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A major advancement in landscape morphodynamics over the 
past decade is the increasing recognition of the key role of 
vegetation–landform interactions. Prominent examples are 

alluvial river landscapes, where vegetation colonization has been 
shown to instigate a shift from multiple braiding to single mean-
dering channel patterns1–3; coastal intertidal landscapes, where 
vegetation triggers the formation of dense, efficient drainage chan-
nel networks4–6; fluvial and semiarid hillslopes where vegetation 
modulates hillslope channel drainage density7,8. While theory on 
biogeomorphological landscape formation is now widely adopted9, 
there is little consistent understanding on how species-specific 
plant traits shape landform patterns or influence landscape self-
organization, the process whereby small-scale localized interac-
tions among components of a system generate complex spatial 
structures at large spatial scales10.

In this study, we show that plant life-history traits modulate the 
formation of biogeomorphic landscapes using tidal marshes as model 
systems. We hypothesize that life-history-mediated colonization 
rates and patterns are more important in governing the formation 
and evolution of landforms than previously studied physical plant 
properties, such as stem density, stiffness and height. Colonization 
of an initially bare landscape is controlled by two plant life-history 
traits: (1) establishment probability (that is, chance of appearance of 
plants on initially bare substrate, for example, by seedling establish-
ment) and (2) subsequent lateral expansion rate (that is, expansion 
of existing vegetation patches to directly adjacent bare substrate, for 
example, by tillering). We define life-history-mediated colonization 
as a combination of these two traits leading to fast homogenous and 
slow patchy colonizers. We found that fast and slow colonizers cause 
differences in local-scale vegetation–flow interactions that gener-
ate large-scale self-organization effects on tidal channel evolution 

and channel geometric properties. Geometric properties are a major 
determinant for key ecosystem functions of intertidal landscapes, 
such as biological productivity, sediment and nutrient supply and 
deposition, and the capacity of tidal wetlands to sustain sediment 
accretion rates in pace with sea-level rise4–6,11–14.

We focus on the initial phase of intertidal landscape develop-
ment where a transition from an initially bare state to a vegetated 
state occurs. During this phase, the effect of vegetation establish-
ment on channel incision is linked to vegetation colonization rates 
and patterns. Fast and massive colonization results in a stabilized 
physical landscape, while slow and patchy colonization results in 
a self-organized biogeomorphic landscape. Two distinct feedback 
processes caused by isolated patches (of a few metres square) of 
primary colonizing vegetation occur: local facilitative (positive) 
and long-distance hampering (negative) feedbacks15. Within veg-
etation patches, the aboveground plant biomass exerts a drag force 
slowing down water flow, which diminishes its sediment transport 
capacity and stimulates sediment deposition16. Concurrently, the 
belowground plant biomass enhances substrate resistance against 
erosion16, which in turn facilitates plant growth15 (that is, local posi-
tive feedback). However, the elevated drag force within vegetation 
patches leads to the rerouting of flow alongside the edges, where 
increased flow velocity leads to erosion17,18, hampering recruitment 
and establishment15,19 (that is, long-distance negative feedback). The 
combination of these two processes leads to so-called scale-depen-
dent biogeomorphic feedbacks, which can trigger the initiation of 
tidal channels in between laterally expanding pioneer vegetation 
patches and the emergence of self-organized channel networks 
and physical landscapes4,6,10. However, although it is now gener-
ally accepted that plants can strongly influence geomorphic pro-
cesses, little attention has been given to the importance of  specific 
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 life-history traits on the resulting self-organization of channel and 
physical landscape geometric properties.

Primary colonizers of salt marsh ecosystems have developed cer-
tain physiological traits to persist in anoxic and regularly inundated 
soils20. These primary colonizers can be grouped based on their life-
history strategy-elicited colonization behaviour: as fast-colonizing 
and slow-colonizing plant species. Fast-colonizing species are char-
acterized by high rates of initial establishment through large seed 
output and high seedling survival per unit biomass and time. In 
life-history terms, this can be expressed by a low ratio between lat-
eral expansion rate (LER) and establishment probability (EP). Slow-
colonizing species are characterized by either low seed recruitment 
through low seed output/survival per biomass and time and/or 
paired with a high LER through vegetative growth21. In life-history 

terms, this can be expressed by a high ratio between LER and EP. 
The ratio between LER and EP is further referred to as the coloniza-
tion dominance index (CDI). A low CDI indicates fast homogenous 
colonization being dominated by recruitment from seeds and high 
CDI means slow patchy colonization being dominated by lateral 
expansion (equation (1)).

=CDI LER
EP

(1)

where LER and EP are expressed as the fraction relative to the slow 
colonizer (for details see Supplementary Section 1).

