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Chapter 1 – General Introduction 
 
Background 
 
Coastal wetlands 
Coastal wetlands harbor highly biodiverse ecosystems and are found worldwide in 
fresh, brackish and saline waters on the interface between marine and terrestrial 
ecosystems (Millennium Ecosystem Assessment, 2005). They include subtidal 
(permanently inundated) and intertidal (submerged and emerged at regular intervals) 
ecosystems such as coral reefs (e.g., Hardy and Young, 1996; Woodhead et al., 2019), 
sea grasses (e.g., Fonseca, 1989; Christianen et al., 2013; James et al., 2019), tidal flats 
(e.g., Widdows and Brinsley, 2002; Passarelli et al., 2014; Daggers et al., 2020), salt 
marshes (e.g., Olff et al., 1997; Neumeier and Ciavola, 2004; Zhu et al., 2020) and 
mangrove forests (e.g., Thom, 1967; Balke et al., 2011; van Bijsterveldt et al., 2020). 
Coastal wetlands provide valuable ecosystem functions (e.g., Barbier et al., 2008; 
Engle, 2011; Woodhead et al., 2019), in terms of food and fuel provision (Millennium 
Ecosystem Assessment, 2005), carbon sequestration (e.g., Chmura et al., 2003), water 
purification (e.g., Mitch and Wang, 2000) and habitat biodiversity (e.g., Burton and 
Uzarski, 2009). Furthermore, numerous densely populated coastal cities rely on the 
nature-based flood protection provided by wetlands ecosystems, as the extensive tidal 
channel networks that dissect these wetlands form a conduit for tidal wave propagation 
(e.g., Marani et al., 2003) and storm waves are attenuated over the shallow and rough 
wetland bathymetry (e.g., Hardy and Young, 1996; Barbier et al., 2008; Loder et al., 
2009; Stark et al., 2016; Zhu et al., 2020).  
 
Wetlands are amongst the earliest benthic ecosystems that evolved on Earth billions of 
years ago, in the form of primitive microbial biofilms that formed and stabilized 
sedimentary bedforms in carbonate (e.g., Knoll and Golubic, 1979; Bosak and 
Newman, 2003; Bosak et al., 2013) as well as sandy and muddy (e.g., Schieber, 1999; 
Noffke, 2009; Tang et al., 2011) depositional environments. The millions of years that 
followed were characterized by a co-evolution of life (e.g., vascular plants) and wetland 
landscapes (e.g., Tomescu and Rothwell, 2006; Davies and Gibling, 2010; Gibling and 
Davies, 2012). Although coastal ecosystems have evolved to adapt to changing climatic 
conditions throughout geological time, they are now experiencing (anthropogenic) 
global changes that take place at an intensity and speed that may outrun the adaptive 
capacity of these ecosystems (e.g., Morris et al., 2002; Kirwan and Megonigal, 2013). 
Processes such as sea-level rise (e.g., Nicholls et al., 1999, FitzGerald et al., 2006), loss 
of wetland area (e.g., Gedan et al., 2009), eutrophication (e.g., Wasson et al., 2017) and 
changes in sediment supply (e.g., Morris et al., 2004) threaten the survival of natural 
wetlands and of their associated ecosystem functions. To counteract and compensate 
for wetland loss, conservation and restoration projects are designed and undertaken 
around the world (e.g., Wolters et al., 2005; Mossman et al., 2012; Lawrence et al., 
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2018; Oosterlee et al., 2019). To safeguard the existence and services provided by these 
vital ecosystems, thorough understanding of the natural processes occurring in coastal 
wetlands and the effect of (human-induced) global change on these processes is 
therefore of paramount importance. 
 
