has an average accretion in coastline position of 212 m compared to 1986. Finally, the 
middle section shows overall accretion for each transect with an average coastline change of 1,004 
m compared to 1986. For the studied period, a significant part of the total accretion in Suriname 
occurs in the central region, with the majority of it between 2002 and 2011. From the year 2000 
onwards accretion reduces, first from km 200 and then shifting in the western direction (Figure 3.6, 
Panel A). 

Both accretion and erosion occurred at local scale, i.e., difference in order of magnitudes change 
within 10-30 km alongshore distances (Figure 3.6, Panel A). This suggests that spatial zones can be 
defined, where either accretion or erosion of the coastline was dominant in a specific period (Figure 
3.6, Panel C). For each year inversion points along the coastline can be seen where this accretion 
changes to erosion or vice versa (Figure 3.6, Panel A). Not only do these inversion points mark 
the accreting zones under influence of mudbanks, their position changes between years are a good 
indication of migrating mudbanks (Froidefond et al., 1988). 

Examples of variability in these inversions at local scale are visualized in Figure 3.8, where the 
coastline position in the eastern region (transect III, Panel C) changes from roughly 100 m in 2002 
to almost 1,350 m two years later and eventually ~1,100 m in 2009. A mudbank was already present 
from 1997 and completely passed in 2009. From 2009 the coastline eroded slightly to 1,200 m, with 
stabilization from 2015 onwards. Also, between 160- and 230 km alongshore a phase of coastal 
accretion can be observed with occasionally accretion rates surpassing 150 m/yr (Figure 3.6, Panel 
A). As opposed to transect III the accretion of the coastline for this location (transect II, Figure 
3.8, Panel B), starts within one year of the arrival of a mudbank. Also, between 275- and 400 km 

Figure 3.7: Changes occurring in coastline position between 1986 and 2020 in the eastern, centre and western 
sections of the Suriname coastal area as shown in figure 3.1 and figure 3.6. The y-axis values correspond to the 
number of observations in each bin of normalized coastline position estimates. The solid and dashed lines indicate 
the mean values for each section and entire coastline, respectively. For each transect all coastline positions are 
compared to the first observed valid coastline observation.
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alongshore, westerly deflecting strips of accretion are clearly distinguishable (Figure 3.6, Panel A). 
Under the influence of a mudbank the coastline remains stable between 1999 and 2004, with rapid 
accretion of +/- 300 m until 2011 (Transect 
I, Figure 3.8, Panel A). Then erosion rates 
rapidly go up to, or sometimes even surpass, 
125 m/yr between 2012 and 2015 followed 
by stabilization of the coastline and the 
appearance of a new mudbank in 2018. These 
differences in the magnitude and timing of 
coastline responses to appearing mudbanks 
exemplifies the spatiotemporal variability 
present in the system.

Overall, accretion zones coincide with 
the presence of mudbanks, and erosion zones 
can be linked with the absence of mudbanks 
(Figure 3.6A and Figure 3.4). As supported 
by Figure 3.9, mudbanks tend to be associated 
with accretion rates of 32 m/yr. Vice versa, 
the absence of mudbanks is in general 
associated with mean erosion rates of four m/
yr. The difference between the two skewed 
groups (Shapiro-Wilk test, p-value, < 0.0001) 
of coastline changes, affected by the presence 
or absence of mudbanks (Figure 3.9), are 
significantly different (Wilcoxon Rank Test, 
p-value <0.0001). Relative smaller erosion 
rates are also observed when a mudbank is 
present or moderate accretion rates when a 
mudbank is absent. 

3.5 Discussion

3.5.1 Mudbanks
Our semi-automatic methodology allowed us to visualize the alongshore variation in mud 
abundance between 1986 and 2020, link it to the presence or absence of mudbanks and identify 
likely mechanisms that dominate nearshore variations (Figure 3.4). The satellite derived estimates 
of mud abundance in shallow waters indicated the presence of six to eight migrating mudbanks 
along the coast of Suriname. These mudbanks show strong spatial- and temporal variations mud 
abundance. Previous research already coupled the local variation of mud abundance in the upper 
water column to active resuspension and migration of an individual mudbank (Vantrepotte et al., 
2013; Zorrilla et al., 2018).

Variations in mud fractions clearly exist when looking at multiple mudbanks simultaneously 
at different moments in time. This illustrates the link between the changes in the footprint of 
mudbanks that are visible in remote sensing images and variability in hydrodynamic forcing 
mechanisms such as waves, tides, currents and river flow (Orseau et al., 2020). This is because so 
called wave-bank interactions constantly affect the migration rate, shape and mud budget of these 

Figure 3.8: Development of the coastline position 
between 1986 and 2020 of the three transects indicated 
in figure 3.6. Coastline position is expressed as distance 
of the last land-water transition compared to the origin 
of the transect. The median values are connected by 
the black line. Note the different Y-axis ranges for each 
subplot.
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banks (Anthony et al., 2013a; Gardel and Gratiot, 2005). Suggesting that spatiotemporal variable 
mud fractions can be associated with the presence or absence of a mudbank. Also, within the 
footprint of these mudbanks variable mud fractions are observed (Figure 3.4), probably associated 
to wave-mud interactions that control resuspension at the leeward and deposition at the front side 
(Zorrilla et al., 2018). This not only limits the use of generic thresholding on sediment fraction 
or concentrations to separate mudbanks from their surroundings, but it also indicates these 
interactions enhance variability between separate mudbanks and consequential coastline dynamics.

3.5.2 Implication for foreshore changes 
For the first time we were able to identify hotspots of contrasting behaviour, overall trajectories 
of coastline change and relate to those presence or absence of mudbanks (Figures 3.4 and 3.6). In 
general, the Suriname coast accretes with an average of 32 m/yr when a mudbank is present (Figure 
3.9), comparable to the previously reported range of 13-100 m/yr in French Guiana (Plaziat and 
Augustinus, 2004). Occasionally rates up to 400-800 m/yr were detected, which is significantly 
higher than the previously reported upper limit of 200 m per year (Allison et al., 2000; Augustinus, 
2004; Proisy et al., 2021). We show that the coast erodes by four m per year on average under 
mudbank absence, reaffirming that coastal erosion prevails when a mudbank has migrated further 
alongshore and no longer protects the coast against incoming waves (Allison et al., 1995; Anthony 
et al., 2010; Gardel and Gratiot, 2006).

Coastline positions in the different sections along the coast of Suriname showed variable 
responses to the presence or absence of mudbanks, between 1986 and 2020 (Figure 3.7). One 
explanation for the regional difference comes from cheniers, sand ridges that are created by sand 
supplied from local rivers, such as the Suriname and Corantijn River, together with winnowing 

Figure 3.9: Annual rates of coastline change between 1986 and 2020 for transects that are either fronted by a 
mudbank or not. The distribution of change is indicated by the density plots and the median, interquartile ranges 
and outliers are indicated by the boxplots in the bottom panel. For visualization purposes the x-axis range is 
limited to -800 m/yr to +800 m/yr.
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of sand from deposits by constant wave reworking. Especially in the western sector the cheniers, 
if present at all, are smaller and thus provide less protection against erosion than in the east 
(Augustinus et al., 1989), potentially explaining the difference in erosion.

Exceptional accretion rates in the central section of Suriname suggest however that this is at 
best only part of the explanation (Figures 3.7 and 3.8, Panel B). Due to changes in the orientation 
of coastlines and presence of sufficiently large coastal features, such as mudcapes and small islands 
that provide shelter against incoming waves and might even promote accretion. Together with 
the slowing down of the mudbank approaching the mouth of the Coppename river from 2008 
onwards (Figure 3.6, Panel A), caused by the hydraulic groyne effect (Anthony et al., 2013a), 
this might explain the enhanced sedimentation and coastline east of the river mouth (~ km 140). 
Consequently, sediment deposition downdrift becomes limited, thus promoting enhanced erosion 
west of the river mouth (~km 100), starting from 2013 onwards (Figure 3.6, Panel A). This 
examples clearly highlights the difference in coastline response to a passing mudbank, but also the 
different magnitude of changes induced by a single mudbank on different stretches of coastline 
with the passing of time. 

Our results further highlight the episodic, rather than uniform, nature of the coastline position 
changes on local scale, with rapid coastline accretion and retreat as response to changes in forcing 
mechanisms, including mudbank migration (Augustinus, 1989). Yet, variability in timing can 
occur, as coastal accretion can immediately follow the arrival of a mudbank (Figure 3.8, Panel 
B), lag several years (Figure 3.8, panels A and C) or not happen at all. This again emphasizes the 
importance of other factors such as the variation in topography of the intertidal area (Anthony 
et al., 2008; Proisy et al., 2009). As a result, differences in submersion time, flooding frequency 
and drying-wetting cycles cause mud cracks and development of mud bars. Altering conditions for 
successful seed trapping and thus mangrove growth (Gensac et al., 2011). 

Previous research has shown that shoreline trends lasting multiple decades occur, as opposed to 
the alternating phases of accretion and erosion that the conceptual model of migrating mudbanks 
describes (Fromard et al., 2004; Plaziat and Augustinus, 2004). Our results (Figure 3.6, Panel A) 
can now indicate where erosion, despite the presence of mudbanks (e.g., around km 350 after 
2012), and accretion can occur, even when mudbanks are absent (e.g., km 150). The former are 
examples of potential new shoreline trends of prolonged and persistence erosion, due to for example 
polders or mangrove removal (Brunier et al., 2016). Also, observations of mudbanks not promoting 
coastal accretion (e.g., km 35 and 180) despite enhanced wave damping, suggest additional factors 
are playing a role in successful mangrove colonization and establishment. Previous research 
indicated that this can be related to reduced material exchanges between mudbanks and shorelines, 
especially at leading and inner edges of mudbanks (Anthony et al., 2013b). This streaming of 
mudbanks, a process where mudbanks are disconnected from the shoreline, results in reduced 
material exchange, smaller intertidal mudflats and thus less accommodation space for mangrove 
colonization and coastal accretion (Gensac et al., 2011; Proisy et al., 2009). It is estimated that 
these long-term process may involve local changes in wave-bank interactions as well as coastal mud 
budget adjustments alongshore (Anthony et al., 2013b).

In general we can see that the extent to which the shore welded part of a mudbank is preserved 
from erosion in interbank phases determines the degree of coastal progradation in the following 
mudbank phase (Allison and Lee, 2004; Anthony et al., 2010). Complex patterns of erosion 
and accretion, however, confirm again that the coastline positions and their trajectories are not 
only influenced by mudbank dynamics. The average erosion or accretion rates should therefore 
be considered more as a mid-term (e.g., one full mudbank cycle) tendency on local to regional 
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scale, rather than a definitive indicator of what may happen on a longer timescale. Yet, additional 
research on the extent of intertidal areas and factors that control successful mangrove colonization, 
in relation to forcing mechanisms such as wind-wave regimes (Augustinus, 2004) and currents, is 
required to quantify the potential impact of each individual aspect.

3.5.3 Coastline accuracy
The different coastline definitions, namely HWL, MHW and the vegetation interface, as mapped 
in the high-resolution UAV imagery (Figures 3.5 and B1 - B4, Appendix B) are in good agreement 
with the coastline position estimates. These estimates from 12 Landsat images, acquired within 
100 days of the UAV acquisitions, are on average within 50 m of the reference lines (Figure B5, 
Appendix B). Disparity in error between the Landsat observations and the different coastline 
proxies exemplify the uncertainty associated with the selected point-based method for estimating 
coastline position from land-water transitions along a transect. This method is a computation 
efficient way of analysing spatiotemporal variation in coastlines, yet the accuracy depended on 
the orientation and location of the transects, as spatial context of the coastline estimate is one-
dimensional. As a result, information from adjacent pixels is not incorporated in the estimation of 
coastlines, resulting in the potential detection of incorrect land-water transitions. Variation in the 
average error for the different UAV images also represents the difficulty in consistently mapping 
land-water boundaries over complex, heterogeneous landscapes. This can be seen for example in the 
larger error estimates of Braamspunt, a sandy chenier with relative complex land cover and coastline 
shape, compared to the two sites at Weg Naar Zee (Figure B6, Appendix B). 

When the true coastline position cannot be determined due to missing data, offsets in accuracy 
can be large. This is for example indicated by the outliers found in the Braamspunt UAV images 
(Figures B3 and B4, Appendix B). As the most seaward land-water transition is obstructed from 
sight by clouds, the detected transition behind it is classified as coastline. This can also occur in 
coastal areas where coastlines are often backed by wetlands, resulting in an incorrect land-water 
boundary classified as coastline. For this reason, we implemented an outlier detection workflow, 
ensuring that significantly deviating observations are excluded from further analysis. This ensures 
that our coastline estimates for the entire coast of Suriname are on average within 50 m of the 
land-water boundary found across the heterogeneous coastal landscape. Especially median annual 
coastline positions should therefore be used to analyse mid- to long-term coastline changes on a 
regional scale in a complex heterogeneous mud-dominated landscape, where annual changes are 
frequently exceeding 30 m. 

The difference in error estimates between the sites (Figure B5, Appendix B) also indicates that 
coastline indicators are not uniformly applicable along the Suriname coastline. Coastal stretches 
show differences in agreement between the observation and coastline proxies, suggesting that 
our method is not overly sensitive to several types of transitions between land and water that can 
naturally be found along the Suriname coastline. This indicates that the applied method can be used 
in heterogeneous and complex landscapes for the consistent estimate of coastline positions.

False positive detection of coastline position estimates, when the true coastline position is 
not visible, manifested due to the applied transect method. Especially when morphology of the 
coastline is more complex or is not aligned with the defined baseline, land-water transitions are 
falsely detected as coastline positions. For coastline detection we therefore included both temporal 
and spatial context to improve the accuracy of position estimates, by comparing the position with 
other position estimates on the transect within a time window. Rosner’s outlier detection was 
chosen for its possibility of simultaneously detecting multiple outliers. 
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3.5.4 Limitations and improvements 
The standardized and objective end-member extraction technique applied here resulted in 
comparable estimates of mud abundance, useful to derive indications of subtidal mudbank 
presence and absence. Yet, due to image artefacts, cloud- and shadow contamination this 
estimated presence or absence required filtering and outlier detection. The steps to do so required 
finetuning and parameterization to make the methodology applicable for the Suriname coastline. 
These steps ensure that: 1) spectral unmixing results are applied consistently, 2) clouds and 
shadow contamination is minimized, 3) bilateral filtering on the abundance maps is applied, 4) 
discontinuities along transects are consistently selected and 5) annual changes in coastline positions, 
in relation to the presence or absence of mudbanks, are determined with a reasonable accuracy. 

Despite the implemented filtering steps mudbanks were occasionally falsely detected (Figure 
3.4). This is because automatically estimating the exact mudbank boundary locations is hampered 
by high sediment concentrations, related to high river discharges near river mouths and the 
observed natural variability in mud abundance (Section 3.5.1). To optimize the parameterization 
of the workflow it is therefore necessary to validate the mudbank positions with field observations. 
Consequently, it is necessary to determine the extent of mudbanks and simultaneously relate that 
to the extent of mudbanks that can be detected from remote sensing images (Zorrilla et al., 2018).

With respect to the estimated coastline positions, uncertainty in estimates is related to the 
observation frequency, obstruction of visibility by clouds and the accuracy of the applied UDT, used 
here to separate land and water by means of Otsu thresholding. Only for the latter source of error it 
is possible to improve the accuracy by for exampling including the definition of sub-pixel coastlines 
(Pardo-Pascual et al., 2018) and use of a water frequency index to perfect the estimate of the annual 
coastline position (Xu, 2018).

Although our coastline change analysis for Suriname quantified rates and directions of change 
with unprecedented spatial coverage and temporal resolution, further analysis can shed light 
on coastal system behaviour. This can be achieved by analysing mudbanks beyond the presence 
and absence estimates as presented in this manuscript. Demarcating mudbank footprints from 
observations with high temporal resolution can then shed light on migration rates, sediment 
storage and changes therein. When linked with information regarding other external forcing 
mechanisms like land-use, wind data, coastline shape and morphology that govern the coastal 
dynamics in all the Guiana coast countries, it becomes possible to truly support decision makers 
in their task to untangle subtleties in coastline behaviour for coastal wetlands. Variable responses 
of coastal ecosystems to ever changing forcing mechanisms can then be incorporated in climate 
resilient management strategies.

3.6 Conclusion

By analysing all available Landsat images in our workflow autonomous, its temporal and spatial 
resolution are fully utilized to estimate, for the first time, coastline changes for the entire coast 
of Suriname between 1986 and 2020. These changes are then linked to presence and absence of 
migrating subtidal mudbanks. We show that regional-scaled forcing mechanisms caused by these 
mudbanks, have a strong imprint on the local coastline trajectories, with on average 32 m/yr 
accretion during mudbank presence and four m/yr erosion during mudbank absence. Yet, significant 
spatial and temporal variation in these trajectories exists on local scale. This suggests that linear 
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and large-scale approaches to analyse annual to decadal coastline dynamics in Suriname, and other 
Guyana countries, should be handled with caution. 

We reaffirm that currently at least six mudbanks are migrating along the coast of Suriname and 
that when mudbanks are present, coastal accretion or stabilization of erosion occurs. Due to the use 
of all available Landsat images, we are now also capable of showing where the effects of mudbanks 
are minimal or even opposite of what the conceptual mudbank model prescribes. This suggests that 
it is evident that not every mudbank phase results in the same amount of coastal accretion at each 
location is passes, or to the contrary, every inter-bank phase result in the same amount of coastal 
erosion.

These timescale dependencies might reflect combined effects of natural and anthropogenic 
factors that control both the mudbank and hydrodynamic forcing on the coast of Suriname, 
illustrating the difficulty of attributing all observed coastline changes to forcing imposed by 
mudbank migration alone. Although it is likely that mudbanks will continue to migrate alongshore 
in the decades to come, the variability in coastal morphology, sediment concentration and especially 
the structural intervention (both anthropogenic and natural) will exert a complex influence on 
erosion and accretion of coastline positions. This implies that predictions of change for management 
purposes, should be conducted with extreme care as they might create a false sense of security on 
short to medium timescales. 

Our results further suggest that the potential for erosion during an interbank phase can be 
significantly larger than accretion rates in the mudbank phase before, especially when local settings 
including hydrodynamics, land-use and other forms of anthropogenic interference are altered. This 
suggests that local coastal behaviour, not captured by linear rates of change, should be included 
in theoretical frameworks that are used to support decision makers and coastal managers. For 
that purpose, quantitative information on coastlines position changes from satellite observations 
spanning multiple decades are needed to supplement scattered, incomplete and poor-quality field 
observations and further refine modelling efforts that aim at predicting future changes in Suriname. 
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Chapter 4   | The effect of mudbank 
morphometrics and coastal morphology 
on multi-decadal coastline changes in the 
Guianas

Abstract

The relative contributions of controlling factors on coastline changes are typically difficult to 
untangle and quantify. Consistently defining, mapping and following coastline development, 
however, is indispensable to address the capability of coastal environments to cope with the 
adverse effects of natural and anthropogenic changes. For the Guiana shield countries in South 
America, coastline changes can shed light on the relative contributions of controlling factors 
internal to the natural system, with respect to the influence of migrating subtidal mudbanks. A 
quantitative analysis focusing on mudbank morphometrics and coastal planform characteristics 
over large temporal and spatial scales including the entire Guianas’ coastline is currently missing. 
In our research, show the paramount effect of spatiotemporal variable mudbank morphometrics, 
including length, width and migration rate, on coastline changes between 1985 and 2021 from 
Landsat observations. Overall progradation during mudbank phases was considerably larger, 
with an average between 2 and 44 m/yr, compared to interbank phases. When mudbanks are 
not damping waves, average coastline retreat is between 13 and 18 m/yr. Migration rate and 
morphometrics of mudbank footprints, measured here as a frequency of mudbank occurrence, 
partially explain coastal progradation or retrogradation (R2 = 0.18, p < 0.05). Differences between 
Guyana (R2 = 0.21, p < 0.05), Suriname (R2 = 0.14, p < 0.05) and French Guiana (R2 = 0.36, p < 
0.05) exemplify that not every mudbank has the same effect on each stretch of coastline it passes. 
These local to regional differences suggest that the internal and external factors that influence 
the position and shape of mudbanks also influence the frequency of occurrence and therefore the 
number of years a coast is protected and facilitated to accrete. It is critical to consider these factors 
for future interventions or building-with-nature initiatives that aim at ecosystem restauration 
and coastal protection. Our observations of mudbank footprints and coastline changes make it 
possible to pinpoint coastlines that are not accreting under the influence of mudbanks, potentially 
related to irreversible system changes. 