We compare the impact of life-history strategies versus physical 
plant properties on landscape development by using the  fast-colonizing 
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Fig. 1 | False-colour aerial images showing the vegetation and channel development at reference field sites. a, Location of reference sites used for validation 
for numerical experiments located in the Western Scheldt Estuary, the Netherlands. b, Right: Walsoorden (Ws, shown extent 600 m ×  300 m), characterized by 
establishment through slow-colonizing Spartina. Left: Hooge Platen (HP, shown extent 600 m ×  400 m), characterized by establishment through fast-colonizing 
Salicornia. Pink colour denotes vegetation presence. Numbers in the lower-right corner indicate the year the aerial image was taken. Middle: development of 
vegetation cover (VC) and the mUPL during vegetation colonization. Dark green, Spartina on Walsoorden; light green, Salicornia on Hooge Platen.
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annual Salicornia europaea (hereafter referred to as Salicornia) and 
the slow-colonizing perennial Spartina anglica (hereafter referred to 
as Spartina) as references (Fig. 1a). Both are dominant pioneer spe-
cies in northwest European salt marshes, and are very related to other 
Salicornia and Spartina species that grow in salt marshes across the 
globe. The fast-colonizing Salicornia is characterized by a high EP, but 
not capable of lateral expansion leading to a homogenous vegetation 
pattern (low CDI). Their high EP is achieved by a high seed output and 
viability, paired with seeds being able to germinate in seawater opti-
mizing their chance for long-distance dispersal and recruiment22,23. 
The slow-colonizing Spartina is characterized by a low EP caused by 
the low percentage of viable seeds produced24, and a strong root sys-
tem with a high capability for lateral expansion through tillering, lead-
ing to a patchy vegetation pattern (high CDI)4,6,23,25,26. We assume that 
the selection between the two life-history strategies, resulting from 
environmental conditions such as inundation duration, salinity, soil 
anoxia or geographic region, has already taken place23,27–29. We focus 
on the fundamentally different effect that the two life-history strat-
egies have on biogeomorphologic landscape development through 
model simulations and field observations.

Disentangling physical and life-history traits
We first investigate landscape dynamics instigated by coloniza-
tion of two reference plant species in the field. We then proceed 
by carrying out numerical simulations (N1), where colonization of 
our two reference species is modelled through their corresponding 
life-history strategies and physical plant properties. This showed  
(1) that landscape dynamics are induced by the properties of the 
colonizing vegetation species and (2) that our model is able to repro-
duce vegetation-induced landscape dynamics observed in the field 
(Fig. 1a,b) (Supplementary Section 2). Thereby the effect of vegeta-
tion colonization on landscape development is assessed by calculat-
ing the mean unchannelled path length (mUPL). The mUPL is a 
measure of the distance a drop of water has to travel until it reaches 
the closest channel. mUPL is a good indicator for drainage network 
efficiency5. Subsequently, we disentangle the importance of life-
history strategies and physical plant properties on landscape devel-
opment by conducting another set of numerical simulations (N2). 
In N2, various combinations of life-history strategies (modelled 
through varying EPs and LERs, CDI) and physical plant properties 
(modelled through varying stem height and density) are tested.

Field observations at two field sites with pre-existing channels 
dominated by either fast-colonizing Salicornia (Hooge Platen) or 
slow-colonizing Spartina (Walsoorden) show contrasting landform 
dynamics (Fig. 1). The two field sites are very similar in hydrody-
namics and sediment characteristics and mainly differ in the colo-
nizing plant species (see Supplementary Section 3). Comparisons 
of the mUPL show a stable mUPL for the fast-colonizing site 
(2006–2014) and a decreasing mUPL for the slow-colonizing site 
(2006–2011) (Fig. 1). A constant mUPL indicates no change in 
drainage network after plant colonization (stabilization), whereas a 
decreasing mUPL indicates an increased drainage network through 
vegetation-induced channel incision. The field data further reveal 
that it took the slow-colonizer Spartina five years to cover the whole 
area, whereas it took the fast-colonizer Salicornia at maximum two 
years to cover the whole domain.

The conducted simulations were set up following the averaged 
field site conditions present at intertidal bars in the Western Scheldt 
Estuary (Hooge Platen and Walsoorden, the Netherlands) before 
plant colonization (Fig. 1, see Methods for details and Supplementary 
Sections 3 and 4). The hydrodynamic model (TELEMAC2D) solves 
the shallow water equations. This is coupled with a sediment trans-
port model (SISYPHE), where sediment transport rate is calculated 
as a function of excess bed shear stress using the van Rijn transport 
formula30,31. Although winds and fine cohesive sediments have an 
important control on bar dynamics in various estuarine systems, at 
the current investigated model systems fine cohesive sediments only 
become dominant several years after establishment of pioneer veg-
etation, which was also previously observed in salt marsh systems 
across the Netherlands and China12,32. Wind waves only play a very 
limited role due to a limited fetch caused by prevalent southwest 
wind directions33 (Supplementary Section 3).

