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Biogeomorphic systems, key providers of ecosystem services, emerge from
self-reinforcing feedbacks between landscape-building biota and geomorphic
processes. Typically, these feedbacks are considered to operate at an indivi-
dual patch scale, yet it remains unclear how interactions between patches
shape landscapes at larger scales. Here we show how dune-building grasses
form functional clusters of interacting patches that strongly amplify engi-
neering capacity. By analyzing a decade of morphological development in an
establishing coastal dune system, we discover that dune height is primarily
driven by the initial density of neighboring patches, rather than individual
patch size. We identify an S-shaped relationship consistent with a spatial
percolation threshold: increasing local patch density triggers an abrupt shift
from isolated sand-trapping patches to functionally connected clusters that
enhance dune growth. This work reveals an important yet overlooked spatial

dimension of ecosystem engineering, one that can be harnessed to inform
future restoration designs and enhance ecosystem resilience.

Reciprocal organism-landform interactions - so-called biogeomorphic
feedbacks - are increasingly recognized as important drivers of land-
scape formation and ecosystem functioning"?. Well-known examples
of biogeomorphic ecosystems are fluvial landscapes where vegetation
controls channel meandering, and peatlands where vegetation retains
water and builds landforms by peat accretion®*. Such systems are
particularly common in the coastal zone’. Reefs built by corals, mus-
sels, or oysters provide structurally complex hard substrate in sandy
environments, filter the water and attenuate hydrodynamics®. Simi-
larly, coastal vegetation in mangrove forests, salt marshes, seagrass
beds, and coastal dunes attenuates physical flow, leading to the trap-
ping of water- or airborne particles within their canopies and stabiliz-
ing sediment through their roots” . As these interactions engineer the
landscape, they generate important ecosystem services, including
coastal defense, carbon storage, freshwater provisioning, and biodi-
versity sustainment2,

An important commonality of all biogeomorphic ecosystems is
that the feedbacks between biota and geomorphic processes are self-
reinforcing (i.e., positive), meaning that organisms engineer landforms
and facilitate each other through local positive density-dependent
relationships’. For example, mussels, corals, and oysters create hard
substrates that promote their own recruitment, while in vegetated
systems, plant patches trap and stabilize sediment, enhancing condi-
tions for further plant establishment and growth®®. Local self-
reinforcing feedbacks in combination with a more distant constraint,
such as resource limitation or physical stress, have been found to give
rise to spatial self-organization*'. Spatial self-organization is a second
commonality of biogeomorphic systems and can be observed in a range
of coastal landscapes: mussel beds”, mangroves’, nearshore coral
reefs', seagrass beds', coastal dunes®, mudflats”, and salt marshes’.

In many study systems, local self-reinforcing feedbacks lead to
spatial self-organization into regular or periodic patterns, i.e., patterns
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with a characteristic wavelength”. However, not all self-organized
ecosystems stabilize at a fixed scale. Classic scale-dependent feedback
produces stationary bands, spots, or labyrinths whose spacing reflects
a balance between short-range facilitation and long-range inhibition,
for example in mussel beds® or seagrass meadows'. By contrast, other
systems exhibit irregular patches that increase in size over time, as
observed in for example coral reefs® and salt marshes'. Theory sug-
gests that such ‘coarsening’ patterns can arise when long-range inhi-
bition is relatively weak compared with local facilitation, or when
inhibition operates at a different scale, for example, by effectively
acting as a global constraint’*?, Therefore, understanding why some
biogeomorphic systems stabilize while others keep growing hinges on
quantifying both the relative strength and spatial extent of inhibitory
versus facilitative processes.