Based on: 

de Vries, J., van Maanen, B., Ruessink, G., Verweij, P. A., & de Jong, S. M. (2023). The effect of 
mudbank morphometrics and coastal morphology on multi-decadal coastline changes in the 
Guianas. In preparation for publication
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4.1 Introduction 

An improved understanding of the behaviour of coastal systems is needed due to the advancing 
human development in these areas. Understanding the factors that influence coastline dynamics 
is a key step to addressing how coastal environments cope with the adverse effects of disturbances, 
such as storms and sea level rise, while maintaining essential functionality (Masselink and Lazarus, 
2019; Phillips, 2018). For coastal zones with complex formation processes, such as wetlands and 
mangrove forests, it is increasingly important to define, map and follow developments (Moffett et 
al., 2015). In addition, coastal systems, especially mud-dominated coasts are projected to experience 
unprecedented economic loss and environmental change in the decades to come (Oppenheimer et 
al., 2019). Yet, despite increased attention in recent years, uncertainties related to complex feedback 
mechanisms between cohesive sediments, waves, vegetation and coastal landforms remain (Kirby, 
2000; Xie et al., 2022). This calls for additional efforts to monitor coastline evolution to enhance our 
understanding of controlling factors in mud-dominated coastal zones, especially in less-developed 
parts of the world. 

Coastlines are elements of littoral systems that define the interface between land and water 
(Boak and Turner, 2005) and can comprise several coastal landforms including salt marshes, 
coastal barriers, sandy beaches and mangrove forests. Their position is controlled by factors than 
can be external to the system, including short-term water level fluctuations due to the constant 
rise and fall of water levels (e.g. waves), different modes of climate variability (e.g. El Niño or the 
Southern Oscillation) and long-term sea-level rise (Castelle et al., 2022; Vos et al., 2021). The 
influence of these external factors can be mediated by internal control factors (i.e., sediment supply 
and coastline profiles) that can exert far larger changes. The relative strength of all these external 
and internal factors that control the evolution of coastlines and associated landforms is typically 
difficult to untangle and quantify (Warrick et al., 2022). This is especially true when the availability 
of observations is limited, making it difficult to specify where, when and how much these individual 
factors contribute to changing coastlines (Lauzon et al., 2019). 

One way to assess the influence of controlling factors on the dominant formation processes, 
current state and potential future trajectories in littoral systems is by looking at the shape and 
locations of a coastline (Geleynse et al., 2012; Lazarus and Murray, 2007; Murray and Ashton, 
2013; Shaw et al., 2008). This is also referred to as its morphology (Ashton et al., 2001). For 
example, variability in coastline morphology and changing sediment fluxes are induced by variations 
in local wave conditions, such as wave height and incoming angle with respect to the coastline 
orientation (Ashton and Murray, 2006; Murray and Ashton, 2013). Coastline morphology changes 
can provide invaluable insights into its sensitivity to environmental gradients and controlling 
factors such as sediment dynamics, hydrodynamic forcing and feedbacks between them (Albeke et 
al., 2010; Ashton and Murray, 2006; Lauzon et al., 2019).

Depending on the type of coastal landforms that are present, identifying coastlines can be 
challenging, especially in mangrove environments, where the mangrove forest fringe is often used 
as a proxy for the coastline (Kuenzer et al., 2011). To measure the location of coastlines, we ideally 
rely on cross-shore orientated height observations, in combination with lateral position estimates. 
Consistent and quantitative three-dimensional observations, with sufficient spatiotemporal 
resolution, are often lacking, especially in data poor regions. The hydrodynamic control, such 
as tides and waves, on the cross-shore shape has been shown to extend to the lateral distribution 
of coastline positions, and thus the planform morphology of coastlines (Kirby, 2000). Thanks to 
the increased availability of remote sensing observations, consistent means to analyse planform 
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morphology of coastlines, in relation to the factors that influence them, have become feasible 
(Geleynse et al., 2012). This provides invaluable observations of coastline changes with sufficient 
temporal and spatial coverage for coastal managers to follow coastal development.

The relative contribution of different controlling factors on the long-term fate of coastlines 
can vary significantly on local to regional spatial scales and timescales that can range from days 
to multiple decades (Castelle et al., 2022; Warrick et al., 2022). This is especially true for the 
Guianas, a mud-dominated coastal zone between the mouth of the Amazon River in Brazil and 
the Orinoco Delta in Venezuela. This coastal zone is a relative flat area that, in its natural state, 
stretches from the landward extent of mangrove cover to the seaward limit of the intertidal area. 
Especially the contributions of climate variability (Gratiot et al., 2008) to long-term coastline 
changes have been studied extensively. Processes include the changing trade winds (Augustinus, 
2004) and effect of the North Atlantic Oscillations (NAO) on swell waves (Walcker et al., 2015) 
and anthropogenic activities (Anthony et al., 2013a; Toorman et al., 2018) with respect to the 
influence of migrating subtidal mudbanks (Allison et al., 1995). It is widely accepted that the 
conceptual model of mudbank migration, with retrogradation during interbank and progradation 
during bank phases, leaves a strong imprint on annual to multi-decadal trends in mangrove cover 
and coastline behaviour. Yet, local to regional variability in coastline changes (Brunier et al., 2019), 
patterns in mangrove growth (de Jong et al., 2021), complex intertidal morphology (Gardel et al., 
2009) and persistent alteration of heads and bays during interbank phases (Augustinus et al., 1989) 
hint at scale dependencies that reflect a more complex combination of natural and anthropogenic 
influences. Previous research has suggested that a potential explanation for this variability lies in 
the morphology of a coastline (Augustinus, 1980; Gratiot et al., 2007), the orientation of coastline 
stretches with respect to incoming waves (Augustinus, 2004) or highlighted the importance 
of currents (Lefebvre et al., 2004).A systematic characterization of mudbank morphometrics, 
including their migration rate and subtidal extent, and the link to changes in coastline morphology 
and positions at relevant spatial and temporal resolution has been lacking thus far. This is partly 
related to the difficulty in quantifying the footprints of migrating subtidal mudbanks along the 
entire Guianas’ coastline, despite increasing availability in remote sensing observations. The 
challenge is to distinguish between the dominant effect of wave damping and enhanced sediment 
supply during mudbank phases and the opposite situation, when there is no mudbank in front of 
the coast (Froidefond et al., 2004). Attempts to untangle the relative contributions of mudbank 
migration on coastline changes are complex as they involve timescales ranging from seasons 
to multiple decades and spatial scales that go from local, to landscape and regional settings 
(Augustinus, 2004). 

The aim of our work is to assess the morphometrics of mudbanks, including the subtidal extent, 
in remote sensing images, and their effect on coastline changes in the Guianas between 1985 and 
2021. We do this by quantifying spatial and temporal differences in coastline position, shore-normal 
orientation and curvature. Simultaneously, we link this to the extent in which subtidal mudbanks 
affect different coastline stretches. These results should indicate to what extent coastline responses, 
caused by the constant migration of subtidal mudbanks, are also influenced by other factors.

4.2 Study area

The Guianas’ coastline is situated along the subtropical north-east coast of South America, between 
the Amazon and Orinoco Deltas (Figure 4.1). French-Guiana, Suriname and Guyana, together 
with parts of Brazil and Venezuela, make up this 1,500 km long mud-dominated coastal system 
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(Anthony et al., 2010). Fine sediment, originating from the Amazon River, is transported along this 
coast in north-western direction in the form of migrating subtidal mudbanks (Allison et al., 2000; 
Augustinus, 1980). These mudbanks form on the northern coast of Amapa in Brazil (Allison 1995), 
east of French Guiana (Figure 4.1) and can be 20-30 km wide, 10-60 km long and 10-30 km apart. 
A single mudbank can contain up to 15% (Wells and Coleman, 1981) of the annual sediment load 
of the Amazon River and migrate with a speed of 0.5-5 km/yr from east to west (Froidefond et al., 
1988; Gardel and Gratiot, 2005). Where a mudbank moves in front of the coast, enhanced wave 
damping (van Ledden et al., 2009; Winterwerp et al., 2007) and sediment deposition (Gratiot and 
Anthony, 2016) give opportunistic mangroves the chance to rapidly colonize the newly accreted 
mudflats (Gardel et al., 2011). This can result in coastline accretion up to 150 m /yr, or more 
(Allison and Lee, 2004). When a mudbank has passed the coast, the consolidated coastal mud 
and mangroves start to erode due to increased wave energy (i.e. no mud-induced wave dissipation) 
(Wells and Coleman, 1981).

The movement of the Inter-tropical Convergence Zone (ITCZ) induces a distinct seasonality 
in precipitation and wind along Guianas’ coastline (Allison et al., 2000). The relatively southern 
location of the ITCZ between February and April marks the start of a shorter dry season with 
north-east trade winds, measuring on average 3-9 m/s (Augustinus, 2004; Wells and Coleman, 
1981). Between April and July, the ITCZ moves north, heralding the onset of a longer wet season 
with lower wind speeds from the northeast and occasionally the southeast. From August to 
December, the ITCZ is located north of the coast, marking the start of the major dry season. This 
is characterized by dominant trade winds directed offshore to the south-east. After this period, the 
ITCZ moves south of the coastline again, initiating a shorter wet season with the north-eastern 
trade winds picking up again (Xie and Carton, 2004). 

Figure 4.1: Guiana coastline, situated between the mouth of the Amazon River in Brazil and the Orinoco 
River in Venezuela comprising of Guyana, Suriname and French Guiana. The coastline is characterized by 
20-25 migrating subtidal mudbanks (indicating by the colored dots for 2019) which leave a strong imprint on the 
coastline dynamics of the region. The origin of the color points is described in section 4.3.1.



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 72PDF page: 72PDF page: 72PDF page: 72

56

Between December and April, when the ITCZ is located further south, trade winds coming 
from north-eastern directions have a relatively longer fetch, therefore enhancing swell waves 
coming from the Atlantic Ocean (Gratiot et al., 2007). As a result, wave heights of up to two m 
can be observed offshore with periods between 6 and 10 s (Wells and Coleman, 1981). The regime 
in this wave-season leaves the open coast of the Guianas exposed to incoming waves and thus 
susceptible to erosion. This is only mitigated when almost complete wave dissipation is ensured by 
the presence of migrating subtidal mudbanks (Best et al., 2022).

Overall, the region receives an average of two to three m of rainfall per year, with the majority 
falling in the wet seasons. Coupled climate phenomena such as the El Niño-Southern Oscillation 
(ENSO) are thought to cause annual variability in precipitation in the Guiana shield countries 
(Labat et al., 2012). Despite the high precipitation, rivers along Guianas’ coast have relative low 
discharges that range from 46 m3/s for the Cayenne River to 2,104 m3/s for the Maroni River 
(Gardel et al., 2022). Additionally they contain low suspended sediment loads, especially compared 
to the discharge (209,000 m3/s) and total sediment load (1.2 x 109 ton per year) that originates 
from the Amazon River and is transported alongshore (Wright and Nittrouer, 1995). The local 
rivers do, however, influence the coastline dynamics by supplying sand to cheniers that provide 
additional resistance against erosion (Augustinus, 1989). Simultaneously, the outflow of these local 
rivers can produce a hydraulic groyne effect, slowing down mudbank migration ‘upstream’ of the 
coast (Anthony et al., 2013b), especially adding to the complexity of coastal morphology near river 
mouths (Gardel et al., 2022). 

4.3 Methods and data

First, we created an unprecedented dataset with coastline position estimates and morphological 
data of coastline profiles (1,318 transects) from all available Landsat observations between 1986 
and 2021. We then applied an unsupervised decision tree (UDT) to simultaneously define estimates 
of mudbank footprints and coastline position changes from individual remote sensing observations. 
Part of the workflow (Figure 4.2) has been published previously (de Vries et al., 2021, Chapter 
2; de Vries et al. 2022, Chapter 3) and is briefly explained in the text where applicable. Where 
appropriate, results are presented on a country-by-country basis to facilitate comparison and 
interpretation of the different coastal management strategies (Nijbroek, 2012, 2014).

4.3.1 Satellite image processing 
In the satellite image processing work, we applied the UDT (de Vries et al., 2021; Chapter 2) 
and subsequent workflow (de Vries et al., 2022; Chapter 3) on all Top of Atmosphere (TOA) 
reflectance Landsat images, collected over the coastal area of the Guianas between 1986 and 2021 
by Landsat 4, 5, 7 and 8 (Figure 4.2). Not all acquired images are available in the Tier-1 collections, 
particularly before 2000. This is a classification that guarantees sufficient geometric accuracy and 
spectral precision of the images that is needed for change detection analysis (Wulder et al., 2016; 
Qiu et al., 2019). As a result, 2,088 images available in Tier-1, of the 8,000 images acquired over 
the Guianas’ coastline, have been processed in the Google Earth Engine (GEE) environment 
(Gorelick et al., 2017). 

Due to the spectral similarity between mudbanks and intertidal areas, it is necessary to unmix 
distinctive reflectance signals in remote sensing images into representative land cover fractions. 
(Alcântara et al., 2009). This means that the presence of multiple materials, such as water and mud, 
within one pixel are estimated from multiple spectral signatures. In this case, the UDT (Figure 4.2 
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A) implements a series of decisions to detect pixels that can be used as image end-members of pure 
mud, vegetation and water. From this spatially explicit selection, we can extract their corresponding 
mean spectral signatures for a fully constrained standard linear mixture model (de Vries et al., 2021; 
Chapter 2). The resulting fractions of land cover represent the proportion of each active component 
to the signal per pixel (Figure 4.2, A). The cover is always between zero (absent) and one (full cover) 
and the sum of all land cover fractions does not exceed one (Alcântara et al., 2009). From these 
abundance estimates of vegetation, water and mud, only the mud estimate is used from here on to 
estimate the presence or absence of subtidal mudbanks. We applied additional processing steps to 
the unmixed images to make them applicable for the Guianas’ coastline. Further details of these 
filtering steps are described by de Vries et al. (2022; Chapter 3).

4.3.2 Mudbank detection
Although the offshore limits of subtidal mudbanks are diffuse and therefore difficult to quantify, 
we estimated it at yearly intervals by quantifying wave damping limits in each individual image. 
We assumed that changes in mud fractions are associated with variable sediment concentrations, 
often found in active migration areas of subtidal mudbanks (Zorrilla et al., 2018). These abrupt 
changes are considered as diffuse mudbank boundaries and can be visualized as discontinuous 
decreases in mud fractions along a transect orientated offshore (de Vries et al., 2021; Chapter 2). 
By automatically detecting these discontinuities and selecting them based on different criteria, we 
ensure that they can indicate probable mudbank boundaries (Figure 4.2, B). Discontinuities are 
defined as the local maxima that are extracted from the zero crossings of the first order derivatives 
of the filtered mud fractions. These are then filtered to ensure that positions and fraction values are 

Figure 4.2: Methodology overview describing the unmixing and thresholding approach that is used to define 
annual median coastline position estimates. Additionally, the resulting mud abundance estimates are used to 
estimate mudbank morphometrics and, together with the coastline planform morphology, quantify the effect of 
the different controlling factors on long-term coastline change rates. Dashed, green boxes indicate the processing 
steps that have been published previously by de Vries et al., 2021 (Chapter 2) and de Vries et al., 2022 (Chapter 3).
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farther offshore than the land boundary, are not associated with cloud and shadow remnants and 
have sufficiently high fraction values to be associated with mudbanks (de Vries et al., 2022; Chapter 
3).

The presence and absence of mudbanks on an annual basis was estimated by repeating the 
filtering steps for all 1,318 transects (Figure 4.2, A), equally spaced 1,000 m apart along Guianas’ 
coastline and each available Landsat image (de Vries et al., 2022; Chapter 3). This indication was 
determined by identifying alongshore orientated clusters (minimal four transects) where abrupt 
changes in mud fractions are present in at least 30% of the observations for a given year (Figure 4.2, 
C). Transects in river mouths are excluded from this analysis. Morphometrics, including alongshore 
length, and maximum cross-shore width, are estimated from the estimates of mudbank presence 
(Figure 4.2, C). Simultaneously, the migration speed of mudbanks is estimated by comparing the 
fronting (i.e., leading edge) position for each mudbank with the previous year. For some years, we 
compared the average position change (e.g., centre) when this resulted in an unrealistic migration 
speed higher than 10 km, partially explained by inaccurate estimation of the footprint or shortening 
of the alongshore length. Afterwards, the frequency of mudbank occurrence was estimated based 
on the number of years a mudbank was present in the time series of observations. This results in a 
normalized estimate with values ranging from zero (never) to one (all years) for each transect.

4.3.3 Coastline position and planform morphology
We conducted a coastline change detection analysis on position estimates from individual satellite 
images, as detailed by de Vries et al. (2022; Chapter 3). By simultaneously separating terrestrial 
vegetation, including mature mangrove, and bare ground from water pixels (Figure 4.2, A) we 
created a binary land-water map using an Otsu thresholding approach (Donchyts et al., 2016). This 
is a computation-efficient method to define coastline positions without being overly sensitive to 
different types of transitions between land and water, including mangrove fringes, sandy cheniers 
and consolidated sediment, that can be naturally found in the coastal zone (de Vries et al., 2022; 
Chapter 3). Despite this one-dimensional approach for detecting land-water transitions along a 
transect, the estimates are consistently within 50 m of the true land-water boundary and on average 
within one Landsat pixel (de Vries et al., 2022; Chapter 3). After extracting the last transition from 
land to water for each transect and image, we could estimate median coastline position estimates 
for a given year (Figure 4.2, B) as well as rates of change between years (Figure 4.2, E). Two 
metrics were considered here, firstly an endpoint rate methodology was applied to compute the 
rate of change from coastline positions at the beginning and end of the timeseries. Secondly, annual 
changes were computed from median coastline positions between each year.

Simultaneously, the median coastline positions were used to compute the orientation and 
curvature of the associated coastline segment. To do this, the coordinates of neighbouring pixels 
that make up the surrounding coastline were extracted. A Canny edge detection algorithm (Liu 
and Jezek, 2004), available in GEE, was applied to the annual median composite land masks. We 
used annual median binary land masks to select the longest features and avoid gaps that result from 
cloudmasking, as opposed to the individual for the coastline position estimates (Figure 4.2, B). This 
reduced the possibility of estimating incorrect curvature and coastline orientation values. After 
exporting the coordinates that correspond to the annual coastline pixels that are within a buffer 
of 250 m, we calculated their curvature and shore-normal orientation in R-studio (Figure 4.2, D), 
using R version 3.6.3 (R Core Team, 2020).

We computed the shore-normal orientation and curvature for each annual median coastline 
position (Figure 4.2, D) by ordering all coordinates with respect to the dominant orientation of 
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the concerning coastline section. Then we defined areas as convex or concave seaward, based on a 
positive or negative curvature (k), respectively, with k given by:

 
2

2 2

2
3 2

d y
d y-dxk = 

dy1+  
dx

 [ ] 
 

   
         (4.1)

In equation (4.1), x and y are coordinates in m (UTM coordinate system). Smoothing is applied 
to avoid systematic errors related to the vectorization of the coastline feature and extract precise 
estimates of concavity from coarse resolution images (Cipolletti et al., 2012). By linearly smoothing 
each set of coastline points before calculating k is reduced dy/dx to zero (Lazarus and Murray, 
2007). To do so, a kernel smoothing was applied that is available as standard in R-studio’s Smoothr 
package with the function smooth function implemented (Strimas-Mackey, 2021). This removes 
small-scale (high frequency) variations related to the pixel size and reveals the larger scale curvature 
around the coastline position of interest (Lazarus and Murray, 2007).

4.3.4 Contribution of controlling factors to coastline change rates
To analyse the relationship between controlling factors, including frequency of mudbank occurrence 
(Section 4.3.2) and planform morphology (Section 4.3.3), and the rate of coastline change we 
applied single and stepwise multiple linear regression models (Figure 4.2, F). These models were 
optimized using a backward model selection procedure to ensure the depended variables followed 

Figure 4.3: Temporal variability in country-averaged coastline changes (colored dots) for French Guiana, 
Suriname and Guyana between 1985 and 2021. The average coastline position (y-axes) contains all cross-shore 
distance estimates with respect to the coastline position at 1-1-2006, identified for each transect separately. Dashed 
lines indicate 3rd polynomial B-spline fit with the corresponding 95% confidence intervals indicated by the grey 
areas. Notice the difference in scale range on the y-axes.
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approximate normal distributions. They were also checked for multicollinearity and showed relative 
homogeneous variances (Zuur et al., 2010). Regressions were conducted with raw, cantered and log-
transformed variables, all showing similar correlation coefficients. We present scaled and cantered 
data to interpret the absolute contribution to the variance between different variables. The relative 
contribution to the total variation explained by the selected model was used as a measure of relative 
importance of each variable (R2). 

The significance of the variation in coastline changes and controlling factors was tested by using 
analysis of variance F-tests. Spatial autocorrelation was checked by performing Moran’s I tests on 
the annual coastline position estimates. Significant spatial autocorrelation in the datasets (p < 0.05) 
was inherent to our dataset. All statistical analysis was conducted in R-studio, using R version 3.6.3 
(R Core Team, 2020) using the library packages relaimpo (Grömping, 2006), ape (Paradis et al., 
2004) and broom (Robinson, 2014). 