This morphodynamic simulation was coupled with a vegetation 
model, to simulate the biogeomorphic landscape development. The 
vegetation model resolves spatiotemporal vegetation dynamics (estab-
lishment, growth and mortality) governed by stress exerted from cur-
rents and water level (see Supplementary Section 1)4. The vegetation 
model only simulates the plant growth season, assuming that the 
vegetation configuration during winter remains dormant (constant). 
Additional tests on the impact of different overwintering strategies 
on morphological development were conducted (Supplementary 
Section 5). The effect of vegetation is parameterized through flow 
resistance, using separate expressions for flow resistance due to sub-
merged versus emerged vegetation, following the approach of Baptist 
et al.34. The capacity of the model to reproduce plant–flow interac-
tions due to the contrasting physical plant properties of both species 
was verified through a calibration step using the results of previously 
published flume experiments17,18 (see Supplementary Section 2).

effects of life-history traits on landscape self-organization
Similar to what we found in the field, our model predicted a strong 
difference in drainage channel patterns between the fast-colonizing 
and the slow-colonizing plants (Figs. 1 and 2 (N1) and Supplementary 
Section 1). The fast-colonizing scenario shows little initiation of new 
channels, observable through an almost constant mUPL (22.7 to 
22.5 m) over the five-year modelling period, indicating only stabi-
lization of pre-existing channels and no formation of new channels 
(Fig. 2). The slow-colonizing scenario, in contrast, shows that the 
patchy establishment of vegetation induces formation of new chan-
nels in between vegetation patches paired with stabilization (inheri-
tance) of existing channels, observable through a decrease in mUPL 
from 22.7 to 19.3 m (Fig. 2). The reduction in mUPL following plant 
colonization demonstrates self-organized landscape development 
through biogeomorphic feedbacks, while constant mUPL demon-
strates stabilization of the pre-existing landscape.

Model analysis (N2) highlighted the importance of life-history 
strategies on physical landscape evolution, relative to physical plant 
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Fig. 2 | Numerical model results (N1) show the development of vegetation 
cover and muPL over a five-year simulation period for fast and slow 
colonizers. The fast colonizer is simulated using the physical properties 
of Spartina (sp) and life-history traits with a CDI =  1 (1/1-spp, dark green 
lines). The slow colonizer is simulated with the physical properties of 
Salicornia (sa) and life-history traits with a CDI =  0 (0 ×  Obs-saa, light 
green lines), including vegetation die-off at the end of each year with 
increasing recruitment from years 1 to 5 mimicking recruitment in the 
field (Supplementary Sections 1 and 5). The initial bathymetry is based on 
Hooge Platen in 2006. Superscript designations: pperennial; aannual.
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properties (Figs. 3 and 4). When we impose a transition in LER and 
EP from slow-colonizing (CDI =  1) to fast-colonizing (CDI =  0) 
characteristics (Figs. 3 and 4), this is the main factor driving channel 
drainage density, regardless of physically plant properties (Figs. 3  
and 4; Salicornia versus Spartina). A decrease in LER paired with 

an increase in EP means a reduction in CDI, indicating a transi-
tion from slow- to fast-colonizing life-history strategy. This clearly 
increases the number of shallow narrow channels, while reducing 
the number of deep wide channels (Figs. 3 and 4). No channel inci-
sion is simulated when the LER is reduced to zero and EP is eight 
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times the value for the slow colonizer (CDI =  0). This pattern is 
consistent for simulations that use either physical plant properties 
of slow or fast colonizers, which highlights the dominant role of 
life-history strategies in landscape development (Supplementary 
Section 1). Simulations further show that physical plant proper-
ties of the fast colonizer (Salicornia) generally result in slightly 
lower channel depths. Lower channel depths are due to the lower 
biomass and hence weaker effects on flow and morphodynamics 
induced by Salicornia compared with Spartina17. In short, these 
numerical experiments suggest that colonization by plants with 
differing physical plant properties (Salicornia, Spartina) evoke 
similar morphological patterns (emerging channels), whereas 
plants with differing life-history strategies (specifically LER and 
EP) induce different morphological patterns (presence/absence of 
channels) (Figs. 3 and 4).

Slow-colonizing life-history strategies (Figs. 3 and 4: CDI =  1, 
Supplementary Section 1) lead to a patchy vegetation patterns, facil-
itating the formation of new channels between laterally expanding 
vegetation patches that have a low chance of initial establishment. 
This behaviour is caused by the scale-dependent feedbacks between 
plant growth, water flow diversion and sedimentation–erosion 
dynamics, which has been validated at salt marsh ecosystems in the 
Netherlands and China4,18,19,35. The fast-colonizing cases (Figs. 3 and 4:  
CDI =  0) are characterized by a spatially homogenous vegetation 
pattern and show no new channels emerging on the initially flat 
landscape and only little change in mUPL on the initially heteroge-
neous (channelled) bathymetry (Fig. 2). We propose that, with fast 
colonization paired with zero (or very slow) LER (CDI =  0), estab-
lishing patches remain small and porous, and therefore stay below 
the size and density threshold for flow acceleration to occur around 
patches (Figs. 2–4).

