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Self-organization of a biogeomorphic landscape
controlled by plant life-history traits

Christian Schwarz?*, Olivier Gourgue?, Jim van Belzen®?23, Zhenchang Zhu?, Tjeerd J. Bouma3,
Johan van de Koppel?, Gerben Ruessink’, Nicolas Claude*® and Stijn Temmerman?

Feedbacks between geomorphology and plants are increasingly recognized as key drivers shaping a variety of landscapes. Most
studies of biogeomorphic interactions have focused on the influence of physical plant characteristics, such as stem and root
density, on landscape morphodynamics without considering the role of life-history traits. However, pioneer plants can have
very different colonization behaviours. Fast colonizers are characterized by a high number of establishing seedlings that pro-
duce homogenous vegetation patterns. In contrast, slow colonizers are characterized by a low number of establishing seedlings
that are able to expand laterally, resulting in patchy vegetation patterns. Here we combine biogeomorphic model simulations
and field observations in the Western Scheldt Estuary, the Netherlands, to show that colonization behaviour can influence the
evolution of wetland landscapes. We find that colonization by fast colonizers favours stabilization of pre-existing channels
and consolidation of the landscape configuration. In contrast, colonization by slow colonizers facilitates the formation of new
channels and thereby actively facilitates further landscape self-organization. Our findings underline the key role of life-history
traits in steering landscape self-organization across different biogeomorphic systems, and potentially the long-term resilience

of these landscapes to disturbances.

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 patterns'™; coastal intertidal landscapes, where
vegetation triggers the formation of dense, efficient drainage chan-
nel networks*; fluvial and semiarid hillslopes where vegetation
modulates hillslope channel drainage density”. While theory on
biogeomorphological landscape formation is now widely adopted’,
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 scales'’.

In this study, we show that plant life-history traits modulate the
formation of biogeomorphiclandscapes 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

Q major advancement in landscape morphodynamics over the

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 rise*''-'.

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) feedbacks'. 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 deposition'®. Concurrently, the
belowground plant biomass enhances substrate resistance against
erosion’®, which in turn facilitates plant growth' (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 erosion'”', hampering recruitment
and establishment'>" (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 landscapes**'°. 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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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 mx 300 m), characterized by
establishment through slow-colonizing Spartina. Left: Hooge Platen (HP, shown extent 600 m x 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.

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
soils®. 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 growth”. 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)).

cpr= R 1)
EP

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. 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-sp®, dark green
lines). The slow colonizer is simulated with the physical properties of
Salicornia (sa) and life-history traits with a CDI=0 (0 x Obs-sa?, light
green lines), including vegetation die-off at the end of each year with
increasing recruitment from years 1to 5 mimicking recruitment in the

field (Supplementary Sections 1and 5). The initial bathymetry is based on
Hooge Platen in 2006. Superscript designations: Pperennial; 2annual.

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 recruiment™*.
The slow-colonizing Spartina is characterized by a low EP caused by
the low percentage of viable seeds produced*, and a strong root sys-
tem with a high capability for lateral expansion through tillering, lead-
ing to a patchy vegetation pattern (high CDI)*****>**. 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 place”*~*. 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
efficiency’. 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.
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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
formula™'. 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 China'>*>. Wind waves only play a very
limited role due to a limited fetch caused by prevalent southwest
wind directions™ (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)*. 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.**. 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 experiments'”'* (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
22.5m) 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. 3 | Numerical model results (N2) disentangling the effect of life-history strategies and physical plant properties for Spartina. Model scenarios of
varying life-history strategies (that is, fast-colonizing (1x1) to slow-colonizing (0 x 8)) with Spartina (sp) physical plant properties. Left: model scenarios.
Middle: plant biomass and topography. Right: longshore transect over the topography as indicated by arrows in the middle plot.
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Fig. 4 | Numerical model results (N2) disentangling the effect of life-history strategies and physical plant properties for Salicornia. a, Model scenarios of
varying life-history strategies (that is, fast-colonizing (1x1) to slow-colonizing (0 x 8)) with Salicornia (sa) physical plant properties. Left: model scenarios.
Middle: plant biomass and topography. Right: longshore transect over the topography as indicated by arrows in the middle plot. b, Comparison between
maximum channel depths of all eight different scenarios, with the CDI plotted on the x axis.

properties (Figs. 3 and 4). When we impose a transition in LERand  an increase in EP means a reduction in CD], indicating a transi-
EP from slow-colonizing (CDI=1) to fast-colonizing (CDI=0) tion from slow- to fast-colonizing life-history strategy. This clearly
characteristics (Figs. 3 and 4), this is the main factor driving channel  increases the number of shallow narrow channels, while reducing
drainage density, regardless of physically plant properties (Figs. 3  the number of deep wide channels (Figs. 3 and 4). No channel inci-
and 4; Salicornia versus Spartina). A decrease in LER paired with  sion is simulated when the LER is reduced to zero and EP is eight
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Fig. 5 | Conceptual models showing equivalent timescales between
vegetation colonization and morphological development are required for
the emergence of self-organized dynamics. A transition from high to low
vegetation colonization rate (that is, low to high CDI) at an intermediate
morphological development rate shifts the system from stabilizing to
self-organizing to eventually bare (dark blue arrow). A reduction in
morphological development rate with constant vegetation colonization
rate instigates a shift from self-organized to stabilized dynamics (light blue
arrow, Supplementary Section 7). Low vegetation colonization rates with
increasing morphological development rates instigate a transition from
self-organizing to bare system dynamics (dark red arrow).