4.4 Results

4.4.1 Coastal evolution
For Guianas’ coastal zone, a total of 1,318 km coastline has been analysed at alongshore intervals 
of 1,000 m between 1985 and 2021 (Figure 4.1). On average the coastline accreted, yet more 
importantly, variability between and within countries exists (Figures 4.3 and 4.5). The observed 
difference in coastal changes can be grouped based on the administrative national boundaries 
(Figure 4.3). The coast of Suriname expanded between 1986 and 2021 by ~300 m, then stabilized 
and started to erode from 2013. French Guiana’s coastlines showed overall accretion of ~200 m 
after 1998. Guyana experienced overall erosion between 1986 and 2021 of ~30 m, although changes 

Figure 4.4: Annual coastline changes under influence of mudbank presence and absence. For each transect and 
year the cross-shore changes in coastline position are linked to the pressence and absence of mudbanks. Mean 
values are computed by averaging all annual changes for each country. For visualization purpose, the x-axis is 
limited between -800 and 800 meters and the y-axis log transformed.
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are up to one order of magnitude smaller compared to Suriname and French Guiana (Figure 4.3). 
All countries show shorter periods (3-6 years) of expansion or enhanced coastal retreat, although 
the fluctuations are out of phase (Figure 4.3).

Spatial and temporal variability in coastline changes can, especially for French Guiana and 
Suriname, be related to alongshore migration of subtidal mudbanks (Figure 4.4). Overall, coastal 
sections are expanding when mudbanks are present and eroding when absent, although large 
local variability exists (Figure 4.5). Clear alternating and variable wide bands of both erosion 
and progradation are progressing from east to west. This coastal behaviour is supported by the 
observations in Figure 4.4, indicating that coastal progradation during mudbank phases can be 
considerably larger, with an average between 2 and 44 m/yr. During interbank phases, average 
coastline retreat is between 13 and 18 m/yr (Figure 4.4). This supports previous observations of 
expanding coastlines in French Guiana and Suriname on the medium (15-30 year) timescale 
(Froidefond et al., 1988). 

Local-scale differences in coastline position changes (Figure 4.5) illustrate the spatiotemporal 
variability that can be found along Guianas’ coastline. Nearby transects can show contrasting 
behaviour or a transect can undergo rapid shift from accreting to eroding and vice versa. Annual 
coastline changes go up to, and sometimes surpass 200 m/yr for some transects (Figure 4.5), with 
Suriname and French Guiana in particular showing larger spatial variability in coastline changes 
(Figure 4.4). For Guyana, such large coastline changes, either expanding or retreating, are less 
common as indicated by the lower average rates of retrogradation and progradation. 

In addition to differences in coastline position, the shore-normal coastline orientations are 
considerably different (Appendix, Figure-C 2, Panel B). For Guyana, the average orientation is 43° 
(north-east), 12° (north) for Suriname and 33° (north to north-east) for French Guiana (Figure 4.1 

Figure 4.6: Temporal variation in average mudbank migration speed between 1985 and 2021 for French Guiana, 
Suriname and Guyana. Before 1998, insufficient Landsat observations prohibit accurate estimates of mudbank 
migration rates, averages are therefore based on the values after 1998. 
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and Panel B in Appendix C, Figure-C 2). The distributions have a standard deviation of 25°, 26° 
and 28° for Guyana, Suriname and French Guiana, respectively, indicating small correspondence 
between the distributions (Appendix C, Figure-C 2, Panel A). In general, temporal variation in 
coastline orientation is less than 20 degrees, except for locations where complex patterns of 
progradation or erosion causes the coastline orientation to change (Appendix C, Figure-C 2, Panel 
C).

4.4.2 Mudbank morphometrics
From Figures 4.4 and 4.5, we can reaffirm that mudbank phases can be associated with coastline 
expansion, and interbank phases can be associated with erosion (Section 4.4.1). On average, 
30 mudbanks, each stretching 5-20 km of coastline and up to 8.1 km into the sea (Appendix, 
Figure-C 1), migrate along Guianas’ coastline with average speeds ranging from two km per year 
in eastern direction and to six km per year in western direction (Figure 4.6). Spatial variability in 
mudbank morphology is especially obvious for alongshore mudbank length, with clearly on average 
shorter lengths (<10 km versus 15-20 km), yet more mudbanks (12), fronting the coast of Guyana, 
compared to Suriname (8) and French Guiana (10). As a result, mudbanks in Guyana (Appendix, 
Figure-C 3) are smaller in area (10-350 km2) compared to mudbanks in French Guiana and 
Suriname (10-500 km2).

Individual mudbanks fluctuate in their migration speed between -2 and 7.5 km/yr. Despite the 
challenges in deriving migration speeds, especially from 1998 onwards, migration tends to fluctuate 
around 1.05, 1.19 and 1.24 km/yr for Guyana, Suriname and French Guiana, respectively (Figure 

Figure 4.7: Coastline position changes for individual transects in Guyana, Suriname and French Guiana between 
1985 and 2021. X-axis positions are based on the coastline changes under influence of mudbanks while the y-axis 
values represent the coastline changes when mudbanks are absent. Observations above the diagonal line indicate 
where the changes under influence of mudbanks are larger than when absent. Net annual change (prograding or 
retrograding) is indicated by the colored symbols and is computed by comparing the annual rate of change between 
the first and last coastline position. Green points below the diagonal line thus imply the erosion during interbank 
phases to surpass progradation during bank phases. The percentages tell how many transects showed progradation 
and retrogradation between 1985 and 2021.
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Table 4.1: Summary of the linear model of frequency of occurrence and net coastline change rate (n = 1089 
transects). For each model a summary of the significance and explained variance (R2) is given. The model has been 
repeated for subsets of the data: French Guiana (n=299), Suriname (n =363) and Guyana (n =427), corresponding to 
linear fits in Figure 4.9.

Table 4.2: Summary of the multiple linear models of net coastline change predicted by the frequency of mudbank 
occurrence, mean curvature, mean shore normal orientation and the alongshore distance for the entire Guianas 
coastline (n = 1089).

Model Coefficient SE t-value p-value R2

net coastline change ~ frequency of 
occurence
Intercept (full data set) -48.2 3.4 -14.2 2e-16

Frequency of occurence (1985-2021) 73.1 4.7 15.4 2e-16 0.18

Intercept (French Guiana) -93.8 7.8 -12.1 2e-16

Frequency of occurence (1985-2021) 51.8 11.8 12.9 2e-16 0.36

Intercept (suriname) -35.8 5.9 -6.1 3.4e-09

Frequency of occurence (1985-2021) 63.3 8.2 7.7 1.4e-13 0.14

Intercept (Guyana) -37.6 3.4 -11.0 2e-16

Frequency of occurence (1985 - 2021) 48.1 4.5 10.6 2e-16 0.21

Model Coefficient SE t-value p-value R2

net coastline change

Intercept 8.5 9.7 0.9 0.4

Frequency of occurrence (1985-2021) 82.7 4.7 17.6 2e-16 0.2

Mean Curvature 1453.2 1476.1 -1.0 0.3 0.00

Mean shore normal -0.3 0.0 -8.1 2.2e-15 0.03

Alongshore distance (log(km)) -4.2 0.8 -5.6 2.9e-08 0.01

0.25***
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4.6). The relative larger spread (up to 3.3 km/yr) in observed migration speeds suggest that observed 
country averages are not significantly different between 1985 and 2021. 

4.4.3  Net coastline changes 
Of the coastlines in Suriname and Guyana, 56% and 54% can be considered accreting based on 
the net rate of change between 1985 and 2021, whereas for French Guiana this is 49% (Figure 
4.7). By adding annual position changes under mudbank presence and comparing that with those 
changes during interbank years for each transect (Section 4.3.3), we can determine the influence of 
mudbanks on net coastline changes (Figure 4.7). It is interesting to note that coastal sections with 
erosion during interbank phases surpassing the accretion during bank phases (Figure 4.7; below 
the diagonal line) are spatially clustered (Figure 4.8). These coastal sections, stretching alongshore 
between 10 and 30 km, surpass the average length of a mudbank. Also, exceptional accretion rates 
are found in clustered groups, especially in Suriname and French Guiana (Figure 4.8). 

In general, when a stretch of coastline is fronted by a mudbank, more than 60% of the cases, 
coastline end-point change rates will be positive and ensure overall coastal progradation (Figure 
4.9; Panel A and B). Differences in net coastline changes (Figure 4.8) can partially be explained by 
the frequency of mudbank occurrence (R2 = ~0.18, p < 0.05; Table 1). Mean frequency of mudbank 
occurrence is highest for Guyana and lowest for French Guiana (Figure 4.9, Panel A). However, 
for French Guiana the net coastline changes cover a wider range (Figure 4.4) and are significantly 
stronger positively related to mudbank frequency of occurrence (R2 = 0.356, p < 0.05) compared to 
Suriname (R2 = 0.138, p < 0.05) and Guyana (R2 = 0.207, p < 0.05; Table 1).

In addition, relative to other control factors, including mean coastline curvature, mean shore 
normal orientation and the alongshore coastline distance, the frequency of mudbank occurrence 
explains the greatest variation in observed coastline changes (R2 = 0.197, p < 0.005; Table 2). Mean 
shore normal orientation and alongshore distance were negatively correlated and explained small 
proportions of variability in multi-decadal coastline change rates (R2 = 0.03 for shore normal 
orientation and R2 = 0.01 for alongshore position, p < 0.05).

4.5 Discussion

4.5.1 Coastline variability in the Guianas
Our observations (Figures 4.3 and 4.8) reaffirm that spatial and temporal variability in coastline 
changes are among the largest globally (Luijendijk et al., 2018). It has been suggested previously 
that spatial variability for such large coastline changes can be linked to the type of coastal landform, 
including erosive resistant features such as rock outcrops in French Guiana, sandy cheniers 
(Anthony et al., 2019) or the coastal protection measures, predominantly implemented in Guyana 
and Suriname (Nijbroek, 2014). On the other hand, the more erosion-prone strips of coastline, such 
as mangroves during interbank phases, have the potential to rapidly retreat (Trebossen et al., 2005). 
Previous case studies on the lack of resistance to erosion and reduced sediment storage capacity, 
for example due to the conversion of mangrove forest in aquaculture and agriculture in the Mana 
Polder, French Guiana (Brunier et al., 2019), can now be extended to all retrograding hotspots 
along the coast (Figure 4.8). Clear examples include Foxes and Turtle Beach in Guyana, Hertenrits 
and Weg naar Zee in Suriname and Sinnamary Delta in French Guiana (Figure 4.8). 

The differences in coastline position changes (Figures 4.3 and 4.5) are larger compared to 
their difference in coastline morphology would suggest, especially for Guyana and French Guiana. 
The small difference in shore-normal orientation (Appendix, Figure-C 2) for French Guiana and 
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Guyana (33° and 43°, respectively), and the resemblance in their offshore wave climate (Allison et 
al., 2000) hint at other processes influencing the observed significant difference in coastline change 
trends (Figure 4.3). Guyana has experienced a slightly decreasing trend in average coastline position 
since ~2000 while French Guiana has had an increasing trend. These differences in coastline 
changes are therefore not solely dependent on shore-normal orientation and coastline planform 
morphology, normally associated with lower incoming wave angles (Gratiot et al., 2007). This is 
possibly because such responses in coastline morphology are obscured by undulations with a larger 
scale and magnitude effect, such as the migration of mudbanks in the Guianas (Figure 4.4). Or it 
could be due to the erosion resistance, associated with different coastal land cover classes such as 
agriculture or coastal protection measures (McLoughlin et al., 2015). 

Long-term trends in coastline changes have previously been linked to large-scale changes in 
atmospheric and hydrodynamic forcing mechanisms (Gratiot et al., 2007). Processes that have 
been suggested include the north-eastern trade winds (Augustinus, 2004), the NAO (Walcker et 
al., 2015) and 18.6-year nodal cycle (Gratiot et al., 2008). Walcker et al., ( 2015) found a stronger 
correlation between variation in mangrove extent between 1950 and 2010 for French Guiana and 
increased swell wave activity that is thought to be associated with remote forcing related to NAO. 
Although Walcker et al. ( 2015) looked at changes in mangrove surface area, Gratiot et al. (2008) 
also found coastal progradation between 1998 and 2006 but linked that to the 18.6-year nodal 
cycle. Our results for French Guiana, although uncertain prior to 1999 due to a limited number 
of observations, are in line with these findings indicating accretion since 1990 (Fromard et al., 
2004). And, we can now extend the progradation phase in French Guiana to 2021 (Figure 4.3). This 
progradation trend seems to contrast with the retrograding trend of coastline position changes for 

Figure 4.9: Frequency of mudbank occurrence and net coastline changes for all alongshore coastline positions in 
French Guiana, Suriname and Guyana. Panel A and C show the distribution of frequency of mudbank occurrence 
and net coastline changes for each country. Panel B shows relation between frequency of mudbank occurrence and 
net coastline change rates, where overall coastlines show progradation when the occurrence is higher and thus 
mudbank phases are longer or occur more frequent.



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 84PDF page: 84PDF page: 84PDF page: 84

68

Guyana and partially for Suriname since 2015 (Figure 4.3). Additionally, increased coastal erosion 
was expected for Suriname from the 1990’s onward (Augustinus, 2004). This also contrasts with 
our observations of discontinuous progradation between 1985 and 2021 (Figure 4.3), and can be 
partially explained by variable coastline response to the presence or absence of mudbanks along the 
coast (de Vries et al., 2022; Chapter 3). 

4.5.2 Mudbanks Morphometrics
We demonstrated here the first detailed study of semi-automatic detection of mudbank footprints 
along Guianas’ coastline from remote sensing images, showcasing the spatiotemporal variability 
in their morphometrics (Appendix, Figure-C 1). The estimates of mud abundance indicated the 
presence of up to 30 mudbanks, each stretching between 12 and 21 km alongshore. Their subtidal 
parts, as can be detected from remote sensing images, extended up to eight km perpendicular to 
the shore. Mudbanks are separated by 10-15 km wide interbank phases, characterized by relatively 
lower mud fractions. Variability between the individual mudbank footprints is reflected in the 
morphometric estimates such as length and the migration rates (Figure 4.6). Overall, mudbanks in 
Suriname are longer than those in French Guiana and especially Guyana, resulting in larger areas 
of mudbank footprints (Appendix, Figure-C 3). Additionally, different spatial patterns, including 
breaking, merging, growing, and shrinking of mudbanks can be observed (Appendix, Figure-C 1). 
The similarity in footprint area with previous estimates of mudflat area (Froidefond et al., 1988) 
and lower computed alongshore mudbank lengths (Augustinus, 2004) suggest that our mudbank 
footprints are conservative estimates and most likely exclude the active migration zone of subtidal 
mudbanks (Zorrilla et al., 2018).

The consistent identification of mudbank footprints did allow us to semi-automatically estimate 
the alongshore migration speed for all mudbanks along Guianas’ coastline (Figure 4.6). From our 
results we can see that deriving migration speeds from changes in the mudbanks leading edge 
position (Gardel and Gratiot, 2005) might not reflect the migration rate alone, as deformation 
of the footprint also can significantly influence the movement of its infliction point (Froidefond 
et al., 1988). It is the external factors, like wave-mud interactions that cause resuspension of fluid 
mud and the incoming wave angle under influence of the trade winds. These are known to enhance 
variability in footprints on daily to weekly timescales and thus migration rates on seasonal to multi-
decadal timescales (Anthony et al., 2013a; Augustinus, 2004; Gardel and Gratiot, 2005). Despite 
the difficulty of computing the migration speed for mudbanks from constantly changing footprints, 
estimated migration rates up to six km/yr (Figure 4.6) align with previous studies focusing on one 
(Gratiot et al., 2007; Péron et al., 2013) or a selection of mudbanks (Zorrilla et al., 2018), often 
within a limited timeframe (Gensac et al., 2016) or low (multiple years to decades) temporal 
resolution (Augustinus, 2004). There appears to be a difference in average migration speeds between 
mudbanks in French Guiana (1.24 km/yr) compared to smaller banks in Guyana (1.05 km/yr) 
and bigger ones in Suriname (1.19 km/yr), This suggests there is link between migration speed, 
mudbank dimensions and geographical location of the mudbank (Appendix, Figure-C 3).

4.5.3 Mudbanks controlling coastline changes  
Both the migration speed and footprint (Section 4.5.2) of mudbanks control the duration of 
mudbank presence in front of any coastline stretch, and thus the continued wave damping potential 
and sediment supply that facilitates continued coastal progradation. Because the opposite is also 
true for interbank phases, with prolonged exposure to wave forcing and lack of sediment supply, 
mudbank morphometrics are a dominant control to the underlying mechanisms for coastline 
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changes. We therefore introduced the frequency of mudbank occurrence to incorporate both the 
migration rate and changes in mudbank shape for determining the influence of mudbanks, and for 
the first time their morphometrics, on long-term coastline change rates of the Guianas at 1,000-m 
resolution (Figure 4.8). Significant spatiotemporal differences in rates of coastline change (Section 
4.4.1 and Figure 4.3) can be attributed to the migration of subtidal mudbanks, with accretion 
up to 44 m/yr when present and 10 m/yr of erosion when absent (Figure 4). As a result, the 
alternating phases leave a strong imprint on the coastline changes, as already demonstrated from 
mapped coastlines as early as the 18th century (Plaziat and Augustinus, 2004). Guyana showed less 
recognizable alternating phases (Figure 4.5) of coastline retreat and expansion compared to French 
Guiana and Suriname, which can potentially be associated with the irregular behaviour of mudbank 
migration along its coast or reduced volume of the mudbank (Augustinus, 2004). 

The observations of coastline changes, under the influence of migrating mudbanks, suggest 
overall progradation in French Guiana, Suriname and Guyana for 49%, 56% and 54% of the 
coastlines, respectively, between 1985 and 2021 (Figure 4.7). Yet, stretches of coastlines with more 
erosion during interbank phases than progradation, or no progradation at all, during bank phases 
can be observed (Figure 4.8). This indicates potential state transitions due to complex interactions 
that result in often episodic, rather than gradual, coastline changes (Augustinus, 2004). Unbalanced 
phases of erosion and progradation indicate system disturbances and potential irreversible (land 
cover) transitions (Phillips, 2018). Additionally, this instability can be amplified by the variable 
response of mudbanks on different stretches of coastline they pass during migration, as not every 
mudbank has the same effect on each stretch of coastline it passes (Figure 4.4). 

When a coastline is fronted by a mudbank, net progradation occurred between 1985 and 2021 
at least 50% of the time, although differences in the minimum duration exist between countries 
(Figure 4.9). Frequencies of mudbank occurrence explain the relatively large proportion in the 
observed variance of coastline changes (R2 = 0.356, p < 0.05) especially in French Guiana compared 
to Suriname (R2 = 0.138, p < 0.05) and Guyana (R2 = 0.207, p < 0.05; Table 4.1). The relatively low 
explained variance suggests that factors not included here, such as coastline type, land cover changes 
and wave climate, should be included in order to improve the prediction model. Additionally, 
coastal zones in Suriname and French Guiana seem to have a quicker response to the passing of a 
mudbank as indicated by the change from net retrograding to progradation at lower frequencies of 
mudbank occurrence (Figure 4.9).

Due to a nearly symmetric offshore wave climate and the differences in shore-normal coastline 
orientations (Appendix, Figure-C 2), the wave climate in Suriname can be characterized by high 
incoming wave angles. For both Guyana and French Guiana, it can be characterized by lower 
incoming waves. We show that the coastline orientation (R2 = 0.03, p < 0.05), in combination with 
other internal control factors coastline curvature (R2 = 0.00, p > 0.05) and alongshore distance (R2 
= 0.01, p < 0.05), hardly influence the long-term rate of coastline changes (Table 4.2). Additionally, 
temporal trends in coastline changes are different between countries, while large-scale climate 
patterns in atmospheric variability (e.g. NAO) and offshore wave climate are thought to be similar 
(Allison et al., 1995; Anthony et al., 2010). The persistence of significant variability in coastline 
trends between countries (Figure 4.3, and Section 4.5.1) indicates that large-scale external 
controlling factors are most likely only part of the explanation for the variability in observed 
coastline changes between 1985 and 2021. This re-emphasizes that the duration of wave damping 
by mudbanks, here expressed as frequency of mudbank occurrence, significantly influences the long-
term fate of coastlines (R2 = 0.2, p < 0.05; Table 4.2). 
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The significant contribution of mudbank occurrence to coastline changes (Figure 4.9) suggests 
that future research should focus, more than already being done, on the factors that influence the 
spatial footprints of subtidal mudbanks. Observed local differences in progradation (or sometimes 
lack thereof ) in response to mudbank presence (Figure 4.7) indicates that not all mudbanks result 
in the same response at each location they pass. Potential suggestions for these observed patterns 
include the accommodation space for sediment storage and consequential mangrove colonization, 
the effect of wind-generated waves, and hydrodynamic forcing on the mudbank footprint (Anthony 
et al., 2010).