Colonization by slow colonizers (Spartina) exhibited the emer-
gence of new vegetation-induced channels paired with stabilization 
of pre-existing channels leading to self-organized biogeomorphic 
landscapes (bio-self-organized). In contrast, primary colonization 
by fast colonizers (Salicornia) showed exclusively channel tem-
plate-controlled landscape development, stabilizing pre-existing 
channels without, or with very little, initiation of new channels 

(bio- stabilized) (Figs. 3 and 4). This insight was also confirmed by 
observed fast colonization of an intertidal bar in the Chinese Liaohe 
Estuary. There, Sueada heteroptera, a fast-colonizing primary col-
onizer comparable to Salicornia, inhabited the bar in about three 
years36. This rapid colonization event lead to a bio-stabilized sys-
tem where most of the mudflat channels where stabilized after plant 
colonization (Supplementary Section 6).

We propose the difference between bio-self-organized or bio-
stabilized landscape dynamics is determined by the ratio between 
the timescale of morphological development (influenced among 
other factors by hydrodynamic forcing, sediment supply and com-
position) and the timescale of vegetation colonization, which is 
influenced by life-history strategies shown in the conceptual model 
in Fig. 5. Our numerical experiments show that with a constant 
morphological development rate, a reduction in vegetation coloni-
zation rate (increasing CDI) changes the system from stabilized to 
self-organized and eventually to bare (without vegetation) (Figs. 3 
and 4 (N2) and Fig. 5 dark blue arrow). This is in agreement with 
previous insights at alluvial river and delta systems37–39. At allu-
vial rivers, slow vegetation colonization on bars facilitates a more 
dynamic channel behaviour (for example, creating downstream 
migrating lobate bedforms), whereas fast vegetation colonization 
precipitates more stable channel behaviour with only limited mor-
phological change37,38. A study on the effect of plant colonization on 
large-scale delta dynamics found that rapid vegetation colonization 
enhanced deposition but inhibited vegetation-mediated channeliza-
tion leading to bio-stabilized landscape dynamics39.

To study the influence of morphological development on land-
scape dynamics (y axis in Fig. 5), we altered the morphological 
development timescale in our numerical simulation by reducing 
the morphological acceleration factor. This lead to a diffuse plant 
pattern interjected by numerous narrow channels, which com-
pared with our numerical experiments N2 indicated a transition 
from self-organizing to stabilizing behaviour as observed in Figs. 3 
and 4 (Fig. 5 light blue arrow, Supplementary Section 7). Previous 
research on alluvial rivers where an accelerated morphological 
development rate at a low constant vegetation colonization rate 
changed the system from self-organized to bare supports our con-
ceptual model38,40 (Fig. 5 red arrow).

implications across biogeomorphic systems
Accordingly, we propose that self-organizing landscapes require 
equivalent timescales in morphological development and vegetation 
establishment. When timescales differ, either bare or full vegetated 
landscapes emerge, with little effect on drainage channel formation. 
This is either due to the dominance of physical sedimentation–ero-
sion processes preventing vegetation development (bare) or due 
to the dominance of vegetation colonization processes preventing 
scale-dependent feedbacks leading to landscape stabilization. The 
addition of life-history strategies governing vegetation coloniza-
tion rate and therefore the potential for landscape self-organization, 
opens new perspectives in evaluating landscape adaptability and 
re-organization in the face of global change. Morphological devel-
opment is related to the frequency and magnitude of hydrogeo-
morphic disturbances. Thus, global change-induced alterations in 
morphological timescales might influence recolonization behaviour 
of biogeomorphic systems and ultimately their long-term resilience 
(the disturbance a system can withstand before shifting its state). 
For instance, when salt marshes pass through recolonization–ero-
sion cycles41, increased morphological timescales could reinforce 
salt marsh erosion. Our proposed conceptual framework could also 
be used as an indicator system evaluating changes in morphologi-
cal or colonization timescales and further applied as early warning 
signals (Fig. 5) of tipping points in landscapes.

Our study emphasizes the importance of the life-history traits 
of specific species in shaping the physical landscapes of intertidal 
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systems. This has two important implications. First, for many eco-
systems, human-induced change in abiotic conditions triggered by 
engineering works, such as the salt content of the water in estuaries, 
may influence landscape evolution even when abiotic conditions 
are unaffected, because of a shift in the dominant species and life-
history strategy. Second, on a more fundamental level, it highlights 
the importance and control of evolutionary processes in shaping the 
physical landscape, as plants traits are shaped by natural selection. 
This implies that landscape features such as marsh creeks reflect 
how evolutionary processes have shaped biogeomorphological sys-
tems that characterize our planet.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0180-y.

Received: 11 March 2018; Accepted: 8 June 2018;  
Published online: 16 July 2018

References
 1. Tal, M. & Paola, C. Dynamic single-thread channels maintained by the 

interaction of flow and vegetation. Geology 35, 347–350 (2007).
 2. Gibling, M. R. & Davies, N. S. Palaeozoic landscapes shaped by plant 

evolution. Nat. Geosci. 5, 99–105 (2012).
 3. Braudrick, C. A., Dietrich, W. E., Leverich, G. T. & Sklar, L. S. Experimental 

evidence for the conditions necessary to sustain meandering in coarse-
bedded rivers. Proc. Natl Acad. Sci. USA 106, 16936–16941 (2009).