The functioning of wetland ecosystems and their resilience to changing environmental 
conditions is strongly influenced by the spatial structure of these landscapes. For 
example, tidal channel networks govern the transport of water, sediment, nutrients 
and biota across wetlands and thereby govern wetland development (e.g., Hughes, 
2012); e.g., the adaptive capacity of tidal marshes to sea level rise depends on how 
efficiently sediment can be delivered to the marsh (e.g., Morris et al., 2004). Moreover, 
the spatial structure of these ecosystems affects their connectivity (e.g., Reid et al., 
2012; Wu et al., 2019), biodiversity (e.g., Leigh and Sheldon, 2009) and flood 
mitigation efficiency (e.g., Loder et al., 2009). Throughout the geological history of life 
on Earth, the evolution of fluvial and coastal landscapes has been closely linked to 
biological evolution. The Precambrian was characterized by spatially simple 
sedimentary hummocks or ridges colonized and stabilized by microbial mats (e.g., 
Schieber, 1999; Noffke, 2009; Tang et al., 2011), whereas hundreds of millions of years 
later, the lifeforms and their surrounding sedimentary landscapes became increasingly 
diverse and spatially complex (e.g., Davies and Gibling, 2010; Gibling and Davies, 
2012). Today, the degree of spatial complexity in coastal wetlands varies greatly, 
ranging from low complexity (e.g., tidal flats with “simple” parallel channels, Figure 
1.1a) to high complexity (e.g., tidal marshes with complexly branching channel 
networks, Figure 1.1b), and often even varies within a single wetland system (Figure 
1.1c). These observations raise a fundamental question: 
 
>>          What explains the spatial complexity in coastal wetlands, and how does this 
complexity affect the functioning and resilience of wetland ecosystems, from the 
Precambrian to today?          << 
 



Chapter 1 

 4 

 
Figure 1.1. Coastal wetlands with various degrees of spatial complexity. (a) Low complexity, i.e., simple 
parallel channels, bordered by sediment ridges that are covered by algal mats (Vaucheria sp.). Tidal flat 
of Ketenisse, Schelde Estuary, Belgium. In-situ photograph taken by the author. (b) Highly complex 
network of branching tidal channels on a vegetated tidal marsh in the Venice Lagoon, Italy. Aerial 
photograph taken by the author. (c) Low- and high-complexity channel patterns coexist within a single 
wetland, i.e., from north to south, the wetland structure grades from uniform (bare tidal flat), to simple 
(parallel channels)  to complex (branching networks). Ramsey, Stour Estuary, UK. Aerial image © 2020 
Bluesky, obtained and adapted from Google Earth Pro, © 2020 Google LLC. 
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Biogeomorphic feedbacks, ecosystem establishment and resilience 
Unraveling the spatial complexity of coastal wetlands requires a good understanding 
of the key processes that underly the establishment and survival of these ecosystems. 
Wetlands are governed by interactions between biological and physical processes. 
Many wetland species are “ecosystem engineers” (e.g., Jones et al., 1994), i.e., they 
modify their physical (abiotic) environment, often with favorable consequences for 
their own survival, or for that of their community. Tidal marsh vegetation, for example, 
traps sediment from the water column (e.g., Neumeier and Ciavola, 2004) and 
stabilizes the deposited sediment with its roots (e.g., Pestrong, 1969; Sasser et al., 
2018); this creates an elevated marsh plateau (e.g., Morris et al., 2002; van Belzen et 
al., 2017), where sediment stability is higher and erosion and inundation stress are 
reduced, which further enhances vegetation growth and survival (e.g., Wilson and 
Agnew, 1992; van Wesenbeeck et al., 2008). However, the driving ecosystem engineer 
needs to establish and increase its biomass before it can exert this positive (i.e., self-
reinforcing) biogeomorphic feedback (e.g., Corenblit et al., 2007) that further 
improves its own growth conditions. The establishment of ecosystem engineers is often 
linked to “windows of opportunity”, i.e., sustained periods of reduced physical 
disturbance (e.g., low wave forcing) during which the “thresholds” that obstruct 
ecosystem settlement can be overcome (e.g., Balke et al., 2014). Despite the recognized 
importance of ecosystem engineering in coastal wetlands, windows of opportunity are 
often associated with physical processes such as wave disturbances; it is poorly 
understood how biological processes, induced by ecosystem engineers, affect the 
windows of opportunity for their own establishment or for that of other species. 
 