Our results can assist in directing intervention measures that aim to prevent exposure of 
communities to coastal flooding resulting from erosion. This provides coastal managers and decision 
makers with easily accessible information regarding past coastline changes along the entire coastline 
of the Guianas. As shown, mere alternating phases of retreat and expansion under the influence of 
migrating mudbanks are not guaranteed (Figure 4.4). The lack of progradation during mudbank 
phases might be potentially harmful in areas where mangroves are already infringing on urban 
expansion or agricultural activities. Also, the increased attention on enhancing coastal mangrove 
development for coastal protection and carbon sequestration (Alongi, 2012) requires knowledge 
of the location of mudbanks, their migration rates and the anticipated natural coastline response 
(Sanderman et al., 2018).

4.5.4 Methodology: drawbacks and modifications 
In this chapter, we applied an UDT that consistently applies an Otsu thresholding algorithm to 
identify coastlines positions and ultimately the planform morphology (de Vries et al., 2021; Chapter 
2). The UDT uses linear spectral unmixing to simultaneously derive comparable estimates of mud 
abundance to estimate the position, width, length and migration speed of subtidal mudbanks (de 
Vries et al., 2022; Chapter 3). The combination of well-established remote sensing methods can 
still occasionally return false positive detection of mudbanks or inadequate position estimates 
of coastlines positions, despite additional outlier detection and filtering. For example, mud bars, 
which are often rapidly colonized by juvenile mangroves (Balke et al., 2011), are a common 
feature resulting from mudbank migration and are sometimes falsely detected as rapid accretion. 
Although these mud bars are often the new coastline position in the long-term (Proisy et al., 2009), 
the instantaneous progradation rate then overestimates the true annual progradation. Similarly, 
coastline retreat is sometimes falsely detected when the true land-water boundary is obscured by 
clouds and inland waterbodies near the shore. Potentially correcting coastline positions for wave 
run up and tidal elevation could improve position estimates by an estimated 50%, assuming accurate 
bathymetry and wave breaking hindcasts are available for the area of interest (Castelle et al., 2022, 
2021; Vos et al., 2020).

Estimates are needed for mudbank footprints to avoid unrealistic lengths and offshore extents 
of mudbanks and other inadequate representation of mudbanks. The parameterization of inputs 
is also required, including minimal length of mudbanks and the amount of mudbank indications 
per year (Section 4.3.1). This might be one explanation for the underestimation of mudbank 
width (Appendix, Figure-C 1), false positive and false negative detections of mudbank footprints 
(Figure 4.6). A multitemporal database with mudbank footprints estimates of sufficient spatial 
and temporal resolution to capture hourly to daily fluctuations in mudbank extent is required to 
truly determine the accuracy of our approach. Such a database would make it possible to quantify 
detection limit of mudbank footprints from remote sensing images in general, with respect to the 
high natural variability of mudbanks (Zorrilla et al., 2018). 
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Improvements to the morphometric estimates of mudbanks are especially necessary to constrain 
the naturally occurring variability in mudbank footprints. This information can be useful to guide 
future numerical modelling efforts on the mudbank footprints and their migration under influence 
of factors external to the system, such as wave regime, climate indices (e.g., NAO, ENSO and 18.6-
year nodal cycle) and sea-level rise. Also factors internal to system, such as variation in sediment 
concentrations, alongshore currents and anthropogenic land cover changes, can only properly be 
addressed with sufficient coastline change observations going back at least two cycles of mudbank 
migration. This would require a time series for each controlling factor to match our continuously 
growing database of annual coastline changes and estimates of mudbank footprints and to indicate 
causalities between them.

4.6 Conclusions

Landsat observations, individually processed to avoid spatial and temporal averaging and thus 
masking of important spatiotemporal variability in the system, provide insight into the dominant 
influence of migrating mudbanks on coastline changes in the Guianas. Progradation during 
mudbank phases was considerably larger between 1985 and 2021, with an average between 2 and 
44 m/yr, compared to interbank phases, when mudbanks are not damping waves. Here average 
coastline retreat is between 13 and 18 m/yr. Guyana had coastline changes (2 m/yr) up to an order 
of magnitude smaller compared to French Guiana and Suriname (26-45 m/yr). Local variability 
in coastline changes can for the first time be attributed to the spatial differences in mudbank 
morphometrics and their migration speeds, expressed here as a frequency of mudbank occurrence. 
Overall, mudbanks stretch between 10 and 20 km alongshore and migrate with average speeds of 
one to five km per year along Guianas’ coastline between 1985 and 2021. Mudbanks in Guyana, 
however, are smaller and migrate more slowly compared to Suriname and French Guiana. This 
reaffirms that a part of the observed variability in coastline changes in the Guianas can be directly 
linked to alternating phases of erosion and progradation, and thus mudbank migration. But more 
specifically; the factors that control the position and shape of mudbanks, indirectly influence the 
number of years a coast is protected and facilitated to accrete.

By combining coastline changes and morphological descriptors with migration patterns of 
mudbanks along the Guianas’ coastline, intriguing patterns of net coastline changes have become 
easily accessible for coastal managers. Hotspots of erosion, progradation or unusual response to the 
presence and absence of mudbanks can easily be identified based on the full available time series 
of Landsat observations. An estimated 52% of the entire coastline experienced net progradation 
between 1985 and 2021. The remainder of the coastline is retrograding because of one of the 
following reasons: 1) natural erosion during interbank phases is larger than progradation, 2) 
unusually large erosion indicates system change, either natural or by anthropogenic land cover 
changes, 3) coastal accretion during mudbank phases is insufficient to balance the natural erosion, 
and 4) potential outliers where often accretion is underestimated or sometimes the erosion is 
underestimated. 



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 88PDF page: 88PDF page: 88PDF page: 88

72

Data availability
Code to generate coastline position estimates together with the mud abundance estimates can be 
found in Google Earth Engine repository that includes an interactive viewer allowing readers to 
explore coastline changes for all processed transects in this manuscript:
https://code.earthengine.google.com/?accept_repo=users/jobdevries90/MangroMud 

Additionally, all post-processing, to estimate the presence of mudbanks in combination with the 
figures can be accessed through GitHub’s initial pre-release version (v0.2):
https://github.com/jobbo90/offshore_boundary/releases 

https://code.earthengine.google.com/?accept_repo=users
https://github.com/jobbo90/offshore_boundary/releases
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Chapter 5   | Mangrove ecosystem response 
to a cyclic change regime controlled by  
migrating mudbanks in the Guianas

Abstract

Mangroves are among the most dynamic coastal ecosystems globally, where changes are a direct 
result from a range of controlling factors including climate change, (a)biotic stressors, natural 
disturbance events and anthropogenic landcover changes. All these changes influence the 
natural functioning, including structure, phenology and invaluable ecosystem services, of these 
forests differently. Consequently, a mosaic of interrupted and sometimes fragmented succession 
sequences of mangrove patches can reflect natural ecosystem functioning, drivers of change and 
the capability to withstand irreversible changes. In the coastal zone of the Guiana shield countries, 
alongshore mudbank migration causes a cyclic change regime with prolonged phases of coastline 
progradation and erosion. It remains unknown, however, how these natural dynamics influence the 
functional attributes, such as frequency and patch size of losses or gains in mangrove cover. 

By applying a temporal segmentation algorithm on Landsat derived NDVI timeseries we 
show that net changes between 2000 and 2021 are -4,052, 702 and -5,769 ha in mangrove forest 
of Guyana, Suriname and French Guiana. Average patch sizes of these changes range from 1 to 
2.2 ha but are significantly left skewed. This suggests that average net mangrove changes are also 
controlled by the frequency of occurrence and changes that occur near smaller and fragmented 
mangrove forest. At the landscape scale (i.e., 10km hexagons) hotspots of change, associated 
with mudbank migration, are spatially clustered; however, more and significantly larger changes 
occur in the coastal hinterland, 500 m away from the coastline. These observations suggests that 
the often-placed emphasis on the conceptual view of mangrove changes in this region, with 
losses when mudbanks are absent and mangrove colonization when present, deserves additional 
attention. Additionally, by analysing the temporal changes in the functional attributes of 
gained or lost patches of mangrove forest we aimed to contribute to the understanding of the 
ecological impacts of spatiotemporal variability in functional attributes of both gains and losses. 
Such information is crucial to highlight the impact of management strategies on the changes in 
mangrove forest induced by alongshore mudbank migration and thus their natural protection 
against waves, storms and sea level rise in the Guianas. 

Elements from sections 5.3.1 and 5.3.2 are based on:
de Jong, S. M., Shen, Y., de Vries, J., Bijnaar, G., van Maanen, B., Augustinus, P., & Verweij, P. 
(2021). Mapping mangrove dynamics and colonization patterns at the Suriname coast using 
historic satellite data and the LandTrendr algorithm. International Journal of Applied Earth 
Observation and Geoinformation, 97, 102293.

Verhoeve, Steye; Vries, Job de; van Bijsterveldt, Celine; de Jong, Steven (2021): Monitoring 
mangrove erosion and settlement over space and time in Suriname (Weg naar Zee) & Indonesia 
(Demak Region). figshare. Thesis. https://doi.org/10.6084/m9.figshare.16602365.v1

https://doi.org/10.6084/m9.figshare.16602365.v1
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5.1 Introduction

Mangrove forests are among the most dynamic coastal systems in the world and comprise 
of vegetation species that only occur along (sub)tropical coastal zones (Spalding, 2010). They 
can survive these saline coastal environments due to specific adaptations, such as aerial roots, 
pneumatophores and buoyant propagules. They provide invaluable ecosystem services such as 
coastline protection (Horstman et al., 2015), carbon sequestration (Alongi, 2012), resources for 
local communities (Walters et al., 2008) and nursery habitats for flora and fauna (Nagelkerken 
et al., 2008). Due to anthropogenic activities, such as aquaculture development and urbanization, 
mangrove forests have become fragmented and are decreasing in area globally (Bryan-Brown et al., 
2020; Goldberg et al., 2020). Together with the natural changes, mangrove cover alterations create 
biological legacies, including the structure and phenology of plant populations and communities. 
The total effect of all changes in mangrove cover are thus important drivers for ecosystem 
functioning, recovery and therefore, coastal protection and livelihood of coastal inhabitants (Alongi, 
2008; Johnstone et al., 2016; Kominoski et al., 2020). 

Until the 2000s an estimated one-third of the world’s mangroves were lost (Alongi, 2008, 
2002). Regional differences, with for example major losses in South-East Asia (Gebhardt et al., 
2012), are attributed to differences in conservation effort (Friess et al., 2019) and the variety of 
drivers that influence structure and functioning of mangroves. These drivers work on spatial scales 
that range from individual plants to patch to ecosystem and on time scales from seconds to tidal 
cycles and multiple decades. They also include environmental factors that influence the balance 
between vertical sediment accretion and sea level rise, like tidal inundation duration (hydroperiod), 
sediment supply, wind and wave energy (Crase et al., 2013; Osland et al., 2017; Rodriguez et al., 
2016; Xie et al., 2022). Also, increased exposure to wave forcing can induce mangrove losses or 
reduce the sediment storage capacity and the potential elevated area that is suitable for mangrove 
colonization (Balke et al., 2013). All such control mechanisms influence the effectiveness of 
mangrove adaptations to survival and thus gains and losses in mangrove forest areas around the 
globe (Osland et al., 2018). 

Differences in the resistance of mangrove trees to these controls depend on the type of species 
(Xie et al., 2020), tree properties such as age and size (Kumara et al., 2010), salinity tolerance and 
the sedimentation rate these trees can endure during colonization (Balke et al., 2011). Mangrove 
species have thus adapted to sustain different stressors or perturbations (Piégay et al., 2020a), 
resulting in relatively homogeneous vegetated patches of the same species and age that can be 
observed from model outputs (van Maanen et al., 2015; Xie et al., 2020), field data (Barbier et 
al., 2011; Ellison et al., 2000; Fagherazzi et al., 2017) and remote sensing observations (Bullock et 
al., 2017; Rogers et al., 2017). Additionally, these patches of mangrove, and associated invaluable 
ecosystem services, vary spatially and temporally in response to spatial gradients in (a)biotic factors 
(Barbier et al., 2011; Bullock et al., 2017; Fagherazzi et al., 2017) and continuous temporal changes 
in control factors. On the whole, this leads to a mosaic of interrupted, sometimes fragmented (Tran 
and Fischer, 2017), and arrested succession sequences (Alongi, 2008; Duke et al., 1998).

Regardless if changes in mangrove cover are instantaneous or gradual, long lasting impacts on 
the structure and demography of forests can occur ( Jimenez et al., 1985). This suggests that gradual 
or small changes in control factors can already influence the development of mangroves (Krauss et 
al., 2008) and cause abrupt ecosystem shifts (Balke et al., 2015). This results in forest cover changes 
with specific properties that can be related to the overall ecosystem’s functioning and the drivers 
of change in a given time and area (Koch et al., 2009). This implies that properties of lost and 
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gained mangrove patches can be indicative of successional dynamics (Turner, 2010) and thus the 
capability to withstand disturbances and perhaps even climate changes. The functional attributes 
of the gain and losses include patch-level characteristics, such as their spatial distribution, size, 
measure of fragmentation and connectivity (Tran and Fischer, 2017). Also functional attributes that 
capture cumulative effects of changes in given time and area, such as frequency of occurrence and 
return interval, are required (Lawley et al., 2016; Pimple et al., 2022; Uuemaa et al., 2013). For 
example, the size of disturbed patches can influence the accommodation space, and thus the type of 
mangrove species colonizing them (Woodroffe et al., 2016). Also, the connectivity between patches 
can influence propagule dispersal (van der Stocken et al., 2015) or the interaction between species 
(Herbeck et al., 2020). This focus on the spatial dimensions of gain and losses has been limited thus 
far for mangrove ecosystems around the world (Murillo-sandoval et al., 2022; Murillo-Sandoval 
et al., 2021). In spite that it is increasingly acknowledged that it allows coastal managers to assess 
the capacity of mangrove forest to remain their naturally functioning ecosystem services under a 
changing climate.

Spatiotemporal variability in functional mangrove loss and gain attributes over longer periods 
of time, referred to as change regimes (Piégay et al., 2020b; Turner, 2010; White, 1979), and the 
consequential mangrove development patterns (Lawley et al., 2016; Seidl et al., 2016), require 
observations spanning multiple decades. Remote sensing has been used to map ongoing changes, 
ecosystem distribution and species succession on broad ranges of spatial and temporal scales 
(Kuenzer et al., 2011). Yet, subtle differences in plant properties (e.g. species composition, biomass 
and leaf area index; Bollock et al., 2017) and waver level variations make the spectral analysis of 
mangrove properties difficult and with mixed success (Kuenzer et al., 2011). Only few studies 
have used all available observations in the time series, despite the clear advantage of using more 
images to, for example, reduce the signal to noise ratio and to discriminate mangrove and wetland 
vegetation (Toosi et al., 2022; Younes Cárdenas et al., 2017). Such time series analysis allows to 
consider the temporal trajectory of a pixel and its spectral response rather than the instantaneous 
pixel value alone. For example, the temporal segmentation algorithm LandTrendr (Kennedy et al., 
2012) has been successfully applied to forest systems (Senf and Seidl, 2021a), urban area (Yan and 
Wang, 2021) and permafrost (Runge et al., 2022).The difficulty in separating mangroves from other 
vegetation types limited the algorithm’s use to quantify mangrove gain and loss regimes (Murillo-
sandoval et al., 2022). 

The fast-changing mangrove coastline of the Guianas, situated between the mouth of 
the Amazon River in Brazil and the Orinoco Delta in Venezuela. This coastal ecosystem is 
influenced by alongshore migrating subtidal mudbanks (Fromard et al., 2004) that facilitate 
coastal progradation and thus mangrove growth when they move in front of a coastline stretch 
(Anthony et al., 2010; Augustinus et al., 1989; Toorman et al., 2018). After 10-15 years, when 
these 10-15 km long mudbanks have moved on again, mangrove coastlines are fully exposed to 
waves and erode up to, sometimes even surpassing, 200 m/yr (Allison et al., 1995; Chapter 4). A 
large body of research has focused on mapping these coastline changes, elucidating on driving 
forces like large-scale atmospheric processes (Gratiot et al., 2008; Walcker et al., 2015), climatic 
changes and wave damping (Best et al., 2022). Variability in mudbank migration rates and sediment 
exchange between mudbanks and the coastal zone result in unpredictable and inconsistent coastal 
development (Chapter 4). This makes it uncertain how mudbank migration influences mangrove 
forests change regime, succession and thus coastal safety on the long-term (Bhargava et al., 2021). 
Given the increasing interest in building-with-nature initiatives (van Bijsterveldt et al., 2020) and 
carbon sequestration in mangrove ecosystems (Ahmed and Glaser, 2016) it is fundamental to better 
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understand past losses and development of mangrove forest for managing these ecological systems 
today (Koch et al., 2009; van Zelst et al., 2021).

The aim of this chapter is to assess the mangrove change regimes in the Guianas between 2000 
and 2021 to better understand ongoing gains and losses in mangrove forest cover and to what 
extent this can be explained by alongshore mudbank migration. More specifically our work focusses 
on the size, frequency and interval of mangrove forest gains and losses, while taking the natural 
variability related to mudbank migration into account. We base our work on the LandTrendr 
algorithm to detect changes in mangrove cover at 30-m resolution and how mudbank migration 
affects regeneration, development and succession of mangrove ecosystem in the Guianas. 

5.2 Study area 

The Guiana coastal zone constitutes of the coasts of French Guiana, Suriname and Guyana (Figure 
5.1). The low-lying coast is characterized by a relatively undisturbed and pristine tropical mangrove 
forest. Mangroves occur naturally along the entire Guianas’ coastline in a ~3 km wide coastal zone. 
Mangrove species dominating the Guiana coasts are Avicennia germinans and Laguncularia racemosa 
on the mudflats, while Rhizophora racemosa and Rhizophora mangle are common in the estuarine 
swamp areas and along riverbanks (Fromard et al., 2004; Proisy et al., 2016). Further inland, the 

Figure 5.1: Guiana shield countries, including Guyana, Suriname and French Guiana and the major rivers in blue. 
The smaller inset shows a hexagon (10 x 10 km) example highlighting unchanged mangrove area (green) and either 
lost and/or gained area in red. The unchanged mangrove area (green) is derived from Giri et al., (2011) while the 
changed area is either gain or loss pixels, as explained in Section 5.3. The rivers mentioned in the manuscript are 
labelled and highlighted.
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transition to freshwater facilitates more dominant cover of marshes and patches of swamp forests or 
mixed dryland forests (Teunissen, 1976). Upstream of the main river mouths (Figure 5.1) and tidal 
creeks, patches of mangrove cover can also be found. 

The tropical climate of the Guianas is characterized by seasonal variations in trade winds 
(Augustinus, 2004). In the period February and March, (the short dry season), the north-east trade 
winds (3-9 m/s) are dominant. In the long dry period, August to October, lower velocity winds 
are coming from the north-east and are more variable with respect to direction and strength 
(Augustinus, 1980). Wind patterns along the Guiana Coastal zone are a direct consequence 
of changes in large-scale atmospheric forcing mechanisms, such as the movement of the ITCZ 
and the air circulation within the so-called Hadley or Walker cells. These control storms, fronts, 
precipitation and therefore the seasonality in the Guianas (Poveda et al., 2006). Total precipitation 
ranges from 2-3 m/yr, with the largest share falling in the wet seasons between December and July 
(Xie and Carton, 2004). Despite the high precipitation, the larger rivers along the Guiana coast, 
such as the Maroni, Nickerie and Berbice rivers (Figure 5.1) have relatively low discharges that 
range from 46 m3/s to 2,104 m3/s for the Maroni River (Gardel et al., 2022).

The morphological dynamics along the coast are influenced by mud that originates from the 
Amazon, which has an estimated average annual sediment yield of 1.2 × 100,000 (Anthony et al., 
2010). These volumes of mud self-organize in banks and migrate from the Amazon to the Orinoco 
and cause erosion or accretion at the coast in cycles that last up to 35 years. Erosion and accretion 
rates can go up to, and even surpass 200 m/year (Allison et al., 1995; Chapters 3 and 4). These 

Figure 5.2: Applied workflow to derive change metrics from LandTrendr outputs. The general steps compromise 
of applying the LandTrendr Algorithm on annual Medoid composite images by applying temporal segmentation 
and selecting for each pixel the greatest change event (step A). After filtering, masking agricultural land and 
applying a minimum mapping unit the annual change maps patches are defined with their corresponding change 
metrics (step B). Finally, for each patch an estimate is made if it is near the coastline, considered as interbank or 
bank phase (step C).
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banks migrate under the direct influence of tides and wave forcing, especially between December 
and April when offshore waves are up to two m high, with a period that ranges from 6-10 s (Wells 
and Coleman, 1981). The tide is semidiurnal and reaches 2.5 m during spring tide. 