 4. Temmerman, S. et al. Vegetation causes channel erosion in a tidal landscape. 
Geology 35, 631–634 (2007).

 5. Kearney, W. S. et al. Salt marsh vegetation promotes efficient tidal channel 
networks. Nat. Commun. 7, 12287 (2016).

 6. Schwarz, C. et al. Impacts of salt marsh plants on tidal channel initiation and 
inheritance. J. Geophys. Res. Earth Surf. 119, 385–400 (2014).

 7. Collins, D. B. G., Bras, R. L. & Tucker, G. E. Modeling the effects of 
vegetation–erosion coupling on landscape evolution. J. Geophys. Res. 109, 
F03004 (2004).

 8. Saco, P. M. & Moreno-de las Heras, M. Ecogeomorphic coevolution of 
semiarid hillslopes: emergence of banded and striped vegetation patterns 
through interaction of biotic and abiotic processes. Water Resour. Res. 49, 
115–126 (2013).

 9. Corenblit, D. et al. Feedbacks between geomorphology and biota controlling 
Earth surface processes and landforms: a review of foundation concepts and 
current understandings. Earth Sci. Rev. 106, 307–331 (2011).

 10. van de Koppel, J., Bouma, T. J. & Herman, P. M. J. The influence of local- and 
landscape-scale processes on spatial self-organization in estuarine ecosystems. 
J. Exp. Biol. 215, 962–967 (2012).

 11. Ganju, N. K. et al. Spatially integrative metrics reveal hidden vulnerability of 
microtidal salt marshes. Nat. Commun. 8, 14156 (2017).

 12. Schwarz, C. et al. On the potential of plant species invasion influencing 
bio-geomorphologic landscape formation in salt marshes. Earth Surf. Process. 
Landf. 41, 2047–2057 (2016).

 13. van Maanen, B., Coco, G. & Bryan, K. R. Modelling the effects of tidal range 
and initial bathymetry on the morphological evolution of tidal embayments. 
Geomorphology 191, 23–34 (2013).

 14. Fagherazzi, S. et al. Numerical models of salt marsh evolution: Ecological, 
geomorphic, and climatic factors. Rev. Geophys. 50, RG1002 (2012).

 15. van Wesenbeeck, B. K., van de Koppel, J., Herman, P. M. J. & Bouma, T. J. 
Does scale dependent feedback explain spatial complexity in salt marsh 
ecosystems? Oikos 117, 152–159 (2008).

 16. Bouma, T. J. et al. Spatial flow and sedimentation patterns within patches of 
epibenthic structures: combining field, flume and modelling experiments. 
Cont. Shelf Res. 27, 1020–1045 (2007).

 17. Bouma, T. J. et al. Organism traits determine the strength of scale-dependent 
bio-geomorphic feedbacks: a flume study on three intertidal plant species. 
Geomorphology 180, 57–65 (2013).

 18. Vandenbruwaene, W. et al. Flow interaction with dynamic vegetation patches: 
implications for biogeomorphic evolution of a tidal landscape. J. Geophys. Res. 
Earth Surf. 116, F01008 (2011).

 19. Bouma, T. J. et al. Density-dependent linkage of scale-dependent feedbacks: a 
flume study on the intertidal macrophyte Spartina anglica. Oikos 118, 
260–268 (2009).

 20. Friess, D. A. et al. Are all intertidal wetlands naturally created equal? 
Bottlenecks, thresholds and knowledge gaps to mangrove and saltmarsh 
ecosystems. Biol. Rev. 87, 346–366 (2012).

 21. Huston, M. & Smith, T. Plant succession: life history and competition.  
Am. Nat. 130, 168–198 (1987).

 22. Heukels, H., van der Meijden, R. & Bruinsma, J. Heukels’ Flora van Nederland 
(Wolters-Noordhoff, Groningen, 1990).

 23. Wolters, M., Garbutt, A., Bekker, R. M., Bakker, J. P. & Carey, P. D. 
Restoration of salt-marsh vegetation in relation to site suitability, species pool 
and dispersal traits. J. Appl. Ecol. 45, 904–912 (2007).

 24. Author, S., Marks, T. C. & Truscott, A. J. Variation in seed production and 
germination of Spartina anglica within a zoned salt marsh. Source J. Ecol. J. Ecol. 
73, 695–705 (1985).

 25. van der Wal, D., Wielemaker-Van den Dool, A. & Herman, P. M. J. J. Spatial 
patterns, rates and mechanisms of saltmarsh cycles (Westerschelde, The 
Netherlands). Estuar. Coast. Shelf Sci. 76, 357–368 (2008).