The self-reinforcing nature of positive biogeomorphic feedbacks does not only affect 
ecosystem establishment, but also ecosystem resilience under changing environmental 
conditions. Positive feedbacks can induce nonlinear dynamics, i.e., instead of a simple 
linear relation (Figure 1.2a) between the system state (e.g., total biomass) and the 
environmental conditions (e.g., depth), this relation becomes nonlinear and therefore 
less predictable (Figure 1.2b). Due to self-reinforcing biogeomorphic feedbacks, low 
biomass (e.g., prior to ecosystem establishment) persists even when growth conditions 
improve, whereas high biomass is maintained once the ecosystem has established, 
even when conditions deteriorate. When this nonlinearity is strong, two or more 
alternative stable states can occur under the same environmental conditions (Figure 
1.2c). The system can then undergo sudden and catastrophic shifts from one state to 
the other, with large associated changes in the functioning of the system (e.g., May, 
1977; Wilson and Agnew, 1992; Scheffer et al., 2001; Rietkerk et al., 2004; van de 
Koppel et al., 2005; Sherratt and Lord, 2007; Weerman et al., 2010; Liu et al., 2012; 
2014a,b). Such alternative stable states have also been mathematically predicted (e.g., 
Marani et al., 2007; Weerman et al., 2010) and observed (e.g., van de Koppel et al., 
2001; van Belzen et al., 2017; Weerman et al., 2012) in coastal wetlands. The possible 
existence of alternative wetland states has drastic implications for the conservation 
and restoration of these ecosystems. Therefore, tools are needed to understand the 
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underlying thresholds and predict state shifts, both to foresee and possibly prevent 
ecosystem collapse, as well as to promote ecosystem establishment. 

 
Figure 1.2. Transitions between vegetated state (high biomass of the ecosystem engineer) and bare 
state (no biomass): (a) linear decrease in biomass with increasing stress levels; (b) nonlinear relation 
induced by the self-reinforcing, biogeomorphic feedbacks of the ecosystem engineer; (c) critical 
transition between alternative stable states (high biomass vs. no biomass) that can co-exist under the 
same environmental conditions (i.e., stress levels). Critical state transitions can occur at the tipping 
point, where the stable state (solid orange line) ceases to exist (dashed green/red arrows). 

 
Simple spatial patterns: spatial self-organization 
Since the spatial structure of coastal wetlands is linked to their functioning and 
resilience, these spatial structures or patterns could be used as a tool to predict state 
shifts (e.g., Rietkerk et al., 2004; Barbier et al., 2006; Weerman et al., 2012; Kéfi et al., 
2014; Ruiz-Reynés et al., 2017). Biogeomorphic feedbacks are often “scale-dependent”, 
i.e., they locally have a positive effect on the ecosystem engineer but a negative effect 
at some distance (e.g., Rietkerk and van de Koppel, 2008). In the example of wetlands, 
plants (e.g., Temmerman et al., 2007; van Wesenbeeck et al., 2008) and microbial 
biofilms (Weerman et al., 2010) locally stabilize the sediment, thereby creating an 
elevated hummock (Figure 1.3a) where biotic growth is further enhanced; tidal flow is 
attenuated over and accelerated around this biostabilized hummock, creating a 
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waterlogged scour hole where plant or biofilm growth is hindered by inundation and 
erosion (Figure 1.3b). These scale-dependent feedbacks can lead to self-organization, 
i.e., the emergence of spatial structure from initial disorder through local feedbacks 
(e.g., Rietkerk and van de Koppel, 2008). Self-organization is a widely accepted 
governing principle to explain the formation of simple, regularly spaced patterns with 
one dominant spatial scale, which can be found in numerous natural systems (e.g., 
Klausmeier, 1999; Couteron and Lejeune, 2001; HileRisLambers et al., 2001; 
Meinhardt, 2003; van de Koppel et al., 2005; Sherratt and Lord, 2007; Weerman et 
al., 2010; Ruiz-Reynés et al., 2017; 2020). Whereas self-organization models have 
previously been used to predict the collapse of patterned ecosystems (e.g., Rietkerk et 
al., 2004; Barbier et al., 2006; Weerman et al., 2010; 2012), the use of self-organized 
patterns to predict ecosystem establishment (Figure 1.3c), which might greatly benefit 
wetland restoration projects, has received relatively little scientific attention. 
 