Prolonged phases of enhanced sediment supply and protection against incoming waves 
facilitates rapid mangrove growth, or loss when mudbanks continue to migrate along the coast and 
an interbank phase starts. With the passing of each cycle the coexisting vegetation with different 
ages and structures develops and/or erodes (Fromard et al., 2004). The (a)biotic conditions, 
including salinity, morphology, propagule dispersal potential, precipitation and sedimentation rates 
also exert a zonation of vegetation with their corresponding functional diversity. Most of these 
control mechanisms develop and change under natural circumstances, with the passing of tides, 
seasons, years or even multiple decades, causing natural variability with prolonged phases of erosion 
and colonization.

The cumulative exposure to sea-level rise, flooding and phases of erosion, associated with 
mudbank migration, has resulted in increasing risks to coastal flooding in the Guianas (Simpson 
et al., 2009). The risks are increasing at locations where mangroves have eroded and the overall 
efficiency of wave damping (e.g., mudbank/coastal protection) has reduced over the last decades. 
This is especially true in Guyana but also for stretches of coastline in Suriname (Berrenstein, 2010; 
Nijbroek, 2014) and French Guiana (Brunier et al., 2019). Human interventions, such as earth-
walls, dikes, agricultural development and sand mining, have altered the natural capacity of coastline 
stretches to prograde during mudbank phases and to partially resist erosion during interbank phases 
(Anthony and Gratiot, 2012). 

5.3 Methods and data

5.3.1 Temporal segmentation of Landsat observations
Cloud-based processing platforms like Google Earth Engine (GEE) provide a vast amount of 

publicly available geospatial datasets, including remote sensing observations like Landsat imagery 
(Gorelick et al., 2017). Simultaneously, GEE facilitates fast data access and parallel processing 
capabilities for regional to global analysis. Landsat is the longest running operational set of 
spaceborne platforms, collecting images with unprecedented spatiotemporal resolution, of the Earth 
surface. Annual Landsat image availability for Suriname is nowadays around five to ten images with 
a revisit time of 16 days. However, image quality and availability before 2000 is low and for the year 
1995, not one image of the study area is available in the archive. Therefore, we focus on the period 
2000 to 2021 while using all available Tier 1 surface reflectance observations. 

To detect changes in mangrove coverage by their approximate rate and timing, the LandTrendr 
(‘Landsat-based detection of trends in disturbance and recovery’) algorithm (Kennedy et al., 2012) 
was applied to timeseries of satellite images (Figure 5.2, step A). LandTrendr is a spectral-
temporal segmentation algorithm useful for change detection in a time series (also called temporal 
trajectories) of moderate-resolution satellite imagery on a pixel-by-pixel basis while reducing 
background noise (Kennedy et al., 2018). LandTrendr was originally developed for monitoring 
terrestrial forest disturbance and is especially suitable for detecting annual changes in vegetation 
cover (Hislop et al., 2020; Kennedy et al., 2012; Sengupta et al., 2019). 

The multi-dimensional median (medoid) technique was used to produce the best available 
yearly pixel composite. As opposed to using individual images and thus maximal temporal 
resolution, compositing minimizes impact of missing data and noise in images by reducing a 
selection of observations to a single best (Roberts et al., 2017). The medoid method selects the pixel 
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value with the minimum sums-of-squared differences between the median values and observations 
across bands. This composite method is robust against extreme pixel values and preserves the 
relationships between bands, because the selected pixel value is one of the observations of that 
pixel’s timeseries (Flood, 2013). This furthers reduces short-term (i.e. less than the compositing 
period) noise originating from changes in sun angle, phenology and atmosphere conditions 
(Kennedy et al., 2012, 2010). Additionally, by applying a cloud masking algorithm on the input 
images the effect of clouds on the annual medoid reflectance values was minimized. 

With these annual best available pixel composites, LandTrendr uses a statistical fitting 
algorithm to segment spectral trajectories (Figure 5.2, step A). The algorithm can detect abrupt 
changes, gradual trends and time to recovery from continuous signals. To do so, the Normalized 
Difference Vegetation Index (NDVI) was used in the LandTrendr algorithm, scaled by a factor 
1,000. NDVI values overall highlight contrasts between the green mangrove vegetation and grey-
dark mudflats (Pastor-Guzman et al., 2018; Valderrama-Landeros et al., 2018). Spectral vegetation 
indices like NDVI are particularly insightful in this context as mangrove vegetation is evergreen, 
and erosion and colonization can thus be detected. 

The NDVI rasters were used as input for the LandTrendr algorithm, which comprised of 
several steps (Kennedy et al., 2018), including the removal if of spikes in the signal, identification of 
potential breakpoints by regression, culling segmentation by removing too small and local segments, 
fitting of segments, streamlining of the segmentation by removing the weakest breakpoints, and 
the selection of the best segmentation model using fitting statistics (Figure 5.2, step A). Standard 
LandTrendr parameter settings were used and include a minimum change in NDVI (change in 
NDVI >300), NDVI value before change (-100 and 300 for gain and loss events, respectively) 
and a Minimum Mapping Unit of four pixels. The LandTrendr algorithm was thus finetuned for 
detecting complete removal of mangrove vegetation (e.g., stand-replacing) and the colonization of 
intertidal flats by mangroves at pixel level. Partial reduction in biomass or leaf area per pixel, for 
example because of diseases or partial removal of vegetation, were therefore not well represented 

Metric Description Units Scale 

Number of 
Patches [n]

Number of patches considered as a gain 
or loss event.

[-] Landscape / country 

Patch size Average surface area of a group of 
connected pixels with the same year of 
detected change.

[ha] Patch / Landscape / country

Frequency Number of changed patches relative to 
the area of unchanged mangrove forest 
(i.e., stable mangrove between 2000 
and 2021). 

[n/ha] Landscape / country

Interval of 
change Time between two events which is 

approached by using the rotation 
period as proxy: average time needed to 
disturb the size of the focal area.

Years Landscape / country

Table 5.1: Landscape metrics with their description, units if applicable and scale.
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due to the implementation of a minimum NDVI change of 300. Competition between mangroves 
and other vegetation types, where mangroves were gradually replaced by other vegetation types, 
were also not distinguishable. The succession from young or juvenile mangroves, where colonization 
occurred before the start of time series, was also not explicitly represented.

The outcome of the algorithm contains various rasters with greatest gain and loss segments of 
NDVI, from which a set of metrics describing the magnitude, duration, rate, signal to noise ratio, 
value before and after following the moment of greatest change in the pixel’s trajectory were derived 
(Figure 5.2, step A). From the pixels in these rasters, the loss and gain maps for the Guiana coastal 
zones were created, by applying a mask and spatial filtering steps (Figure 5.2, step B). This included 
removing false positive change events that were considered as agriculture in the year of mangrove 
loss or after a mangrove gain event. Cropland maps per four year epoch between 2000 and 2019, 
indicating the presence of annual and perennial herbaceous crops at 30 m resolution, were used 
to mask false positive detection of changes (Potapov et al., 2022). The cropland maps have an 
estimated overall accuracy of more than 99 % for each selected epoch. Additionally, all patches 
smaller than the minimum mapping unit for each year were assigned the year of the surrounding 
disturbed pixels, thus accounting for the uncertainties in correct identification of disturbance year. 
Next, holes within patches smaller than two pixels were filled with the year of the surrounding 
pixels (Senf and Seidl, 2021b). A change patch is thus defined as contiguous pixels that changed in 
the same year with a minimum mapping unit of four pixels. 

5.3.2 Characterization loss and gain regimes
From the annual loss and gain maps (Section 5.3.1) several landscape metrics were computed 
with the Landscapemetrics package (Hesselbarth et al., 2019) in RStudio (RStudio, 2021) at the 
individual patch level, and aggregated to landscape and country levels ( Johnstone et al., 2016; 
Turner, 2010). To this purpose, a grid of hexagons was used, intersecting the buffered (6 km wide) 
coastline of the Guianas, to represent the landscape level (Birch et al., 2007). Each hexagon has 
an area of 8,660 ha, with a total of 84, 70 and 76 hexagons across the land and intertidal area 
of Guyana, Suriname and French Guiana, respectively. From the derived greatest change pixels 
(Section 5.3.1), together with the global mangrove data set (Giri et al., 2011), each pixel was 
classified in either non-mangrove, unchanged mangrove or changed mangrove (Senf and Seidl, 
2021b). Changed mangrove implies at least one gain or loss event during the timeseries (2000 till 
2021) and unchanged mangrove overlaps with pixels that were indicated as mangrove in 2000 and 
did not change (Figure 5.1, step C).

For each hexagon, the number of changed patches per year were counted and divided by 
the total unchanged mangrove area to estimate frequency of occurrence for gain and loss events, 
expressing the disturbed patches per area of mangrove (Table 5.1). The size of the patches was 
computed for each patch separately, while frequency of occurrence was calculated at landscape level 
(Table 5.1). Rotation period was used here as a proxy for interval of change, because the relatively 
short time series available does not allow for estimating true intervals between changes. Rotation 
period is the average time needed to change an area of the size of the focal area (e.g., forest area 
of a hexagon or country), and is calculated by dividing the total unchanged mangrove area by the 
average annual mangrove area disturbed (Senf and Seidl, 2021a). For trend analysis and spatial 
comparison, patch level, landscape scale and country scale indicators (Table 5.1) were computed by 
taking the corresponding mean values. Temporal trends in the mean metrics were quantified using a 
non-parametric Theil-Sen estimator according to the workflow applied by Senf et al. (2021b). 
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 Additionally, to quantify the effect of migrating mudbanks on the mangrove landscape, 
indications of annual coastline positions and mudbank footprints were used, computed in chapter 
4, to indicate for each patch if they were in the coastal hinterland, interbank or bank zone. Here, 
the bank zone refers to all patches within 500 m of coastline that were fronted by a mudbank for a 
given year. Similarly, the interbank zone refers to patches within 500 m of a coastline not fronted 
by a mudbank. The remaining patches are in the coastal hinterland (i.e., assumed not to be directly 
influenced by coastal forcing mechanisms). The coastline position estimates were derived annually 
(see Chapters 3 and 4) with a spatial resolution of 1,000 m (interval between transect positions) 
buffered with 500 m around the coastline estimates. 

5.4 Results

5.4.1 Mangrove loss and gain
Various parts of the coast experienced significant changes between 2000 and 2021 (Figure 5.3), 
amounting to net changes of -4,052, 702 and -5,769 ha of mangrove in Guyana, Suriname and 
French Guiana, respectively (Table 5.2). Overall gain and loss of mangrove occurred in areas 
with abundant mangrove forests (indicated by larger centroids in Figure 5.3), often concentrated 
in hotspots of erosion and/or mangrove colonization. Gain indicates new mangroves colonizing 
intertidal areas or, especially further inland, near lakes and wetlands. Losses results from mangrove 
cover changing to e.g., bare ground or water. Near Coppename (f ), Hertenrits (d), Bigi Pan (c) and 

Guyana Suriname French Guiana

total 
Gain 12,369 18,641 10,639

[ha] Loss 16,421 17,938 16,408

Patch size
Gain 1.1 (+) 1.9 (-) 1.5 (+)

[ha] Loss 1.3 (+) 2.2 (-) 1.9 (+)

Patches
Gain 13.2 (+) 16.2 (-) 10.1 (-)

[n/yr.] Loss 19.9 (-) 14.2 (-) 11.1 (-)

Frequency Gain 1,003 (+) 7 (-) 731 (-)

[n/ha] Loss 2,571 (-) 8 (-) 603 (-)

Interval
Gain 117 413 744

[Years] Loss 100 339 728

Table 5.2: Functional attributes aggregated per country and shown for gain and loss patches. Where applicable 
positive trends or negative trends between 2000 and 2022 are indicated as + and -, respectively. 



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 99PDF page: 99PDF page: 99PDF page: 99

83MAnGRoVe eCosYsteM ResPonse      |          

Wia-Wia nature reserves (g) in Suriname, substantial changes can be observed (Figure 5.3). Smaller 
areas of mangrove change, compared to abundant mangrove forest are mainly found near Iracoubo 
(i) and Approuague (j) in French Guiana (Figure 5.3). There are also areas that are associated with 
more changed surface area, while there are relatively smaller areas of unchanged mangrove forest, 
for example near Totness (e) in Suriname, but also Mana (h) in French Guiana and east of George 
Town (b) in Guyana (Figure 5.3).

Figures 5.4 and 5.5 show examples (A) of hotspots of mangrove gain and loss in Suriname, 
with the associated year of detection (B), magnitude of changes (C) and patch sizes (D). Figure 5.4 
highlights a location east of Coppename in Suriname (see also Figure 5.1), with initial mangrove 
growth in 2001 in the east, while further west development starts to occur later. This east-to-west 
zonation is often associated with alongshore migration of mudbanks (Fromard et al., 2004). The 
increase in NDVI index (Figure 5.4, panel C) shows a heterogeneous and mixed pattern of changes 
at pixel level. Detected patches (Figure 5.4, panel D) for 2001, 2010 and 2020, with their associated 
sizes ranging from 0.1 to 431 ha, are indicative of regular zonation in bands parallel to the coastline 
(Fromard et al., 2004). Figure 5.5 highlights a large area of mangrove loss east of Hertenrits in 
Suriname (Figure 5.5, panel B). Again, the magnitude in index change is heterogeneous, reflecting 
mixed patches, although the magnitude of losses is larger (Figure 5.5, panel C) compared to the 
magnitude of gain in Figure 5.4, panel C. Alongshore oriented bands of gain and particularly losses 
are reflected in the patch layout (Figure 5.5, panel D). 

Figure 5.3: Mangrove gain and loss per landscape unit (hexagon) where green corresponds to increasing mangrove 
area and pink indicates decreasing mangrove area. The center point is scaled in size to the unchanged mangrove 
area inside each hexagon. Units are total hectare change between 2000 and 2021. Annotation letters correspond to 
locations referred to in the text: (a) Waini, (b) Georgetown, Bigi Pan (c), Hertenrits (d), Totness (e), Coppename 
(f), Wia-Wia (g), Mana (h), Iracoubo (i) and Approuague (j). Annotation letters correspond to locations referred 
to in the text: (a) Waini, (b) Georgetown, Bigi Pan (c), Hertenrits (d), Totness (e), Coppename (f), Wia-Wia (g), 
Mana (h), Iracoubo (i) and Approuague (j).
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At the landscape scale on average 20, 14 and 11 loss and 13, 16 and 10 gain patches were 
detected per year from the LandTrendr outputs for Guyana, Suriname and French Guiana 
respectively (Table 5.2). The average patch size for forest disturbance ranged from 1.1 ha to 2.1 
ha with overall the gain patches being larger compared to the patch size of lost mangrove forest 
(Appendix D, Figure-D 2). Loss patches in Guyana (~1.3 ha) were smaller compared to Suriname 
(~2.2 ha) and French Guiana (~1.9 ha). Average patch size for mangrove gain was 1.1, 1.9 and 1.5 
ha respectively and thus smaller, yet comparable to the loss patches (Appendix D, Figure-D 1 and 
Table 5.2). 

The average frequency of loss and gain, indicating the amount of changed patches per hectare 
of mangrove forest, varied between country (Table 5.2) but was significantly left skewed (Appendix 
D, Figure-D 3). Frequency of gain and loss in Guyana was the largest with on average 1,002.8 
and 2,750.5 patches per hectare of mangrove per year. In both Suriname and French Guiana 
these differences between gain and loss were smaller with 7.0 and 8.1 for Suriname and 731.4 and 
602.7 for French Guiana (Table 5.2). The interval of change, indicating the average time needed 
to change an area with the size of a hexagon, varied from 117 to 743.8 years for gain and 100.6 to 
727 years for loss events. At country scale, the average interval of change was larger for gain events 
compared to the detected loss events (Appendix D, Figure-D3).

Figure 5.4: Detected mangrove gain along the coast of Suriname with respect to the total mangrove area (a). 
The square in (a) indicates the location shown in (b), (c) and (d). These insets show the detected year of gain (b), 
corresponding magnitude of change in NDVI index (c) and the derived patches in 2001, 2010 and 2020 (d) with the 
color’s intensity corresponding to the patch size (in ha) and the upper limit given in the legend. 
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5.4.2 Variability in mangrove loss and gain
Between 2000 and 2021, variability in the size and frequency of mangrove losses was high and 
spatially clustered along the coastal zone of the Guianas (Figures 5.6 and 5.7). Patch sizes were 
larger in areas with abundant mangrove forest and that also experienced the largest total changes 
(Figure 5.3). Exceptions with relatively smaller patch size in areas with abundant mangroves were 
found (Figure 5.6) east of Coppename (f ) in Suriname and in the east of French Guiana near 
Iracoubo (i) and Approuague (j). Above-average frequency of losses was found in areas with smaller 
unchanged mangrove forests, with the loss frequency being especially high east of Georgetown 
(b) in Guyana (Figure 5.7). These higher loss frequencies occurred in areas with relatively small 
unchanged mangrove areas (Figure 5.7).

The spatial distribution of mangrove gain (Figures 5.8 and 5.9) showed similar patterns and 
clustering compared to the loss patches. The largest patch sizes of mangrove gain (Figure 5.8) were 
found near Copename (f ) in Suriname and the highest frequency of occurrence (Figure 5.9) east 
of Georgetown in Guyana (b). More specifically, most areas with relatively larger and/or more 
frequent changes (Figures 5.6 and 5.7) also showed the largest gain patches. This implies that the 
amount and frequency of losses and gains were likely to be in balance between 2000 and 2021, 
especially for areas with larger unchanged mangrove areas.

Figure 5.5: Detected mangrove loss along the coast of Suriname with respect to the total mangrove area (a).
The square in (a) indicates the location shown in (b), (c) and (d). The insets show the detected year of loss (b), 
corresponding magnitude of change in NDVI index (c) and the derived patches in 2001, 2010 and 2020 (d) with the 
color’s intensity corresponding to the patch size (in ha) and the upper limit given in the legend.
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Figure 5.6: Average size of lost mangrove patches (ha) at landscape level (10 km hexagons) along the Guiana 
coastal zone. The colors correspond to the average size while the size of the of hexagon’s centroids are scaled to the 
unchanged mangrove forest area

Figure 5.7: Average frequency of loss patches per area of mangrove forest along the Guiana coastal zone at 
landscape scale (10 km hexagons). The colours correspond to the average frequency of occurrence while the size of 
the of hexagon’s centroids are scaled to the unchanged mangrove forest area.
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Figure 5.8: Average size of mangrove gain patches (ha) at landscape level (10 km hexagons) along the Guiana 
coastal zone (top). The colours correspond to the average patch size, while the size of the of hexagon’s centroids are 
scaled to the unchanged mangrove forest area. 

Figure 5.9: Average frequency of gain patches per area of mangrove forest along the Guiana coastal zone at 
landscape scale (10 km hexagons). The colours correspond to the average frequency of occurrence, while the size of 
the of hexagon’s centroids is scaled to the unchanged mangrove forest area. 
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5.4.3 Analysis of metrics
Patches of mangrove losses during interbank phases (n=6,149) were detected more frequently 
compared to losses during bank zones (n=5,672), although the difference was relatively small 
(Figure 5.10). The detected changes were most often 0-1 ha large and showed on average up to one 
disturbance event per year and hectare of mangrove forest. Losses in interbank zones were more 
frequently larger than one ha (39,8%) compared to bank zones (18.1%). Yet, such larger changes 
were even more frequent (53.3%) in the coastal hinterland (Figure 5.10). The majority of losses 
were detected in the coastal hinterland (n = 42,124, 78.1%).

A total of 42,634 gain patches were detected, although more frequently during bank phases 
(n = 8,346) compared to interbank phases (n = 3,650) (Figure 5.11). The majority (57.1 %) of all 
these patches were 0-1 ha large (Figure 5.11) and up to one gain event per ha of mangrove forest 
was detected (Appendix D, Figure-D 3). This makes the distributions highly skewed with ~75% of 
the gain being smaller than one ha in bank and interbank phases. The vast majority (~ 70%) of the 
detected gain was in the coastal hinterland (n = 30,638) (Figure 5.11). Here gain patches were in 
34.8 % (n=10,714) of the total observed patches larger than four ha (Figure 5.11), which is more 
than during bank (11.2 %) or interbank phases (14.6 %).