 26. Balke, T. et al. Conditional outcome of ecosystem engineering: a case study 
on tussocks of the salt marsh pioneer Spartina anglica. Geomorphology 153, 
232–238 (2012).

 27. Silvestri, S., Defina, A. & Marani, M. Tidal regime, salinity and salt marsh 
plant zonation. Estuar. Coast. Shelf Sci. 62, 119–130 (2005).

 28. Bertness, M. D. Zonation of Spartina patens and Spartina alterniflora in a 
New England salt marsh. Ecology 72, 138–148 (1991).

 29. Davy, A. J., Brown, M. J. H., Mossman, H. L. & Grant, A. Colonization of a 
newly developing salt marsh: disentangling independent effects of elevation 
and redox potential on halophytes. J. Ecol. 99, 1350–1357 (2011).

 30. Villaret, C., Hervouet, J.-M., Kopmann, R., Merkel, U. & Davies, A. G. 
Morphodynamic modeling using the Telemac finite-element system.  
Comput. Geosci. 53, 105–113 (2013).

 31. Van Rijn, L. C. Principles of Sediment Transport in Rivers, Estuaries and 
Coastal Seas (Aqua Publications, Amsterdam, 1993).

 32. Temmerman, S., Govers, G., Wartel, S. & Meire, P. Modelling estuarine 
variations in tidal marsh sedimentation: response to changing sea level and 
suspended sediment concentrations. Mar. Geol. 212, 1–19 (2004).

 33. Callaghan, D. P. P. et al. Hydrodynamic forcing on salt-marsh development: 
distinguishing the relative importance of waves and tidal flows. Estuar. Coast. 
Shelf Sci. 89, 73–88 (2010).

 34. Baptist, M. J. et al. On inducing equations for vegetation resistance.  
J. Hydraul. Res. 45, 435–450 (2007).

 35. Schwarz, C. et al. Interactions between plant traits and sediment 
characteristics influencing species establishment and scale-dependent 
feedbacks in salt marsh ecosystems. Geomorphology 250, 298–307 (2015).

 36. Jia, M. et al. Monitoring loss and recovery of salt marshes in the Liao River 
Delta, China. J. Coast. Res. 300, 371–377 (2015).

 37. Nicholas, A. P. Modelling the continuum of river channel patterns. Earth Surf. 
Process. Landf. 38, 1187–1196 (2013).

 38. Corenblit, D. et al. Engineer pioneer plants respond to and affect geomorphic 
constraints similarly along water–terrestrial interfaces world-wide. Glob. Ecol. 
Biogeogr. 24, 1363–1376 (2015).

 39. Piliouras, A., Kim, W. & Carlson, B. Balancing aggradation and progradation 
on a vegetated delta: the importance of fluctuating discharge in depositional 
systems. J. Geophys. Res. Earth Surf. 122, 1882–1900 (2017).

 40. Bertoldi, W. et al. Modeling vegetation controls on fluvial morphological 
trajectories. Geophys. Res. Lett. 41, 7167–7175 (2014).

 41. Bouma, T. J. et al. Short-term mudflat dynamics drive long-term cyclic salt 
marsh dynamics. Limnol. Oceanogr. 61, 2261–2275 (2016).

acknowledgements
We thank M. Kleinhans for discussions on the evolution of vegetated landscapes under 
varying morphological development rates and H. Mariash for discussions on further 
implications of our findings. This research was partly supported by the Hedwige 
Prosper polder project financed by the Vlaams-Nederlandse Scheldecommissie (VNSC), 
Waterwegen & Zeekanaal (W&Z) and the Provincie Zeeland. The research presented 
here was partly supported by the Dutch Technology Foundation STW (Vici project 
13709), which is part of the Netherlands Organisation for Scientific Research (NWO), 
and which is partly funded by the Ministry of Economic Affairs.

author contributions
C.S, O.G., N.C. and J.v.B. designed the model experiments and analysed the data.  
Z.Z., G.R. and J.v.d.K. contributed to interpreting the paper. C.S., S.T. and T.J.B.  
wrote the paper.

additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41561-018-0180-y.

Reprints and permissions information is available at www.nature.com/reprints.

Correspondence and requests for materials should be addressed to C.S.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

NaTuRe GeOSCieNCe | VOL 11 | SEPTEMBER 2018 | 672–677 | www.nature.com/naturegeoscience 677

https://doi.org/10.1038/s41561-018-0180-y
https://doi.org/10.1038/s41561-018-0180-y
https://doi.org/10.1038/s41561-018-0180-y
https://doi.org/10.1038/s41561-018-0180-y
http://www.nature.com/reprints
http://www.nature.com/naturegeoscience


Articles NaturE GEOScIENcE

Methods
Life-history strategies. Primary colonizers of salt marsh ecosystems can 
be grouped based on their life-history strategies. Fast-colonizing plants are 
characterized by high seed output and viability able to produce large transient 
seed banks42. Examples are Salicornia procumbens, Salicornia europea and 
Sueda maritima20,23,27,43, which typically are able to rapidly colonize large areas, 
but without the ability to produce lateral tillers. Slow-colonizing plants are 
characterized by low recruitment from seeds but able to reproduce both sexually 
through seeds and asexually by producing clonal tillers, leading to lateral 
expanding plant patches. Although these plants are able to use both proliferation 
strategies, previous studies have shown that their colonization pattern is mainly 
determined by a low initial establishment chance but extensive clonal growth of 
the few established patches23. Examples are Spartina anglica, Spartina alterniflora, 
Sarcocornia perennis and Puccinellia maritima, to name a few dominant species in 
northwest Europe, the United States and China23,44.