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 Spartina'. 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
Netherlandsand China®*'*'***. 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
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(bio-stabilized) (Figs. 3 and 4). This insight was also confirmed by
observed fast colonization of an intertidal bar in the Chinese Liache
Estuary. There, Sueada heteroptera, a fast-colonizing primary col-
onizer comparable to Salicornia, inhabited the bar in about three
years®. 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 systems”. 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 change”*. 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 dynamics™.

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 model***" (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 cycles*, 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.
0rg/10.1038/s41561-018-0180-y.
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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 banks". Examples are Salicornia procumbens, Salicornia europea and

Sueda maritima®>*>**, 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 patches”. Examples are Spartina anglica, Spartina alterniflora,
Sarcocornia perennis and Puccinellia maritima, to name a few dominant species in
northwest Europe, the United States and China®**.

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 sedimentation®.

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 mm™" (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™' 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 X 600 m
unstructured grid composed of 80,643 triangular elements with a 600 X 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)*. 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.”* 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 transport*-*. 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
III'"" 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)*¢. 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. ‘. 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 (0.01yr! referred to as 1 in Fig. 2) and a relatively high LER
(0.2m?yr~" referred to as 1 in Supplementary Section 1)***. Temporal dynamics
assumes an extended growth cycle, by removing the dormant winter season as
done at different numerical salt marsh experiments*‘. 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 X Obs-sa®), 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 (1X, 0.5%, 0.25X, 0x) and EPs (1X, 2X, 4X, 8x) of Spartina® were
conducted, varying the CDI from 1, 0.25, 0.0625 to 0. Previous studies showed
that LERs and EPs of 1 X 1/0 X 8 are a good representation of growth strategies of
Spartina/Salicornia, respectively**.

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 X morphological
factor 91.25=365), which is sufficient to track biogeomorphic vegetation
development. Establishment and expansion strategies are based on the
literature**>* (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 mmyr~'. 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
TopoToolbox™, 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 channel’. 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 part™'. 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.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


https://github.com/orgs/UtrechtCoastalGroup/
http://www.opentelemac.org/
http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE

ARTICLES

References
42. Adam, P. Saltmarsh Ecology (Cambridge Univ. Press, Cambridge, 1990).
43. Marani, M., Lanzoni, S., Silvestri, S. & Rinaldo, A. Tidal landforms, patterns

of halophytic vegetation and the fate of the lagoon of Venice. J. Mar. Syst. 51,

191-210 (2004).
44. Shumway, S. W. & Bertness, M. D. Salt stress limitation of seedling
recruitment in a salt marsh plant community. Oecologia 92, 490-497 (1992).
45. van Ledden, M., van Kesteren, W. G. M. & Winterwerp, J. C. A conceptual

framework for the erosion behaviour of sand—mud mixtures. Cont. Shelf Res.

24, 1-11 (2004).
46. Vargas-Luna, A., Crosato, A., & Calvani, G. Representing plants as rigid
cylinders in experiments and models. Adv. Water 93, 205-222 (2016).

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

47.

49.

50.

5

—

Nardin, W. & Edmonds, D. A. Optimum vegetation height and
density for inorganic sedimentation in deltaic marshes. Nat. Geosci. 7,
722-726 (2014).

. Meire, D. W. S. A., Kondziolka, J. M. & Nepf, H. M. Interaction between

neighboring vegetation patches: impact on flow and deposition. Water Resour.
Res. 50, 3809-3825 (2014).

Ungar, I. A. Population characteristics, growth, and survival of the halophyte
Salicornia europaea. Ecology 68, 569-575 (1987).

Schwanghart, W. & Kuhn, N. J. TopoToolbox: a set of Matlab functions for
topographic analysis. Environ. Model. Softw. 25, 770-781 (2010).

. Marani, M., Lanzoni, S., Zandolin, D., Seminara, G. & Rinaldo, A. Tidal

meanders. Water Resour. Res. 38, 1225 (2002).


http://www.nature.com/naturegeoscience

	Self-organization of a biogeomorphic landscape controlled by plant life-history traits

	Disentangling physical and life-history traits

	Effects of life-history traits on landscape self-organization

	Implications across biogeomorphic systems

	Methods

	Acknowledgements

	Fig. 1 False-colour aerial images showing the vegetation and channel development at reference field sites.
	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.
	Fig. 3 Numerical model results (N2) disentangling the effect of life-history strategies and physical plant properties for Spartina.
	Fig. 4 Numerical model results (N2) disentangling the effect of life-history strategies and physical plant properties for Salicornia.
	Fig. 5 Conceptual models showing equivalent timescales between vegetation colonization and morphological development are required for the emergence of self-organized dynamics.