5.4.4 Trends in disturbance and regeneration regimes
Functional attributes of loss and gain patches changed profoundly between 2000 and 2021, 

with trends also varying along the coast of the Guiana countries (Figures 5.12 and 5.13). The size of 
loss patches was increasing on average, while gain patches were becoming smaller (Figures 5.12 and 
5.13, panel III and IV). In Suriname, however, the patch size of losses in mangrove cover decreased 
on average with ~0.7% per year and increased in French Guiana and Guyana with 1.4% and 0.9%, 
respectively (Table 5.2). The patch size of gain events increased by 0.2% and 1% in French Guiana 
and Guyana respectively, while in Suriname the average size decreased with 1.1% At various 
locations along the coast increasing patch sizes for losses and decreasing patch sizes for gain events 

Figure 5.10: Relative frequency distribution of loss patches per ha of forest for interbank, bank zone and coastal 
hinterland along the Guiana coastline between 2000 and 2020. Relative values on the y-axis correspond to the 
losses in mangrove area for each coastal land class (coastal hinterland, bank and interbank) with respect to the 
total observed changes in the respective class. Coastal hinterland corresponds to mangrove changes further away 
(500m) from the coast.
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were observed. The most pronounced example was near the mouth of the Approuague River (j) in 
the east of French Guiana (Figures 5.12 and 5.13). 

The frequency of change events was mostly stable between 2000 and 2021, although hot 
spots with significant increasing and decreasing trends were found along the Guiana coastal zone 
(Figures 5.12 and 5.13, IV). At such locations, a decreasing frequency of gain events (Figure 5.13) 
and simultaneously increasing frequency of disturbance (Figure 5.12) were found. Examples include 
the Mana Polder (h) in French Guiana, Nieuw Nickerie (c) in Suriname and the Waini River in 
Guyana (a). Especially in French Guiana and Suriname, both the gain and loss frequency have 
decreased (Table 5.2). On the other hand, in Guyana the frequency of gain events increased while 
the disturbance events decreased between 2000 and 2021 (Table 5.2). In locations along the coast 
where gain sizes were decreasing, they also occurred less frequently. This link in trends between size 
and frequency was also observed for loss events (Figure 5.12).

5.5 Discussion

5.5.1 Mangrove loss and gain related to mudbank migration
A total of -4,052, 702 and -5,769 ha of net mangrove change was detected between 2000 and 2021 
with the LandTrendr algorithm in Guyana, Suriname and French Guiana, respectively (Figure 
5.3). Also the spatiotemporal variability in functional attributes, such as average disturbance size 
(Table 5.2), with smaller (1.3 ha) patches in Guyana compared to Suriname (2.2 ha) and French 
Guiana (1.9 ha), re-emphasizes the difference in dynamics of mangrove ecosystems between 
these countries. This has previously been attributed to national intervention measures, including 
construction of coastal protection in Guyana since the 1950s, resulting in nation-wide mangrove 
degradation (Anthony and Gratiot, 2012; Nijbroek and Basu, 2012). As a result, the here detected 
gain patches in Guyana were small (1.1 ha), potentially indicating a limited natural capacity of 
mangrove forest to regenerate without sufficient mangrove forest to start with (Pimple et al., 2022). 

Figure 5.11: Relative frequency distribution of gain patches per ha of forest for interbank, bank zone and coastal 
hinterland along the Guiana coastline between 2000 and 2021. Relative values on the y-axis correspond to the 
gain in mangrove area for each coastal land class (coastal hinterland, bank zone and interbank) with respect to the 
total observed changes in the respective class. Coastal hinterland corresponds to mangrove changes further away 
(500m) from the coast



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 106PDF page: 106PDF page: 106PDF page: 106

90

Net changes in mangrove cover for the largest part of the Guyana coast (Figure 5.3), compared 
to Suriname and French Guiana, was in the same order of magnitude, with significantly larger 
frequency of occurrence in both loss and gain patches (Table 5.2). 

Functional attributes of observed changes (Figures 5.6, 5.7, 5.8 and 5.9) showcase the variability 
in loss and gain patterns in mangrove forest and thus the variety of potential causes. Especially 
observed frequencies of occurrence were different between countries, with more frequent yet smaller 
changes in French Guiana and especially Guyana (Table 5.2). Also, for both gain and loss changes, 
small patches (< 1 ha) occurred more frequently, as indicated by the left skewed distributions in 
patch size (Figures 5.10 and 5.11). This aligns with previous observations of frequent small losses 
in mangrove cover in, for example, the Dominican Republic (Sherman et al., 2000). This highlights 
the importance of connectivity in mangrove forests at patch level for the development of mangrove 
forest at country scale.

At landscape level (i.e., hexagon), large and frequent changes between 2000 and 2021 were 
detected in areas that can be considered as pristine mangrove forest along the Guiana coastal zone 
(Figure 5.3). These results are indicative for spatiotemporal patterns of mangrove erosion and 
colonization with larger changes in forests with abundant mangroves (Figure 5.3). Especially in 
the coastal hinterland substantial proportions of losses (53%) and gains (34.8 %) were larger than 
four ha (Figures 5.10 and 5.11) and sometimes surpassing reported examples of 21-28 ha within a 
year in French Guiana (Proisy et al., 2009). This difference between zones suggests that processes, 
including proximity to water, other mangrove stands and human settlement (Otero et al., 2020), 
potentially control loss characteristics, such as size and frequency of occurrence. Together with 
subsequent success of gain at patch level, these local changes manifest at landscape level in the 
Guianas, illustrated by the detected gain and loss at patch level (Figures 5.4 and 5.5). Previously, 
different patterns of mangrove settlement and expansion, including arc-shaped, regular zonation 
and patch shaped development (Fromard et al., 2004), were found at various locations along the 

Figure 5.12: Trends patch size (Panel I) and frequency of occurence (Panel II) for loss events. Annotated locations 
(a-j) correspond to locations introduced in figure 5.3 and mentioned in the results section. Note the different y-axis 
ranges of the histograms (Panels III and IV).
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coast (de Jong et al., 2021). Figure 5.4 exemplifies arc-shaped expansion of mangroves in an east-
west direction, while Figure 5.5 illustrates relative regular zonation retreat.

A comparison between the gain and loss frequency of occurrence is not a direct measure of 
mangrove recovery at patch scale (Otero et al., 2019). It does, however, indicate the occurrence of 
change events and thus the potential to analyse resilience of mangrove forest at landscape level. For 
instance, frequent gain and loss changes are spatially clustered (Figures 5.6, 5.7, 5.8 and 5.9). Such 
spatial clustering, with relative similar functional attributes of changes, indicates that the patches, 
and the extremes in frequency and especially size, are influenced by spatially variable processes 
that affect mangrove gain and loss. Specifically for the Guianas processes that have been suggested 
include mudbank migration, hydrodynamic forcing (Gratiot et al., 2008), salinity, freshwater supply 
from the hinterland (Toorman et al., 2018) and sediment accumulation (Proisy et al., 2009). 

The migration of mudbanks is known to enhance coastline accretion when present and coastal 
erosion when absent (Anthony et al., 2013a; Chapter 4) and thus offers a partial explanation for 
observed clustering of net coastline changes between 2000 and 2021 (Figure 5.3). Gain (n = 8,346 
patches) was more often detected than loss (n = 6,148) during mudbank phases (Figure 5.11). This 
highlights the potential for mangrove colonization due to the wave damping capacity and enhanced 
sediment supply induced by mudbanks(Anthony et al., 2013a). Loss patches were more frequently 
detected during interbank phases (n = 6,149) compared to bank phases (n = 5,672), especially for 
patch sizes larger than three ha (Figure 5.10). Despite the relatively small difference, this indicated 
that mangrove losses were also detected for stretches of coastline protected by mudbanks. For a part 
this might be explained in the false positive detection of mudbank footprints (Chapter 4) and the 
false positive detection of mangrove loss from changes in NDVI with the LandTrendr algorithm 
(Section 5.3.1). Despite removing croplands, difficulty in separating mangrove forest (changed and 
unchanged) from other vegetation and land cover types remained (Green et al., 1998). Nonetheless, 

Figure 5.13: Trends in patch size (Panel I) and frequency of occurrence (Panel II) for gain events. Annotated 
locations (a-j) correspond to locations introduced in figure 5.3 and mentioned in the results section. Note the 
different y-axis ranges of the histograms (panels III and IV).
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mangrove may be lost during mudbank phases, with potential drivers being conversions to agri- and 
aquaculture (Mukherjee et al., 2014). 

The complex response of coastal zone changes to mudbank migration is often simplified by 
assuming its dominant control on mangrove ecosystem changes in the Guianas (Baltzer et al., 
2004). We can now also see that major changes in mangrove cover happen further away (>500m) 
from the coastline in the coastal hinterland (Figures 5.10 and 5.11). Thus, highlighting the 
importance of considering the entire mangrove forest cover and the associated changes that were 
not directly related to mudbank migration. These changes in the coastal hinterland were also more 
frequently larger, compared to the changes in the interbank and bank zones. This is especially 
true for detected losses, which were predominantly larger than four ha (Figure 5.10). Such large 
changes can potentially be attributed to conversion of mangrove into wetland vegetation or other 
anthropogenic influences but should be considered with care. For example, the changes could be 
related to overestimation due to the relatively small coastal buffer of 500 m or to the false positive 
detection of mangrove changes from the NDVI trajectories (Section 5.3.1). It remains clear that 
despite the importance of mudbank migration for changes in mangrove cover, other drivers that 
influenced mangrove changes further away from the coastline should be studied more carefully.

5.5.2 Temporal trends 
Gain and loss patterns changed profoundly between 2000 and 2021, although the trends in patch 
size and frequency of occurrence were different and varied spatially (Figures 5.12 and 5.13). 
Overall, the size of loss patches increased, while the frequency of occurrence of losses remained 
stable (Figure 5.12, panel IV). The increasing patch size of losses, especially in Guyana and French 
Guiana, may be related to changing interventions, such as increasing land cover conversion and the 
construction of protection measures, causing enhanced susceptibility to erosion. Frequency of gain 
events mostly decreased between 2000 and 2021 in Suriname and French Guiana (Figure 5.13, 
panel IV), whereas the patch sizes were predominantly increasing between 2000 and 2021. Near 
Coppename, the patch size decreased and thus influencing the average values of Suriname (Table 
5.2). Such spatial variability in trends have been linked to anthropogenic and natural control factors, 
that are potentially responsible for the changing patterns in mangrove losses at global scales (Friess 
et al., 2019; Goldberg et al., 2020; Maina et al., 2021). Here we have shown variability in trends 
for the Guianas and thus additional attention is required to elucidate further on potential drivers, 
including atmospheric forcing and wave climate. Additionally, this highlights the importance of 
managing existing mangrove forest that are required for sufficiently large and frequent mangrove 
gains. This is especially important for the Guiana coastal zone, where sometimes natural mangrove 
growth, resulting from the migration of mudbanks, is too easily expected but controlled by a more 
complex combination of control factors.

For the largest part, the frequency of gain and especially losses remained relatively stable, 
suggesting that observed overall trends in total surface area between 2000 and 2021 were mainly 
driven by changing patch sizes rather than the frequency of occurrence. Although, the presented 
results now show where such generalization deserves additional explanations or research. For 
example, near Waini (a) in Guyana, Bigi Pan (c), Hertenrits (d) in Suriname and Mana (h) in 
French Guiana, where gain and losses are not balanced (Figure 5.3) or changing rapidly (Figures 
5.12 and 5.13). This relationship implies that if frequency of occurrence and patch size are treated 
separately or not considered at all, management may develop inadequate restoration objectives in 
the Guianas (Anthony et al., 2021). 
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The observed increasing frequency of occurrence in gain and loss in the Berbice region, east 
of Georgetown (b) in Guyana (Figures 5.12 and 5.13), results from changes in coastal zone 
management (Anthony et al., 2021; Anthony and Gratiot, 2012). The implementation of hard 
structures as coastal defence resulted in major losses of mangroves forest before 2000, the start of 
the timeseries of Landsat observations included here. These changes are therefore not represented in 
the annual biggest change events we derived from the LandTrendr dataset. The trends here detected 
thus reflect frequent but small changes in relatively small natural mangrove areas (Figure 5.3), 
which can be related to the inability to sequester sufficient sediment for mangrove development 
in absence of mangrove trees (Proisy et al., 2021; Willemsen et al., 2016). This limited sediment 
capture has been attributed to the streaming of mudbanks (Anthony et al., 2013b; Winterwerp et 
al., 2020) and the lack of wave damping and therefore settling of sediment in mangrove forest.

The timeseries used here was relatively short to capture the full range of naturally occurring 
dynamics that have been shown to govern the multi-decadal mangrove development along the 
Guiana coastline (Gratiot et al., 2008; Walcker et al., 2015). The net mangrove changes (Figure 
5.3) and the annual trends presented here should be handled with care until the timeseries of 
observations are sufficiently long. Areas identified as hotspots of net losses, together with changing 
trends in the functional attributes of these losses (patch size and frequency of occurrence), are as 
explained earlier likely to have compromised functionality inside remaining mangrove forest 
(Bryan-Brown et al., 2020). For example, increasing disturbed patch sizes, combined with more 
frequently occurring changes might indicate loss of resistance to wave forcing (Alongi, 2008; 
Horstman et al., 2015; Koch et al., 2009). Simultaneously, decreasing gain patch size and frequency 
of occurrence might indicate reduced potential for natural mangrove colonization (Balke et al., 
2011). As we can see from our results (Figure 5.3) and previous observations in other parts of the 
world (van Bijsterveldt et al., 2022), it is exactly these remaining forests that facilitate the natural 
development of mangrove forest (Balke et al., 2011). 

5.5.3 Mangrove surveying from satellite imagery
In the research presented here the remote sensing work on large-scale mapping of mangrove 
changes in the Guianas (Proisy et al., 2009) and the identification of functional attributes (Senf 
and Seidl, 2021a, 2021b) was extended. We explored the potential of LandTrendr to provide 
a baseline regarding temporal changes in mangrove cover at 30-m resolution. The integration of 
cloud computing in GEE, the public availability of sufficient Landsat data since 2000 and the 
automatic LandTrendr segmentation algorithm allowed for monitoring in remote areas along the 
Guianas’ coastal zone. LandTrendr provided a robust and semi-automated approach that proved 
to be effective in detecting mangrove dynamics over larger spatial and temporal scales from NDVI 
timeseries. The resemblance in the order of magnitude changes with previous work (Augustinus, 
1980; Gratiot et al., 2007; Walcker et al., 2015) on loss and gain of mangrove cover provides 
confidence in detected trends. The derived landscape metrics in gain and loss patterns, including 
patch size and frequency, also the provided opportunity to detect unwanted trends in landscape 
changes. 

Nevertheless, methodological limitations to our approach remain and should therefore be 
considered when using the data or approach. For example, a distinction between different control 
factors, both natural and anthropogenic, was not made, so attributing the origin of mangrove cover 
changes at the patch level was not possible. Key steps that should be incorporated to facilitate such 
a distinction include: 1) reference data on the occurrence of different control factors, 2) further 
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improvements of differentiating between mangrove and non-mangrove vegetation cover through 
machine learning and image classification algorithms. 

In the applied approach only the largest changes (gain and loss) were considered, resulting 
in the maximum of two recorded events in the timeseries per pixel. This limited the analyses of 
mangrove losses to stand replacing changes only, and thus do not include additionally important 
processes like degradation and competition between mangrove species. Together with the 
saturation of NDVI at higher forest covers, cross-sensor differences in reflectance and the 
difficulty in separating mangrove vegetation from other types of wetland vegetation, mangrove 
detection from multispectral data could be further improved (Younes Cárdenas et al., 2017). One 
way of doing so could be to use additional LandTrendr runs, including those with Tasselled Cap 
wetness, Normalized Burn Ration or specific indices such as the Modular Mangrove Recognition 
Index (Diniz et al., 2019), for random forest classification (Senf and Seidl, 2021a, 2021b). This 
facilitates the possibility to further improve mangrove detection and associated changes, including 
degradation and succession(Murillo-sandoval et al., 2022; Murillo-Sandoval et al., 2021). 

Finally, remotely sensed images are inherently noisy, therefore potentially obscuring fine-
scale and slow-rate changes. On top of the sensitivity of our approach to the LandTrendr input 
parameters, these considerations remain important but are intrinsic to the data and methodology. 
Despite these limitations and the simple fact that alternative data sources at the spatial and 
temporal scales considered here are non-existent in the region, the results presented here provide 
a first step to better understanding ongoing changes in mangrove cover in the Guiana coastal zone. 

5.6 Conclusions

Here we provided a quantitative remote sensing approach to characterize gain and loss in mangrove 
forests along the Guiana coastal zone in relation to alongshore mudbank migration. By using the 
LandTrendr temporal segmentation algorithm and annual composites of NDVI-derived Landsat 
observations we were able to associate the largest index changes to patches of gain or loss of 
mangrove forest. A total of -4,052, 702 and -5,769 ha net mangrove changes were detected between 
2000 and 2021 in Guyana, Suriname and French Guiana respectively. Variability at landscape 
scale clearly exists and we found that losses in mangrove cover were often associated with smaller 
and fragmented pristine mangrove forest. Additionally, the results highlight the variability the 
functional attributes, such as frequency and size at patch level, of the observed changes in mangrove 
cover. Change patches between are relatively small with averages between 1 and 2 ha, although 
patch sizes surpassing 400 ha are also detected. This indicates that the total surface area changes are 
predominantly explained by small, yet frequently occurring changes. 

The variability in the temporal trends of the functional attributes, including patch size and 
frequency of occurrence, are indicative for the existence of different driving forces, including 
mudbank migration. While mudbank migration is known to cause this alongshore variability in 
gain and loss of mangrove forest, it is probably also the variability in coastal management between 
countries that explains observed spatial and temporal patterns. Especially implementation of coastal 
protection across the Guianas result in changes that can be characterized by smaller size, yet more 
frequently occurring in the coastal zone. Changes detected in the hinterland are more often larger, 
which can potentially be attributed to land cover conversions of mangrove into other types of 
vegetation or agriculture, or mangrove die-off.
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Data availability
Code to generate coastline position estimates together with the mudbank estimates can be found in 
Google Earth Engine repository:
https://code.earthengine.google.com/?accept_repo=users/jobdevries90/MangroMud 

https://code.earthengine.google.com/?accept_repo=users
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Chapter 6   | Synthesis

The main aim of the thesis was to increase the understanding of multi-decadal variability in local 
changes along the Suriname coastal zone induced by the migration of subtidal mudbanks along 
the entire Guianas’ coastline and regional-scale differences in control factors. As I emphasize in 
this thesis, the observed cyclicity in the coastal landscape of all Guiana shield countries can be 
explained by the conceptual model of mudbank migration. However, spatiotemporal variable 
and non-linear changes in coastline positions, mudbank footprints and mangrove development 
found along the Guianas’ coastal zone have remained largely unquantified. This makes it difficult 
to differentiate between the natural variability, anthropogenic induced changes and the effect 
of climate changes. This suggests that the oft-placed strong emphasis on the conceptual view of 
mangrove and coastline changes, with erosion and mangrove losses when mudbanks are absent 
and vice versa mangrove colonization and coastal progradation when present, deserves additional 
attention. 

In this chapter the developed remote sensing approach to characterize mudbank boundaries 
in Suriname (Chapter 2) and mudbank footprints in the wider Guianas’ coastal region (Chapters 
3 and 4) are discussed first. This is followed by a discussion on the findings of the observed coastal 
zone changes, including coastline changes in response to the presence and absence of mudbank 
migration (Chapter 3), the contribution of mudbanks to observed coastline morphology, 
variability and complexity (Chapter 4) and the effect of mudbank migration on mangrove 
losses and gains (Chapter 5). Then, in the succeeding section, the main findings are discussed in 
the perspective of coastal safety, mangrove development and livelihood of local communities. 
The value of the developed approach for coastal managers is discussed and supplemented with 
recommendations, both on policy and directions for future research.

6.1 Main conclusions

In this thesis, mudbanks and associated coastal dynamics were studied using multi-decadal remote 
sensing observations. This has been achieved by focussing on the following research questions 
(RQs): 

1. How can mudbanks and their fuzzy boundaries be detected in medium-resolution Landsat 
images given the heterogeneous and dynamic character of the Suriname coastal landscape?

2. What is the spatiotemporal variability in the position of the Suriname coastline imposed by 
alongshore migrating mudbanks, as mapped from Landsat images available between 1985 and 
2020?

3. What is the spatiotemporal variability in coastlines changes along the entire Guianas’ coast and 
to what extent are these differences due to variability in mudbank footprints or to external 
control factors?

4. What is the spatiotemporal variability in mangrove loss and recovery along the Guiana coast 
and to what extent can this variability be explained by alongshore mudbank migration?
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6.1.1 Mudbank dynamics
Mudbank migration causes spatiotemporal variability in coastal zone dynamics, expressed by the 
variable response of coastline positions and mangrove forest to mudbank presence and absence. 
However, due to their spectral similarity with intertidal morphology, surface features and 
high concentrations of suspended sediment in the water column (Ryu et al., 2002), it remained 
challenging to semi-automatically untangle subtidal mudbanks from their surroundings. This 
semi-automatic identification of migrating mudbanks is a prerequisite to study the variability 
in mudbank footprint on seasonal to multi-decadal timescales, at appropriate spatial scales to 
investigate their link with local changes in mangrove cover and coastline positions. 