Model set-up. We used the hydrodynamic module TELEMAC2D coupled two-way 
with the morphodynamic and sediment transport module SISYPHE to compute 
flow, sediment transport and morphology in our intertidal environment. The 
model solves the two-dimensional depth-averaged equations for momentum and 
continuity for unsteady incompressible turbulent flow (shallow water equations). 
The hydrodynamic and morphodynamic modules are fully coupled, which means 
that the flow field adjusts immediately as bed topography changes. For our study, 
we focus only on erosional properties, although sedimentation is possible in our 
model environment, the sediment boundary conditions were set to maintain a 
boundary equilibrium concentration, resulting in very little additional sediment 
input for inorganic sedimentation30.

The model domain represents an initially uncolonized intertidal bar, 
present in the Western Scheldt Estuary, the Netherlands, in 2006, called Hooge 
Platen (51° 23′  04″ , N 3° 40′  50″  E) (Supplementary Section 4). Hooge Platen 
experienced massive plant colonization by Salicornia from bare to complete 
cover over a period of five years (2006–2011), subsequently also used for 
model validation. For numerical model simulations, N2, an idealized averaged 
field bed topography was used with a slope of 0.001 m m−1 (average elevation 
1.4 m above mean sea level). At the southern end of the domain (near the open 
boundary), the slope was increased to 0.005 m m−1 representing the adjacent 
channel of the Scheldt Estuary (Supplementary Section 4). For numerical 
simulations, N1, a real initial bathymetry (with pre-existing channels) was 
used based on the field bathymetry measured using lidar at Hooge Platen in 
2006 (Supplementary Section 4). The model domain consists of a 600 ×  600 m 
unstructured grid composed of 80,643 triangular elements with a 600 ×  300 m 
area of interest and an average mesh resolution of approximately 2 m 
(Supplementary Section 4). The open boundary is located at the southern 
side of the model domain (Supplementary Section 4). At each computational 
time step, the coupled hydrodynamic–morphodynamic model is solved using 
an average semi-diurnal tidal forcing (main tidal harmonic component at 
this location) with a time step of 6 s fulfilling the Courant–Friedrichs–Lewy 
condition. Tidal action was simulated by imposing a sinusoidal water-level 
fluctuation (M2) at southern open boundary of the domain representing 
average field conditions (amplitude, 2.4 m; period, 745 min). The simulation 
is run for 20 d, which is then multiplied online with a morphological factor 
of 91.25 at each time step to simulate a morphodynamic development of five 
years. For additional information about the model behaviour, please refer to 
Supplementary Section 8.

For sediment transport, we use the van Rijn sediment transport formulation 
for non-cohesive sediments, based on available data of bottom sediment properties 
at the period of interest provided by the Dutch authorities (Rijkswaterstaat, RWS.
nl) (Supplementary Section 3). Although there might be fine sediment available 
for suspended transport, as the bottom sediment showed a non-cohesive character, 
the van Rijn transport formula was chosen (for further details see Supplementary 
Section 3)45. The above-described hydromorphodynamic model is coupled online 
to a spatiotemporal vegetation-growth module (for details see ‘Vegetation-growth 
module’). The bed evolution is calculated using the mass-conservation equation of 
Exner. The effect of aboveground plant structures on tidal flow was incorporated 
by following the approach of Baptist et al.34 in our TELEMAC2D depth-averaged 
model environment. This method treats vegetation stems as uniformly spaced 
rigid vertical cylinders, where flow velocity through the stems is assumed to be 
uniform within the vegetation after passing the vegetated–unvegetated boundary. 
The effect of vegetation is parameterized through the flow resistance, with 
separate expressions for flow resistance due to submerged and non-submerged 
vegetation. The extra drag force exerted by vegetation results in momentum loss, 
which reduces the basal shear stress on a vegetated bed representing the impact of 
vegetation on sediment transport46–48. The two investigated plant species (Spartina 
and Salicornia) differ in physical plant properties (such as stiffness, stem density, 
maximum height and stem diameter) and life-history strategies (Supplementary 
Section 1). For this reason, we used data gathered during the HYDRALAB 
III17,18 experiment, a medium-scale flume experiment on vegetation patch–flow 
interactions, to validate the simulated species-specific physical plant properties 
governing plant–flow interactions (for details refer to Supplementary Section 2). 