 
Figure 1.3. (a) Wetland vegetation is typically observed to grow in dense tussocks on elevated 
hummocks surrounded by waterlogged scour holes. The photo shows tussocks of the pioneer species 
Spartina. Rilland, Westerschelde Estuary, The Netherlands. Photo taken by the author. (b) Scale-
dependent feedbacks provide a mechanistic framework to explain these observations. (c) Schematic 
illustration, showing how self-organized spatial patterns, formed by scale-dependent feedbacks, could 
be used as indicators for the nonlinear dynamics of the ecosystem. 
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From simple to complex patterns 
Whereas simple regularly spaced patterns with one dominant spatial scale have 
previously been used as indicators for state shifts, wetland ecosystems are 
characterized by a broad range of patterns, ranging from simple to highly complex 
(Figure 1.1). An indicator system for coastal wetlands should therefore cover this entire 
range of pattern complexities. Complex ecosystem patterns can be explained from a 
nesting of regular patterns at multiple scales through the integration of multiple 
different self-organization processes (e.g., Liu et al., 2014a; Tarnita et al., 2017). 
However, an indicator system based on multiple integrated self-organization processes 
might be hard to interpret. Single mechanisms for the formation of complex landscape 
patterns have been proposed (e.g., Rodriguez-Iturbe and Rinaldo, 1997; Perron et al., 
2009; 2012), but it remains not fully understood whether one mechanism can explain 
the entire range of pattern morphology, from simple to complex, and what the role of 
ecosystem engineering is. 
 