In this thesis I showed that remote sensing-based estimates of mud abundance represent cross-
shore (Chapter 2) gradients and alongshore variation (Chapter 3) in sediment concentrations 
present at the coast of Suriname. An unsupervised decision tree, based on multi-decadal timeseries 
of Landsat observations, was tested for a section of the Suriname coast in chapter 2 and extended 
for the entire Guianas’ coast in chapters 3 and 4. The consistent and iterative sampling of potential 
end-member candidates, from initial estimates of water, intertidal and land surfaces, resulted 
in spatially explicit and spectrally coherent image endmembers. This allowed to directly link the 
associated spectral signatures of these morphological units to the circumstances during image 
acquisition and thus unmix signals into sub-pixel proportions of mud abundance. As a result, 
the natural variability of mudbank footprints and their fuzzy boundaries could be accounted for. 
Considering the large temporal variability in mudbank footprints (Chapter 2), this is crucial for the 
successful detection of their diffuse boundaries (RQ 1).

The detection of mudbank boundaries (Chapter 2) allowed for the first time to semi-
automatically estimate mudbank presence and absence (Chapter 3), and to characterize their 
morphometrics, including migration speed, width and length (Chapter 4). Previously, mudbanks 
were demarcated manually or detected from satellite derived estimates of sediment concentration, 
making such efforts subjective, highly dependent on limited observations, fixed thresholds, and as 
such subjective and non-reproducible (Baghdadi and Oliveros, 2007; Froidefond et al., 2002; Péron 
et al., 2013). Here I processed individual Landsat observations and analysed abrupt changes in 
sediment abundance along cross shore orientated transects. With the observed absolute difference 
in mud abundance, I showed that fixed thresholds, to separate mudbanks from their surroundings, 
cannot be consistently applied for the entire Guianas. Additionally, per-image and thus dynamic 
thresholds must be applied between different acquisitions in time (Chapter 2). It was estimated 
that the final footprints presented in this thesis are most likely a conservative estimate of subtidal 
mudbank footprints, excluding their active migration zone (Zorrilla et al., 2018). 

Migration speeds (on average 1-1.25 km / yr) differ between different stretches along the 
Guianas’ coastal zone, with faster migrating, yet smaller mudbanks in Guyana compared to those 
in French Guiana and Suriname (Chapter 4). Additionally, large-scale external control factors that 
originate from atmospheric variability (e.g. NAO and ENSO) are known to enhance variability 
in footprints on daily to weekly timescales and thus migration rates on seasonal to multi-decadal 
timescales (Murty et al., 1984; Rodriguez and Mehta, 1998; Vantrepotte et al., 2013; Walcker et al., 
2015). This can be expressed as the frequency of mudbank occurrence (Chapter 4), a comprehensive 
metric that incorporates migration rate, size, and morphometric dynamics of a mudbank to describe 
the time a coastline stretch is covered by a mudbank. 
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6.1.2 Coastal zone changes
Local to regional variability in coastline positions (Chapter 3), variable long-term coastline 
trajectories (Chapter 4) and patterns in mangrove gain and loss (Chapter 5) hint at scale 
dependencies that reflect a complex combination of natural and anthropogenic controlling factors. 
Examples include the 18.6 year nodal cycle (Gratiot et al., 2008), shifting of the NAO that affects 
the offshore wave climate (Walcker et al., 2015), trade winds associated with the movement of the 
ITCZ (Augustinus, 2004), slow onset processes such as sea level rise or anthropogenic induced 
land cover changes (e.g. Brunier et al., 2019). However, these studies did not separate the effect of 
mudbanks on coastline changes from these other controlling factors due to the inability to separate 
mudbank footprints from their surroundings (Section 6.1.1). As a result, local-scale variability 
in coastline response, due to the presence or absence of mudbanks, has remained unquantified, 
or lacked the temporal coverage and spatial resolution that is required to avoid masking trends. 
In chapters 3 and 4 spatiotemporal variability in coastline changes for Suriname and the wider 
Guianas are therefore analysed at local scales using timeseries of Landsat imagery. These were 
linked to changing mudbank footprints, derived from the methodology developed in chapter 2 and 
further extended in chapters 3 and 4. 

The development of the above discussed image analysis methodology proved essential to 
separate coastlines changes associated with mudbank presence to the changes during interbank 
phases (Chapter 3) or those related to anthropogenic interference and other external control 
mechanisms (Chapter 4). As a result I was able to reaffirm the dominant effect of migrating 
mudbanks on coastline changes, yet extend previous monitored periods and trends (Augustinus, 
2004; Gratiot et al., 2008; Walcker et al., 2015) till 2022 for the entire Guianas at annual intervals. 
Additionally, I clearly show that differences in coastline observations within Suriname (RQ2) and 
between countries (RQ3) exemplify that not every mudbank has the same effect on each stretch 
of coastline it is passing. This is partially explained by factors that influence position and shape of 
mudbanks, and thus the frequency of mudbank occurrence on decadal time scales (RQ3). Overall, 
progradation during mudbank phases was considerably larger (2-44 m/yr) and happened more 
frequently (52% of the coast) compared to interbank phases, when mudbanks are not damping 
waves and average coastline retreat is between 13 and 18 m/yr (RQ2). The difference in long term 
coastline changes between Guyana on the one hand and both French Guiana and Suriname on 
the other hand reflect anthropogenic influences. For example, as a result of constructing coastal 
protection in Guyana, coastline changes are an order magnitude smaller. However, also within 
Guyana clear variability exists, potentially induced by natural control factors like the presence of 
abundant mangrove cover to facilitate natural (re)colonization (Chapter 5). 

The variable response of mudbank migration to (hydrodynamic) forcing mechanisms results in 
significant non-linearity and regional variability in the observed changes in the Guianas’ coastal 
zone (Chapters 3 and 4). However, it remained uncertain how cyclic behaviour in coastline 
changes, related to mudbank migration, influences mangrove forests losses, recovery, succession 
and thus beneficial ecosystem services that are associated with their presence. By focussing on the 
spatial dimensions of mangrove losses and recovery patches, I was able to assess the persistence 
of mangrove forests (Chapter 5). This offers insights on how the mangrove forests are altered by 
migrating mudbanks and thus define the historical range in gain, losses and recovery patterns (RQ 
4). A total of -4,052, 702 and -5,769 ha net mangrove changes were detected in Guyana, Suriname 
and French Guiana between 2000 and 2021, respectively. However, the response of mangrove forest 
to mudbank migration was remarkably variable in space and time (Chapter 5), especially variability 
in patch size, frequency of occurrence and change intervals of gains and losses. These landscape scale 
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changes, together with the observed disparity in temporal trends indicate that changing control 
mechanisms can potentially be responsible. For example, variation in coastal management between 
countries, and the coastal hinterland compared to the coastal zone, highlight the contribution of 
different types of land cover conversions to changes observed in mangrove forests. 

6.2 Coastal safety and natural dynamics 

The complexity of changes in coastal zones and the lack of data due to the inaccessibility of the 
coastal zone, both common for Suriname and the wider Guianas, pose a challenge for coastal 
management. Until now, changes along the coastal zone of the Guianas were often measured by 
visual inspection or field visits, with small-scale campaigns or at insufficient temporal resolution 
to capture the full range of variability. Such approaches are neither precise, nor repeatable, nor 
objective, nor geographically comprehensive. The differences in change rates are therefore difficult 
to quantify, making management implementation either unnecessarily early or too late. This is 
especially relevant for interventions that need to account for the arrival (or departure) of a mudbank 
and the likely response in mangrove cover and coastal change. The tools developed in this thesis 
can provide coastal managers at all levels with the information to see where relevant changes are 
occurring and might occur in the future. By providing near-continuous updates and a detailed view 
of the natural variability, the results presented in this thesis can assist in timely adaptation measures, 
even in remote and data poor regions.

6.2.1 Progress in mapping coastal zone changes
The workflows that are applied in this thesis are partially derived from open-source remote 
sensing products and allow for parameter adjustment in post-processing. More specifically this 
thesis highlights the use of our methodology to: 1) monitor spatiotemporal patterns of mudbank 
migration, 2) quantification of spatiotemporal variability in coastline changes, 3) decipher patterns 
in mangrove cover changes, 4) determining which parts of the coastal zone are more vulnerable 
to erosion or vice versa expected to accrete, 5) facilitate prioritizing efforts in mitigation against 
flooding, 6) quantify the natural range of changes and related frequency of coastline changes, and 7) 
elucidate on factors controlling the naturally occurring variability in coastline changes.

An established edge detection algorithm was applied to Landsat satellite images in combination 
with adaptive Otsu thresholding, to simultaneously separate land and vegetation from water. 
The capacity of this approach has been tested frequently (Bishop-taylor et al., 2019; Donchyts 
et al., 2016) and it was shown (Chapters 3 and 4) that by applying it to each individual image, 
uncorrected estimates of coastline positions can be identified and long-term trends evaluated. 
By comparing these estimates with visual interpretation of coastlines in high-resolution (50 cm) 
drone imagery I showed (Chapter 3) that also for the mud-dominated coast of the Guianas such 
a workflow can be invaluable for detecting coastline changes. This information aids in managing 
these complex coastal systems consisting of different land-water transitions, fuzzy boundaries and 
spanning different countries and ecosystems. 

Additionally, by using individual images, rather than annually aggregated composite satellite 
observations, I was able to highlight the exceptional temporal variability in mudbank footprints. 
This re-emphasizes the dynamic nature of the sediment redistribution in front of the coast and thus 
the difficulty in defining mudbank migration rates between two static observations in time (Zorrilla 
et al., 2018). However, such observations need to be linked to tidal stages and wave energy fluxes. 
These influence the total suspended sediment concentrations and thus variability in footprints as are 
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visible in remote sensing images. Simultaneously, this gap in data availability on such an elementary 
and important process stresses the importance to continue in-situ observations for validation. 

In chapter 3 I show that UAV images can be particularly valuable as ground truth or validation. 
Similarly, UAV data can be used for downscaling or validation and calibration of satellite data, 
like coastline position estimates (Chapter 3), mangrove properties, intertidal morphology or 
sedimentation rates (Kim et al., 2019; Zanutta et al., 2020). Additionally, the assimilation, 
validation, parameterization or calibration of process-based models and thus the potential to 
upscale to larger regions can be supported from these high-resolution observations. Future studies 
could expand on the integration of in-situ, remote sensing and UAV data. Due to the limited extent 
these UAVs can cover, a substantial effort of UAV acquisition is required, preferably at different 
locations to capture the natural variability of the coastline.

6.2.2 Contributions towards coastal safety
Coastal management is costly, making it important that investments are effective (Gijsman et al., 
2021; Temmerman et al., 2013; van Zelst et al., 2021). Comprehensive understanding of natural 
mangrove forests, historic changes in coastline positions and potential future scenarios are therefore 
essential for coastal managers. Also adequate design of intervention measures, such as nature-based 
solutions, and their evaluation rely heavily on proper monitoring over sufficiently long period and 
large areas (Sutton-Grier et al., 2015). With the results in this thesis, I aimed to provide coastal 
managers in Suriname, and the wider Guianas, with much needed spatial information regarding 
coastline and mangrove position estimates and changes. 

The methodology developed in this thesis (Chapters 2 and 3) provides continuous updates of 
annual coastline changes and estimates of mudbank footprints. The applied methods can help to 
efficiently determine natural dynamics at timescales from seasons to multiple decades and local, 
landscape to regional spatial scales. This facilitates monitoring management measurements over a 
range of scales that are often difficult to oversee without the continuous bird’s-eye perspective that 
satellite images can provide. Simultaneously, it provides coastal managers the tools to move beyond 
reporting aggregated country level average change statistics or linear trends, as they might conceal 
complexity that is inherently associated with coastal zone changes in the Guianas. This may thus 
support informed decisions on intervention, conservation or regeneration and the identification 
where to do so to improve coastal safety and natural function of ecosystems (Barbier, 2016). 

Besides the possibility to detect unexpected behaviour, variable coastline changes reflect 
the effects of natural and anthropogenic control factors on the coast of Suriname and the wider 
Guianas’ coastal zone. However, predictions of coastline change should be conducted with extreme 
care as they might create a false sense of security on short to medium timescales. For example, the 
results in chapters 3 and 4 illustrate that not all changes can be attributed to mudbank migration 
alone. Specifically, not every mudbank triggers the same coastline response at each location it is 
passing. Also, the potential for erosion during an interbank phase can be significantly larger than 
accretion rates in the previous mudbank phase. These examples suggest that local coastal behaviour, 
not captured by linear rates of change, should be included in theoretical frameworks that thus far 
predominantly looked at large wave forcing and climate variability (Gratiot et al., 2008; Walcker 
et al., 2015). The information products generated in this thesis can provide a framework for such 
coastal development policy, aid in monitoring historic coastal behaviour and thus facilitate the 
analysis of intervention measures. 
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6.2.3 Nature based engineering
Ecosystem based coastal defence efforts aim at reducing flood risk by, for example, planting 
mangrove trees (Gijsman et al., 2021; Temmerman et al., 2013; van Zelst et al., 2021). This 
has the additional advantage of continuous carbon sequestration in the order of 1-2 Mg C ha/
yr (Breithaupt et al., 2012; Sanderman et al., 2018). Also, landscape restoration is a nature-
based intervention that has gained increasing attention in recent years, related to achieving SDG 
14 and 15 (Life on Land; Life below Water). Together they show that it has become even more 
important to understand what monetizing the protection and carbon-storage function of mangrove 
ecosystems adds to the already increasing demands for space in coastal zones (Oppenheimer et 
al., 2019; Seddon et al., 2020). However, also the implementation, reliability and cost effectiveness 
of such nature-based solutions rely heavily on adequate monitoring, for example, to let coastal 
managers decide where and when specific coastal protection or nature conservation measures are 
required. Additionally, the focus of international nature conservation policies, which ultimately 
result in safer and habitable coastal zones should increasingly focus on the protection of existing 
natural (yet sometimes degraded) mangrove forest and wetlands present along the Guianas’ 
coastline.

Currently, nature-based engineering efforts in the Guianas are scattered and often unregulated 
(Anthony and Gratiot, 2012). This can lead to (ownership) conflicts when ‘new’ land is created, or 
‘old’ land regenerated. Additionally, natural cyclicity in phases of degradation and progradation of 
coastlines in the Guianas undermine the revenue model of coastal building with nature initiatives 
due to future phases of erosion. Specifically, the minimum required width of a mangrove fringe, 
to protect the hinterland from incoming waves, should be maintained in existing mangrove forest 
along the entire length of the Guianas’ coastline, while taking potential future changes in mangrove 
cover into account. These examples stress the importance of successful prediction of mudbank 
migration, in combination with projected mangrove development estimates. 

Mapping baseline conditions and monitoring changes are key to preserve natural mangrove 
coastlines, successful implementation of coastal management interventions or nature-based 
engineering projects. For that purpose, remote sensing observations at diverse levels of scale 
and frequency (satellite, airborne, UAVs) are indispensable, allowing low-cost monitoring over 
inaccessible areas and compare similar ecosystems that are often crossing administrative boundaries. 
Only by looking at all changes in similar coastal systems, including those in other countries, one 
can truly grasp future variability. Identification of the extent of mangrove cover and the coastline 
positions are examples in this thesis that allow constructing policy frameworks that are suitable for 
coastal managers. 

6.3 Recommendations and future outlook 

The research presented in this thesis provides a way forward to develop further insights in 
spatiotemporal changes in the coastal zones in Suriname and the wider region of the Guianas. I 
focussed specifically on detecting mudbanks and analysing their effect on the coastal system of the 
Guianas. Simultaneously, I explored the optimal use of the open-source Landsat archive to detect 
mudbanks and the changes they initiate. This gave insights into their characteristics, spatiotemporal 
distribution along the coast of the Guianas and variable response of coastline changes. Although 
these mudbanks play a dominant role in the observed coastline dynamics, they only explain part 
of the natural occurring variability in the system. To fully understand this variability and the full 
impact of climate change, it is therefore important to understand all factors, both internal and 
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external to the system. However, there are still missing links and scientific challenges that should be 
addressed to further enhance knowledge on the coastal dynamics in Suriname and the wider coastal 
region of the Guianas.

6.3.1 Internal controls
In chapter 4 I stress the high dependency of the entire Guianas’ coastal zone on the spatiotemporal 
patterns of mud abundance and the migrating mudbanks. However, on scales smaller than a single 
mudbank, sediment dynamics are still uncertain, and there is relatively little known about the 
spatial variability of suspended sediment in the water column (Gratiot et al., 2007). With the rising 
and falling of the tides, enhanced wave activity and swell waves, the temporal variability in the 
footprint of a mudbank has been shown (Chapters 2 and 3) to vary significantly (Zorrilla et al., 
2018). Yet, knowledge gaps remain with respect to the intrinsic properties of mudbanks, including 
depth profiles of sediment concentrations, height of fluid mud above the bed and variability 
in thickness of the bank. These knowledge gaps limit the possibility to improve the detection 
of mudbank footprints from remote sensing images and thus the possibility to explain spatial 
variability and improve estimates of migration rates. This leaves questions unanswered on our 
system understanding, for example related to wave damping potential of mudbanks. 

Although the long-term trends in coastline response are shown here in this thesis to depend 
significantly on mudbank migration, variability in coastline changes along Guianas’ coast can 
be attributed to controlling factors other than mudbank migration (Chapter 4). Therefore the 
established conceptual model of mudbank migration along Guianas’ coastline (Chapter 1), that 
prescribes a cyclic instability of progradation and erosion related to bank and interbank phases 
(Allison et al., 1995; Anthony et al., 2010), requires refinement. Especially the lack of progradation 
during mudbank phases should be included in the conceptual model. This has previously been 
attributed to the streaming of a mudbank, where it is effectively disconnected from the shoreline 
and thus not exchanging any sediment (Rodriguez and Mehta, 1998). Together with inundation 
this can be considered as an important factor for sediment exchange and thus progradation and 
erosion (Crase et al., 2013). These controls contribute to successful colonization of mangroves on 
mudflats at specific locations along the coast. 

Natural resistance to erosion during interbank phases has been attributed to the presence of 
cheniers (Anthony et al., 2019, 2013; Augustinus, 1989). These sandy or shelly ridges are made 
up of local (riverine) sand and accumulate due to winnowing or continuous alongshore transport 
of these coarser sediments (Anthony et al., 2019; Tas et al., 2020, 2022). Even though I did not 
explicitly map the position of cheniers in this thesis there are clear examples of their effect on long-
term coastline trends in chapters 3 and 4. Future research can focus on demarcating these cheniers 
and link their properties, such as heigh, width and changing positions, to the here observed trends 
of coastline changes to quantify their contribution to coastal safety. 

With the increased attention to building-with-nature and mangrove restoration it is valuable to 
determine relevant control factors for mangrove loss and especially gain. While planting mangroves 
indeed contributes to sustainable ecosystem restoration, it can be necessary to assess technical 
design conditions, wave breaking features and sediment storage capacity to stimulate development 
and growth in artificial mangrove forests. A valuable starting point could be answering questions on 
why mangroves are not colonizing a selected intertidal mudflat naturally. Potential internal controls, 
or the window of opportunity (Balke et al., 2011), that can be considered then include insufficient 
seed dispersal, inadequate elevation above sea level, intolerable saline conditions, insufficient 
hydrological connection with the hinterland and more morphological attributes such as coastline 
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morphology and bathymetry (Dahdouh-guebas et al., 2011; Krauss et al., 2008; van der Stocken et 
al., 2015). These factors are examples that are underlining the importance of increasing knowledge 
on how mangroves colonize, develop and ultimately retain sediment under a changing climate. 

6.3.2 External controls
Variable hydrodynamic and atmospheric forcing mechanisms influence the wave climate (Geleynse 
et al., 2012; Lazarus and Murray, 2007; Murray and Ashton, 2013; Shaw et al., 2008). Additionally, 
the presence of mangrove forests protects the coast against flood risks due to their traits that 
ensure sediment accumulation, survival in saline environment and wave damping properties 
(Furukawa et al., 1997; Furukawa and Wolanski, 1996; Horstman et al., 2014). For the Guianas, 
this implies that the strength of these external controls provides invaluable information on coastline 
changes that can realistically be expected. It is therefore also crucial to understand the response in 
mudbank migration to the same changing conditions. In chapter 4, I studied the role of different 
factors on coastline changes for the entire coastal zone of the Guianas by applying a multivariate 
regression analysis. However, to be able to specify when, where and which external controls exert an 
influence on variability in coastline changes, yearly coastline position differences can be considered 
as opposed to long-term rates of change. Such an approach would require improvements on the 
accuracy and resolution of coastline position estimates and information on the strength of each 
external control factor, with sufficient spatiotemporal resolution and cover to capture the full range 
of variability in the system. 