How different life-history strategies are incorporated in the model is described 
below (see ‘Vegetation-growth module’).

Vegetation-growth module. The model simulates spatiotemporal changes in 
stem density with a constant year-averaged stem height, diameter and drag 
coefficient for Spartina and Salicornia following previously proposed processes 
(for details on the model equation please refer to Supplementary Sections 1 and 
2)4,6. Vegetation is treated as uniformly spaced vertical cylinders, assumed to 
induce uniform flow within vegetation stems. Shear stress acting on vegetation 
results in a loss of momentum, which reduces shear stress on the bed, but can 
lead to flow acceleration between neighbouring vegetation patches. Initial plant 
establishment on bare grid cells is modelled stochastically with a user-defined 
initial minimum plant cover. Lateral expansion of plants to neighbouring 
cells is modelled through a diffusion equation. Plant mortality is determined 
by the tide integrated tidal flow stress and by tidal averaged inundation 
stress following ref. 4. For details on the parameter settings please refer to 
Supplementary Section 1.

Different life-history strategies are modelled by adapting the plant EP and 
LER. The slow-colonizing scenario simulates physical plant properties (Spartina) 
and a life-history strategy able to reproduce from seeds and by tillering through 
a relatively low EP (0.01 yr−1 referred to as 1 in Fig. 2) and a relatively high LER 
(0.2 m2 yr−1 referred to as 1 in Supplementary Section 1)4,6,47. Temporal dynamics 
assumes an extended growth cycle, by removing the dormant winter season as 
done at different numerical salt marsh experiments4,6. The fast-colonizing scenario 
simulates physical plant properties (Salicornia) and life-history traits only able 
to recruit from seeds through a relatively high seed EP with no LER and annual 
field observation-based temporal dynamics (Supplementary Section 1). At field 
observation-based annual temporal dynamics (0 ×  Obs-saa), vegetation biomass 
die-off occurs at the end of every simulated morphological year with increasing 
EPs of 8, 16 and 24 over time. The EPs were adapted following the measured 
aboveground biomass development at Hooge Platen (Fig. 1), with an EP during 
years 1 and 2 of 8 times, during year 3 of 16 times and in years 4 and 5 of 24 times 
the EP of Spartina. These values were chosen to reach the desired recruitment rate 
as observed in field observations (Fig.1). This increased recruitment between years 
could be caused, for instance, by gradually improving environmental conditions, 
which, however, exceeds the scope of the study.

To disentangle the effect of different combinations of LERs and EPs on 
morphological development, simulations using fractions and multiples of field 
values for LERs (1× , 0.5× , 0.25× , 0× ) and EPs (1× , 2× , 4× , 8× ) of Spartina23 were 
conducted, varying the CDI from 1, 0.25, 0.0625 to 0. Previous studies showed 
that LERs and EPs of 1 ×  1/0 ×  8 are a good representation of growth strategies of 
Spartina/Salicornia, respectively4,23.

The minor impact of different seasonal dynamics on the of the annual species 
was shown through conducted pre-experiments (see Supplementary Section 5).

The vegetation module is coupled with the hydromorphodynamic 
module (biomorphodynamic model) twice per M2 tidal cycle. One year 
in morphological and vegetation time is defined by four hyrdrodynamic 
days or eight vegetation couplings (4 hydrodynamic days ×  morphological 
factor 91.25 =  365), which is sufficient to track biogeomorphic vegetation 
development. Establishment and expansion strategies are based on the 
literature4,23,49 (see Supplementary Section 2). The biomorphodynamic model 
was simulated over a period of five years, which according to pre-tests has 
shown to be sufficient to reach dynamic equilibrium. As the main focus lies on 
the final channel configuration, dynamic equilibrium was defined as bed level 
changes < 0.1 mm yr−1. A control run with no vegetation was computed showing 
no morphologic adaptations over the simulation period.

Vegetation cover calculations. We calculated vegetation cover from available 
false-colour aerial photographs of the Western Scheldt. Vegetation cover was 
calculated applying a supervised classification algorithm of ArcGis 10.2 using clear 
distinguishable vegetation tussocks as sample datasets.

Drainage network delineation and mUPL. Post-processing was done using 
MATLAB and Blue Kenue. The channel networks were extracted using the 
TopoToolbox50, previously used for the extraction of terrestrial channel networks. 
The UPL is a measure of the distance a particle of water at any point of the 
platform has to travel on before reaching a channel5. After we divided the marsh 
platform in subbasins using the TopoToolbox the UPL for the seven biggest 
subbasins was calculated by fitting a probability density function to the scalar field 
and determining the slope of the linear part5,51. Subsequently the mUPL for the 
entire marsh platform was calculated by averaging the UPLs over these subbasins.

Code availability. The code used to generate the vegetation model results can 
be accessed via https://github.com/orgs/UtrechtCoastalGroup/. The code for 
the hydrodynamic and sediment transport model is open source and accessible 
through the http://www.opentelemac.org/ website.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon request.
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