The fossil record might provide answers to these questions. Analyses of fossil fluvial 
landscapes have indicated that prior to the evolution of sediment-stabilizing plants, 
these landscapes were characterized by broad sedimentary plains, where water flows 
eroded wide and shallow “sheet-braided” channels with unstable channel banks (e.g., 
Schumm, 1968; MacNaughton et al., 1997; Davies and Gibling, 2010; Gibling and 
Davies, 2012). Sediment stabilization by primitive microbial mats that evolved during 
the Precambrian gave rise to spatial patterns of biostabilized ridges alternating with 
bare channels (e.g., Schieber, 1999; Noffke, 2009; Tang et al., 2011). These structures 
are abundantly preserved in the rock record as microbialites and often exhibit a 
distinctly regular ridge-to-channel spacing (e.g., Logan, 1961; Andres and Reid, 2006; 
Bosak et al., 2013). Despite the clear similarities between ancient microbialites and 
present-day self-organized bedforms stabilized by biofilms (e.g., Weerman et al., 
2010), it remains poorly understood whether similar self-organization principles may 
have formed these fossil bedforms. When plants with distinct roots evolved after the 
Precambrian, channels became more distinct, with steeper and stabler channel banks 
and with increasing spatial complexity of the channel networks (e.g., Gibling and 
Davies, 2012). This implies that vegetation plays a central role in the formation of 
complex channel patterns, as was also found in present-day wetlands (e.g., Garofalo, 
1980; Vandenbruwaene et al., 2013; Kearney and Fagherazzi, 2016). Given that i) I am 
looking for an overarching mechanism to explain simple and complex patterns, ii) this 
entire range of pattern complexities can be found in fossil records dating back to the 
Precambrian, and iii) self-organized patterns have been shown to have indicator value, 
it is relevant to investigate whether self-organization can indeed be traced back to the 
earliest benthic ecosystems on Earth. Moreover, the fossil record indicates that 
ecosystem engineering may play a central role in the diversification of wetland 
patterns, from spatially simple to complex. 
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Modelling spatial complexity in coastal wetlands 
Apart from studying biogeomorphic processes in coastal wetlands through field and 
laboratory measurements, mathematical models are an essential tool to understand 
wetland complexity, more specifically to understand the spatial complexity of wetland 
channel networks. Earlier models have been proposed to explain the formation of 
complex, branching channel patterns (e.g., Rodriguez-Iturbe and Rinaldo, 1997; 
Rinaldo et al., 1999; Kirwan and Murray, 2007; Perron et al., 2009). However, these 
models rely on an implicit representation of the tidal flow field that does not account 
for biologically induced scale-dependent feedback processes. Other models have been 
formulated for channel network formation due to these biophysical feedbacks (e.g., 
Temmerman et al., 2007; Schwarz et al., 2014; 2018). However, simulations with such 
highly realistic models are computationally too demanding (partly due to the realistic 
simulated tidal forcing) to be able to model spatially complex channel networks that 
cover an extensive range of spatial scales, from very large channels to very small 
branches. Other typical self-organization models do both simulate the effects of scale-
dependent feedbacks and are computationally efficient enough to simulate on a fine 
spatial resolution (e.g., Klausmeier, 1999; Rietkerk et al., 2002; van de Koppel et al., 
2005; Weerman et al., 2010; Liu et al., 2012; 2014b). However, none of these models 
simulates a spatio-temporally dynamic water flow field, nor do these models include 
the interactions between water flow and sedimentary-ecological processes. More 
recently, a model was developed for the self-organization of vegetation in streams, 
hence coupling biotic and hydrodynamic processes (Cornacchia et al., 2020), but no 
interactions with sedimentary processes, which play an essential role in coastal 
wetlands. A simple self-organization model is therefore needed, that includes the 
essential dynamic interactions between ecosystem engineers, sedimentary processes 
and water flow, whilst remaining computationally fast enough to capture high-
resolution (complex) patterns. 
 
Outline of this thesis 
 
Research aims 
In this thesis, I try to unravel the spatial complexity of coastal wetlands, focusing on 
the architecture of channel networks on tidal flats and marshes (Figure 1.1). The 
overarching research question is: 
 
>>          What explains the spatial complexity in coastal wetlands, and how does this 
complexity affect the functioning and resilience of wetland ecosystems, from the 
Precambrian to today?          << 
 
This question can be organized along two axes: space and time (Figure 1.4). I study 
how channel networks grade from simple to complex, as well as what can be learned 
from wetlands in the geological past, how wetlands function in the present and how 
their development and resilience can be predicted under future climate change. I focus 
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on the mutual physical-biological interactions between water flow, sediment dynamics 
and ecosystem engineers (algal mats and plants). Chapter 2 is a field and lab study 
where I investigate present-day simple wetland patterns to understand how the very 
first wetlands on Earth functioned. In Chapter 3, I develop a mechanistic framework 
that can explain the range from simple to complex channel patterns and test this 
framework with a mathematical model. In Chapter 4, I conduct a lab study that dives 
deeper into the mechanisms underlying present-day simple patterns. In Chapter 5, I 
perform field measurements and model analyses to understand and predict the 
emergence and resilience of coastal wetlands. Finally, I synthesize my findings in 
Chapter 6. 
 

 
Figure 1.4. Schematic outline of this thesis, which aims at unravelling the morphological diversity of 
channel patterns in coastal wetlands. The research chapters (2 –5) are classified according to the 
components time (wetlands in the geological past, present and future) and spatial complexity (from 
simple to complex patterns). The research approach includes field studies, lab experiments and 
mathematical modelling. In Chapter 6, all findings are synthesized. 