In addition to mudbank migration, the Amazon River also provides a more direct flux of 
sediment to Guianas’ coastline through ocean currents (Allison et al., 2000; Wells and Coleman, 
1981). This sediment flux is projected to increase due to deforestation in the decades to come 
(Anthony et al., 2021). However, most of the fine sediment in front of Guianas’ coast is supplied to 
the system with a considerable time lag due to the relative slow migration of mudbanks. Recent and 
ongoing changes in the sediment budget of the Amazon River are therefore not expected to quickly 
influence the amount of sediment available in Guianas’ coastal zone, as it takes an approximate 
25-100 years for mudbanks to reach the east coast of French Guiana. Because the distribution in 
sediment delivered through mudbanks (slowly) and currents (relative quickly) remains uncertain, 
the direct consequences to sediment availability for coastal progradation remains unquantified. 
Modelling of the full range of hydrodynamic and sediment interactions, including streaming, wave 
damping, fine sediment transport and the formation of fluid mud, can provide a way forward to 
explain the contribution of such large-scale control factors (van Ledden et al., 2009; Winterwerp et 
al., 2007). 

6.3.3 Further advancing coastal monitoring 
Several promising research directions on monitoring in coastal zones arise from the findings in this 
thesis. The developed methodology to mapping coastline changes and spatiotemporal variability in 
subtidal bedforms is expected to be portable to other mud-dominated coasts. Due to the use of 
well-developed image information extraction methodologies, the avoidance of fixed thresholds and 
the use of image-based endmembers for linear spectral unmixing, classification of coastal landforms 
and detecting trends are possible in landscapes that show similar complexity. The developed 
methodology can be especially beneficial to other data poor regions, where in-situ observations 
with sufficient spatiotemporal coverage, regarding changes in coastal zones, are absent or scarce.

In regions where collecting field data will always remain a challenge, remote sensing 
observations and associated processing techniques can provide valuable information to downscale 
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global datasets or upscale distributed and scattered point observations. However, in-situ monitoring 
campaigns that span multiple years and follow sequences of erosion and progradation, linked with 
mudbank migration, have been very limited in the Guianas (SBB, 2019; Teunissen, 1976). This 
prohibits the validation and calibration of new mapping approaches. Also, the applied vegetation 
change methodology (Chapter 5) also lacks such a validation. Future field monitoring campaigns 
should focus on information regarding biomass, tree height, leaf area index and (above and below 
ground) carbon storage. When such an intensive campaign is repeated or initiated, upscaling to 
larger areas, by for example using GEDI spaceborne LiDAR observations, can contribute to 
understanding of, for example, carbon storage, zonation in mangrove forest or variability in 
mudbank footprints (Dubayah et al., 2020; Hancock et al., 2019).

Recent advances in cloud computing, in combination with the increasing availability of 
open-source remote sensing observations, provide opportunities to collect high-resolution land 
cover changes in dynamic coastal environments. The here developed monitoring workflow fits 
this trend where timely and processed spatial data are essential (Matthews, 2011). Yet, consistent 
methodologies and applicable data products are required as the identification of mangroves, 
coastlines, mudbanks and the fuzzy boundaries between them relies on the consistent use of 
available spectral information. Artificial intelligence and machine learning algorithms, including 
neural networks and random forest classifiers are examples of developments that allow to extract 
meaningful information from large spatial datasets. Additional data, acquired at multiple spatial 
scales, can then be combined to truly explain the dynamics of mud in the water column and thus 
the processes behind mudbank migration. This makes the skills in processing such quantities of 
data, in combination with comprehensive understanding of the natural system, invaluable for 
coastal monitoring and remote sensing in general.

Unravelling historic variability lies at the base of understanding potential future coastal 
evolution under a changing climate. To understand coastal changes and possible implications for 
its inhabitants it is key to first quantify baselines and natural variability. Only then process based 
models and climate projections provide a larger understanding of the environment and means to 
estimate expected changes in the coming decades. 
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A. Supplements to Chapter 2

Appendix

Figure A.1: NDVI peak variation between 2008 and 2010 (n = 68) for different parameter combinations. This peak 
value is used to select potential end-membercandidates from the derived canny edge neighborhood zones. By 
including a 5% buffer on both sides of this peak value, potential end member candidates for vegetation were 
selected in the same neighbourhood zone. Parameter sets include different buffer values (5, 10 and 15 pixels), 
minimum edge length thresholds (10, 25, 50 and 75 pixels), MG values (0.7, 0.9, 1.1 and 1.3) and the GPF at its 
default of 0.7.
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Figure A.2: Temperature threshold variation (n = 68) for images acquired between 2008 and 2010 for different 
parameter sets. This threshold value was used to make an initial estimate of the intertidal area for the entire coastal 
area in the concerning Landsat image. Parameter sets include different buffer values (5, 10 and 15 pixels), minimum 
edge length thresholds (10, 25, 50 and 75 pixels), MG values (0.7, 0.9, 1.1 and 1.3) and the GPF at its default of 0.7.

Figure A.3: Variation in the NDWI threshold (n = 68) used to separate land and water for different parameter sets: 
variation of the buffer size (5, 10 and 15 pixels), different minimum edge length values (10, 25, 50 and 75 pixels), MG 
values (0.7, 0.9, 1.1 and 1.3.) and the GPF at its default of 0.7. Difference with Figure 2.8 is that the x-axis contains 
the buffer values to clearly show the effect of varying minimal length values on the thresholds.
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Table A.1: For the two example images five scenarios with different input parameters result in a different 
threshold, and thus a unique land mask, indicated by the absolute and relative amount of land pixels. Pure 
vegetation, pure water and pure mud indicate the number of pixels used to derive the mean end-member 
signatures. SNR is the sum of the standard deviation in reflectance for each band divided by the mean value, added 
up together for the 3 end member classes. The RMSE is the mean pixel error from the LSU (ei in equation 2.2) 
analysis.

Date Scenario T Pixels Land % Pure 
Vegetation

Pure 
Water

Pure 
mud

SNR RMSE

MG GPF Buffer Length [number of pixels]

12
-9

-2
00

9

0.9 0.7 10 25 -0.186 20,363,626 100 8,252 88,266 16,456 8.04 0.009

0.9 0.7 5 75 -0.198 20,358,385 99.97 4,425 88,266 5,182 7.87 0.009

1.3 0.3 10 25 -0.184 20,364,540 100 7,817 88,266 11,015 8.39 0.009

1.3 1.0 10 25 -0.174 20,368,298 100.02 10,159 88,266 1,308 9.32 0.010

0.9 0.7 15 10 -0.186 20,363,626 100 8,252 88,266 16,456 8.04 0.009

15
-1

1-
20

09

0.9 0.7 10 25 -0.246 20,050,838 100 12,381 233,7245,417 8.13 0.016

0.9 0.7 5 75 -0.254 20,045,963 99.98 2,419 233,7242,563 8.50 0.016

1.3 0.3 10 25 -0.242 20,053,377 100.01 7,414 233,7245,631 8.30 0.016

1.3 1.0 10 25 -0.202 20,070,963 100.1 3,043 233,7241,057 7.87 0.015

0.9 0.7 15 10 -0.242 20,053,377 100.01 21,262 233,724,8314 7.80 0.015



587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries587486-L-bw-deVries
Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023Processed on: 3-4-2023 PDF page: 127PDF page: 127PDF page: 127PDF page: 127

111APPendIx      |          

B. Supplements to Chapter 3

Figure B.1: Validation results of the Landsat images acquired within 100 days of collecting the high-resolution 
UAV images near Weg naar Zee East (2019-07-13). Only Landsat images are shown on the right that are not 
obstructed from sight by clouds or missing data. Panel A shows the digitized shorelines in the UAV image that 
are used for validation. The panels on the right show the different Landsat images that were used together with 
the automatically derived shoreline positions. The colored boxplots in Panel B summarize the difference for each of 
these Landsat derived shoreline positions compared to the different digitized shoreline positions visible in panel A 
(MHW, HWL and vegetation interface). The Landsat 7 image acquired at 2019-08-31 is an example that illustrates 
missing data related SLC-off striping
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Figure B.2: Same as Figure B1 but now for Weg Naar Zee-West in 2020.

Figure B.3: Same as Figure B1 but now for Braamspunt in 2019.
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Figure B.4: Same as Figure B1 but now for Braamspunt in 2020.

Figure B.5: Average offset between Landsat position estimates and the different coastline proxies from UAV 
orthophotos. The average offset on the y-axis is linked to the acquisition date of the corresponding Landsat image, 
defined as the number of days it differs with the acquisition of the UAV image (x-axis). The dots represent mean 
offsets, computed for each Landsat observation compared to the selected coastline proxy in each UAV image. The 
dashed lines correspond to the overall mean offset of all position estimates from the used Landsat observations, 
separated for the different coastline proxies used in this analysis.
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Figure B.6: Variability accuracy for the different coastline proxies defined in the selected UAV 
orthophotos. Each boxplots contains all Landsat position estimates that are compared to the coastline 
proxies as defined in the different UAV images. The acquisition over Braamspunt (2019-07-24 and 
2020-02-03) contain relative more and larger outliers compared to the acquisition over Weg Naar Zee. 
Especially the acquisition at Weg naar Zee west (2019-06-20 and 2020-02-19) has a relatively large 
offset between the coastline position estimates and the different coastline indicators. Thiscan be related 
to the more complex and heterogeneous coastal morphology.
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C. Supplements to Chapter 4
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Figure C.2: The spatial variability in mean shore-normal orientation compared to the temporal variation indicated 
by the standard deviation for each transect (y-axis). The top panel shows the distribution of shore-normal 
orientation for each country and the side panel the density distribution of standard deviation values found for each 
separate transect. Higher standard deviations suggest larger spread of shore-normal orientation and thus more 
temporal variation and occasional outliers in the dataset.

Figure C.3: Range of observed mudbank extents (y-axis) in relation to their total area (x-axis) in French Guiana, 
Suriname and Guyana (colored dots).
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D. Supplements to Chapter 5

Figure D.1: Mean annual patch size for losses (dot) and gains (diamond) changes. The line indicates the (log-
scaled) variability observed along the coastline of individual countries.

Figure D.2: Average frequency of occurrence for losses (dot) and gains (diamond) changes. The line indicates the 
(log-scaled) variability observed along the coastline of individual countries.
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Figure D.3: Average interval of change for losses (dot) and gains (diamond) changes. The line indicates the (log-
scaled) variability observed along the coastline of individual countries.
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Dankwoord

Aan het begin van mijn weg naar volwassenheid wilde ik, waarschijnlijk net als de meeste van mijn 
leeftijdgenoten, brandweerman of politieagent worden. Ik denk dat ik de mensheid een dienst heb 
bewezen dat niet door te zetten maar een hele, hele, hele lange zoektocht te beginnen naar wat het 
dan wel moest zijn. Ergens tijdens de legendarische lessen aardrijkskunde van Mr. Meijers kwam 
ik er achter dat het iets met topografie, atlassen, geografie en reizen moest worden. Hoewel het 
daarmee nog geen uitgemaakte zaak was dat ik fysische geografie zou gaan studeren, laat staan dat 
ik wist wat het betekende, werd er daar een eerste zaadje geplant. Eerst ging ik VWO doen en op 
wereldreis naar Australië zodat ik nog geen keuze hoefde te maken, bleef ik ietsjepietsje langer weg 
om nog steeds geen keuze te maken en bleef ik daar bijna permanent zodat ik überhaupt niet meer 
hoefde te kiezen. Gelukkig was er daarna een tijd dat het me eigenlijk niet zoveel uitmaakte wat 
ik ging doen. “Als het maar geen PhD is” riep ik tot aan het afronden van mij master in Utrecht. 
Tijdens deze zoektocht waren er velen die mij, bedoeld en onbedoeld, op het rechte pad hielden en 
een zetje in de juiste richting gaven. Ik ben iedereen daarvoor ontzettend dankbaar, maar er zijn een 
aantal mensen die ik vooral wil benoemen.

Steven, zonder jou zou ik niet de onderzoeker zijn geworden die dit proefschrift had kunnen 
maken. Ik ben je dankbaar voor jouw vertrouwen vanaf het moment dat ik mijn MSc thesis ging 
doen bij jou. Boven alles liet je me zien waar vasthoudendheid en heel veel enthousiasme me 
konden brengen. Gerben, bedankt dat je met zo veel gevoel de wetenschappelijke lat hoog hebt 
gehouden én tegelijkertijd mij het vertrouwen gaf dat ik daar kon komen. Hoe jij er soms schijnbaar 
moeiteloos in slaagt tot de essentie van een probleem of boodschap te komen zal ik altijd met me 
meedragen. Barend, bedankt dat je altijd scherp bleef op de inhoud maar tegelijkertijd zó positief 
over de mogelijkheden. Als ik ook maar een vleugje van jouw wetenschappelijke creativiteit heb 
opgepikt de afgelopen jaren dan zit ik gebakken. Ik waardeer het ontzettend dat je, ondanks de 
fysieke afstand, zo trouw bleef aan het project en aan mij. Pita, bedankt dat je altijd scherp was 
op de boodschap van mijn oeverloze gebrabbel en mijn teksten. Je liet me vooral zien hoe 
een goedgeschreven verhaal een betere boodschap overbrengt maar vooral dat een belangrijke 
boodschap een goedgeschreven verhaal verdiend.

Ik had Suriname niet leren kennen, en dus geen proefschrift kunnen maken, zonder de hulp van 
velen. Want dat is óók Suriname, behulpzaamheid. Ginny bedankt voor je gastvrijheid en geduld 
om deze Bakra wegwijs te maken in Suriname. Pieter, je liet me inzien wat het echt betekent to be 
standing on the shoulders of giants. Bedankt dat ik mocht voortborduren op jouw levenswerk. Tevens 
ben je de hoofdpersoon in mijn favoriete anekdote over bevlogen fysisch geografen. Ik zal namelijk 
nooit vergeten hoe jij over strand van Braamspunt liep en van elke schelp de Latijnse naam wist 
op te lepelen. En Braamspunt was toen nog een groot strand. Michael Hiwatt, bedankt voor je 
gastvrijheid, behulpzaamheid en bevlogenheid. Je bent voor mij de meest iconische en bevlogen 
ambassadeur van Suriname. Dear Edward Anthony, Tanguy Maury and Antoine Gardel thank you 
giving me a taste for doing fieldwork in the Guianas, it has been a joy! 

Dear colleagues at DFG, thank you for the most educative years of my life. Thank you for 
taking me to the high mountains of Asia, coldest planets, muddiest deltas, the most majestic rivers 
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and all the beautiful fieldwork locations in the world. We have the best jobs in the world. To all 
the fellow PhD’s at the department: thank you for sharing the wonderous roads of a PhD student. 
Especially a huge thanks to Jana, Jorn and Tatjana for sharing the office for so long. Thank you 
Matthieu, Logambal and Jorge for setting up the Remote Sensing group together. Thanks for all 
the “kings” in the coffee corner. Bas (yeah yeah, you are the true one), Ed, Daniël, Teun and Tim 
thanks for sharing the burdens of a PhD life over even worse cups of coffee. I definitely would 
have finished my PhD one year ago if it wasn’t for all the coffee we had. Teun, bedankt dat je mijn 
paranimf wil zijn, je hulp de afgelopen jaren en vooral je gekke ideeën. Ik hoop dat het je ooit 
alsnog lukt alle dijken in de wereld te karteren, want als iemand het kan ben jij het wel.

Elizabeth, Tjalling en Wiebe, bedankt dat ik mocht ruiken aan het geven van onderwijs en dat 
de deur altijd open stond voor vragen over alles wat met drones, satellieten en meer van dat soort 
gadgets te maken had. Youchen, Steye, Lars en Celine het was een plezier om met jullie samen te 
werken, bedankt voor jullie inzichten en bijdrage aan het MangroMud project. Niels, Tessa, Eirini, 
Maud, Tirza en Nienke, bedankt dat ik met jullie mee mocht denken over jullie MSc onderzoeken. 
Ik heb ontzettend veel geleerd van jullie werk en kan alleen maar hopen dat ik iets heb kunnen 
bijdragen aan dat van jullie.

Dr. Steffan Strohmeier, you possess a rare combination of scientific realism and enthusiasm for 
scientific challenges that sparked an interest with me. Thank you for being the first to show me the 
fun in science, accidently setting me on the path towards an scientific career and making my time at 
ICARDA in Jordan so memorable.

Dan zijn er nog alle familie en vrienden die onvermoeibaar bleven vragen wat ik nu eigenlijk 
deed voor mijn werk. Jullie interesse in wat ik de afgelopen jaar heb gedaan heeft mij altijd trots 
gemaakt. 

Jaap, Marloes, Nina en Joop bedankt dat jullie me door dik en dun hebben gesteund. Vooral 
dik. Ik vind het echt vet dat we zo’n omvangrijke vriendschap hebben opgezet. Vol met forse 
overdrijvingen en bol van de dramatiek. 

Jelle en Milou, bedankt voor alle gezelligheid, spelletjes en de warme vriendschap. En koffie, 
natuurlijk ook bedankt voor alle koffie. Jelle, jij bezit en ongekende vermogen om te relativeren en, 
indien nodig, elk probleem plat te slaan tot een heerlijke flauwe grap, hoewel je timing af en toe 
nog beroerder is dan die van mij.  Ik ben vooral heel blij dat we meer interesses delen dan die voor 
pixels.

Lieve Ron en Jessica, plukkie al? Ik heb het tot op de bodem uitgezocht: Down-Under was 
bekant alles superdik en helemaal gouwd. Gelukkig hebben we hier in Nederland, en dan vooral het 
Westland natuurlijk, veel méér om van te genieten. Fijn dat we elkaar hebben, om af en toe te 
komen tuinen voor een bakkie en nostalgisch te dromen over Australië. Ik ben zo groos als een ouwe 
aap op jullie. 

Jasper, Arjan, Matthijs, Maarten, Annemieke, Kylie en Floris, ergens in de afgelopen jaren 
delen we een hele berg herinneringen. Of het nu kerstbomen verzamelen is in Joure, Oktoberfest 
vieren of Uilenstede (504) onveilig maken was, ik kijk er met plezier op terug. Ik zal altijd me best 
doen, en waarschijnlijk te kort schieten, om deze herinneringen nog te gaan overtreffen met jullie. 
Aniek bedankt voor het meelezen van stukjes van mijn proefschrift en het meeleven tijdens het 
promovoren. Glitters of niet, het is altijd feest met jou en Justin! Bedankt dat jullie ons een beetje 
jong houden!

Er is natuurlijk thuis en thuis-thuis. Rein, Jantje, Jorrit, Barbara, Froukje en Joost bedankt dat 
jullie thuis-thuis zo als thuis hebben laten voelen. Ik hoop dat het me lukt de lokroep van Zeewolde 
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nog heel lang te weerstaan, maar het is altijd fijn jullie daar te treffen. Of ergens anders in Europa, 
want thuis-thuis is dan misschien ook alleen maar daar waar jullie allemaal zijn.

Lieve Sanne, Tim, Sem, Dex, Timo, Marlous, Berend en Loes. Bedankt voor de basis en 
een plek om lief, leed maar vooral mijlpalen met elkaar te delen en te vieren. Niks is mooier dan 
zien hoe we allemaal onze eigen weg in zijn geslagen de afgelopen jaren, zonder elkaar uit oog te 
verliezen. Dat er altijd iemand is om je aan te moedigen, te voorzien van (misplaatst) advies (sorry!) 
of samen een nieuwe uitdaging mee aan te gaan. Wat er ook op ieders eigen pad komt, het geeft mij 
vertrouwen te weten dat die van jullie niet ver bij de mijne vandaan lopen. 

Lieve Marit, de afgelopen 10 jaar waren een feest dat ik met niemand anders had willen vieren. 
Er zijn zoveel dingen die ik prachtig vindt aan jou, maar nu wil ik vooral zeggen dat ik me gelukkig 
prijs dat jij me elke dag laat zien hoe het óók kan. Hoe je ook uitdagingen aan kan gaan, de balans 
kan zoeken, kan groeien en heel zeker kan weten wat je er van vindt. Lieve Marit je weet me elke 
keer weer te verassen en alleen daarom al wil ik altijd jouw grootste fan zijn. 

En zoals het hoort bij de erkenning van een gedegen wetenschappelijk product worden de 
mensen die het meeste werk verzetten als eerst bedankt, maar degene met de grootste bijdrage als 
laatst. Lieve Pap en Mam, moge het duidelijk zijn dat ik vandaag niet hand gestaan zonder jullie. 
Er is natuurlijk nog zoveel meer wat ik niet zonder jullie had gekund, maar boven alles wil ik jullie 
bedanken voor de liefde en het vertrouwen. Want wat ik ook probeerde, deed of juist heb nagelaten, 
jullie waren er altijd om me aan te moedigen. Dát gevoel van vertrouwen, wat mij heeft gebracht 
waar ik vandaag sta, wens ik iedereen toe.
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