In biogeomorphic coastal ecosystems, local self-reinforcing feed-
backs are typically suggested to emerge from positive density depen-
dence generated within patches of aggregated individuals'®"***,

However, previous work found that the range of influence of local
facilitative effects are not merely restricted to the patch itself, but may
extend far beyond". In establishing biogeomorphic systems, this spa-
tially extended facilitation could become particularly important when
the influence zones of neighboring pioneer patches overlap. In this
case, physically separated patches can become functionally connected,
for instance, by modulating flow as a collective rather than as individual
patches®. Consequently, functional clusters of patches can be formed
within the system, whose joint engineering capacity may exceed that of
individual patches. We therefore suggest that such a spatially extended
effect of local self-reinforcing feedbacks could amplify the landscape-
building capacity of ecosystem engineers and represents a thus far
overlooked role in the formation of biogeomorphic landscapes.
Coastal dunes are an iconic example of biogeomorphic land-
scapes. About one third of the world’s coastline consists of sandy
shores that are protected by coastal dunes®. Similar to other estab-
lishing vegetated biogeomorphic systems (Fig. 1a), developing coastal
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Fig. 1| Patchy coastal systems worldwide and conceptual model of the patch-
interaction hypothesis. a Global locations of representative coastal biogeo-
morphic systems characterized by patchy vegetation distributions in the estab-
lishment phase. These include dune systems formed by grasses (Netherlands:
52°59'40“N, 4°43'50“E; 2013; USA: 35°13'48“N, 75°32'46“W; 2017; Australia:
34°19'02"S, 115°11'15“E; 2015), salt marshes formed by succulents (China:
31°37'40“N, 121°50'48“E; 2023), mangroves (India: 21°33'54“N, 87°21'36“E; 2024),
and seagrass meadows (France: 47°43'02“N, 3°59'00“W; 2019). Insets from Google

Earth (historical imagery dates as indicated): Map data © 2026 Google. Within these
systems, patches modulate flows of either wind (dunes) or water (salt marsh,
mangrove, seagrass). b Conceptual model illustrating sand trapping by isolated
dunes through individual flow modulation. ¢ Conceptual model demonstrating
enhanced sand trapping when dune grass patches occur in closer proximity,
enabling functional connectivity by modulating flow collectively. Insets in (b, c)
show examples of both configurations from drone imagery of the study site.

Nature Communications | (2026)17:2534


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70552-7

a)

4.0~

Dune height (m)

b)

6
Patch size (m?)

Fig. 2 | Effects of patch size and local patch density on dune height. a Average
dune height in 2014 as a function of patch size in 2013, with patch sizes binned at
0.25 m? intervals. b Average dune height in 2014 as a function of local patch density
in 2013 (defined as the number of neighboring patches within a 7 m radius divided
by the neighborhood area). Insets illustrate the differences between patch

0.00 0.10 0.15 0.20
Patch density (patch m2)
properties assessed: patch size as proxy for intra patch facilitation (a) versus patch
density as proxy for inter patch facilitation (b). Shaded areas indicate standard
deviation; Npacches = 4349. For the relationship between patch density and com-
bined neighbor area, see Supplementary Fig. 4 and Fig. 5. Dune height is presented
in meters above mean sea level (Amsterdam Ordnance Datum; NAP).

dunes have been proposed to function as self-organizing systems®%.
Coastal dune formation starts with pioneer dune grasses colonizing
the beach®. By trapping airborne sediment, these dune grasses
become buried, stimulating plants to develop additional shoots and
expand, thus further enhancing sand trapping. As a result of this local
self-reinforcing feedback, small embryo or nebkha dunes are formed
by the individual patches of dune grass®*. In time, with abundant
sediment present, single embryonic dunes will continue to grow,
eventually coalescing and maturing to form coastal foredunes®?.
Recent work demonstrated that the spatial organization of shoots
within dune grass patches significantly influences sand trapping effi-
ciency and subsequent dune formation at the patch scale®>”. However,
at scales beyond individual patches, it remains unclear how spatial
interactions among patches influence sand trapping and thus affect
the strength and spatial extent of self-reinforcing feedbacks driving
dune formation.