Chapter 2: Precambrian self-organization 
My research starts with a study of the oldest (Precambrian) and spatially simplest 
wetland patterns, i.e., microbialites (e.g., Burne and Moore, 1987; Bosak et al., 2013; 
Noffke and Awramik, 2013). They were often regularly patterned and internally 
laminated (e.g., Logan, 1961; Andres and Reid, 2006; Bosak et al., 2013; Mariotti et al., 
2014). However, as fossils are hard to interpret, modern analogues are needed. 
Modern-day regularly patterned biofilms (Weerman et al., 2010) can be explained by 
self-organization, but the biofilm-covered bedforms are often ephemeral (de Brouwer 
et al., 2000; Weerman et al., 2012) and it remains unclear if they are internally 
laminated. In Chapter 2, I study present-day algal-covered ridges on tidal flats (Figure 
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1.1a), which are seemingly regularly spaced and persist multi-annually. In a combined 
lab and field study, I test whether these patterns are indeed spatially regular, whether 
their multi-annual persistence gives rise to internal lamination, and whether self-
organization could explain their emergence, and with that could also explain regular 
patterning in the geological past. 

 
Chapter 3: Complex channel patterns 
In Chapter 3, I investigate whether the entire range of patterns observed in wetland 
channel networks, from simple parallel channels to complexly nested, branching 
channel networks (Figure 1.1c) can be ascribed to a single mechanism. I develop a new 
mathematical scale-dependent feedback model that combines the spatial detail and 
sediment-biota interactions as implemented in earlier self-organization models 
(Weerman et al., 2010), with a hydrodynamic approach adopted from other models 
(Rinaldo et al., 1999; Cornacchia et al., 2020). I study how vegetative effects can 
explain differences in wetland pattern complexity and how pattern morphology affects 
wetland functioning. 

 
Chapter 4: Algal-induced feedbacks 
In Chapter 4, I further investigate the algal-induced, biogeomorphic feedback cycle 
that might underly the algal bedforms studied in Chapter 2. Although the field 
observations in Chapter 2 provide strong suggestions for such a feedback loop, it is 
inherently hard to disentangle such interactions under field conditions. Therefore, I 
set up experiments under controlled mesocosm conditions, to test the hypothesis that 
algal mats grow better on elevated hummocks, that algal growth increases sediment 
strength and that increased sediment strength promotes elevated topographic relief, 
hence in turn enhancing algal growth. 

 
Chapter 5: Indicators for wetland development 
In Chapter 5, I study whether the algal-induced feedbacks studied in Chapter 4 can 
explain the transition of coastal wetlands from a bare and unchanneled mudflat with 
low sediment strength to channelized tidal flat composed of algal-covered drainage 
ridges with higher sediment strength, as was observed in Chapter 2. To this end, I 
employ the newly develop mathematical model (Chapter 3) to apply this to a system of 
algal patterns on tidal flats. I study the transitions from the smooth to patterned state 
to test whether alternative stable states exist, and if so, how to recognize the situation 
where patterned system is vulnerable to collapse, but also the situation where a non-
patterned system can potentially be restored to a patterned system. Finally, I study 
whether algal-covered ridges facilitate plant growth and what this implies for wetland 
restoration. 

 
Chapter 6: Synthesis 
Finally, I synthesize the main findings from my thesis in Chapter 6, discussing the 
space-aspect (from simple to complex) and time-aspect (geological past, present-day 
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functioning and future resilience) of channel networks in coastal wetlands. I will then 
discuss the wider implications of my findings, focusing on three main themes. Firstly, 
I will discuss what my thesis implies for the importance of primitive sediment-
stabilizing biota, both on present day Earth, in the geological past and possibly on other 
planets. Secondly, I provide a unifying framework for simple and complex wetland 
patterns, and the evolution between them through geological time. I discuss how these 
findings and the newly developed model could advance complexity science. Thirdly 
and finally, I will discuss the implications of my findings for the future of wetlands, 
both discussing the lessons learned for wetland restoration projects, as well as how 
spatial wetland patterns can be employed to the benefit of such restoration efforts. 
 
 
 
 