Here, we explore how spatially extended interactions among
engineering patches, rather than the size of individual patches alone,
influence engineering capacity in embryonic (i.e., establishing) coastal
dune landscapes. Specifically, we empirically quantify whether the
spatial organization of physically separated dune grass patches func-
tionally connects them to amplify dune formation. We hypothesize
that, in establishing dunes, collective sand trapping by neighboring
patches amplifies early dune formation beyond what individual patches
can achieve alone. Following spatial percolation principles®, we expect
that when patches lie close enough for their zones of influence to
overlap, they form functionally connected clusters whose joint engi-
neering capacity outperforms that of isolated patches. Moreover, we
predict that the initial spatial arrangement of patches sets a template
for how interactions unfold, making early patch organization a strong
predictor of future landscape morphology. In practice, this means that
because functional clusters of patches collectively alter air flow****, they
amplify embryo dune growth by enhancing sand deposition and trap-
ping (Fig. 1c). By contrast, isolated patches do not have that advantage,
resulting in slower sand capture and reduced dune growth (Fig. 1b). To
test these predictions, we used an extensive dataset of annual high-
resolution aerial imagery (0.1 x 0.1m) spanning over a decade of
development in a large (90 ha), establishing dune system. We focused
on a 12-ha subsection beyond direct wave impact, where dune devel-
opment emerged under relatively homogeneous and near-synchronous
conditions. Within this subsection, we identified over 4000 dune grass
patches and generated detailed elevation maps using photogrammetry,
capturing the transition from an embryonic dune field to a mature dune
landscape. By linking patch configuration with local morphological
change through time, we determine the dominant scale at which eco-
system engineering emerges and assess whether functional con-
nectivity between patches amplifies coastal dune formation.

Results

Between-patch interactions amplify dune formation

Our results support the hypothesis that dune height development is
not primarily driven by within-patch facilitation, indicated by the size
of a patch, but instead arises from interactions between neighboring
patches that jointly amplify dune growth. As a first step, we tested
whether initial patch size correlates with dune height one year later,
but no clear relationship was found (Fig. 2a; Spearman’s p=0.18,
p<0.001). We then examined how the local density of neighboring
patches influences dune height (within a 7 m radius of each focal patch,
see “Methods” and Supplementary Fig. 1). The results revealed that
dune height much better predicted by local patch density (Fig. 2b;
spearman’s p = 0.57, p < 0.001). Similar relationships can be found for
A dune height (Supplementary Fig. 2). Finally, we checked whether
local patch density could be a product of underlying environmental
factors such as initial topography or distance to the shoreline within
our study area. Although initial topography shows a significant cor-
relation, neither is are strong drivers of patch density (Spearman’s
p=0.097, p<0.001 and p=0.019, p=0.199 respectively) or future
dune height (Supplementary Table 1 and Fig. 3). These findings show
that dune formation is not an isolated outcome of individual patch
performance, but rather an emergent property of spatially clustered
patches. This implies that by building a shared dune body, physically
separated patches become functionally connected.

Between-patch interactions create a template for long-term
dune landscape formation

Longterm analyses of dune landscape development highlight that
between-patch interactions not only shape dune height in the short
term (Fig. 2b) but also have a lasting effect as the system continues to
develop over multiple years (Fig. 3a). Specifically, we found that the
initial patch density in 2013 has an evident positive effect on dune
height for 8 consecutive years from the period 2014-2023 (Fig. 3a).
Indeed, for all years, dune height follows an S-shaped curve as function
of initial patch density, with limited dune growth for a patch density of
below 0.03 patch m?, a steep increase around 0.05 patch m™, after
which it flattens off from 0.10 patch m™, This S-shaped relationship can
be best described by a Hill function (see Eq. (2) in the “method” section
and Supplementary Table 2 for model fitting). This long-term, non-
linear response shows how early patch density leaves a lasting imprint
on landscape development, with dune growth accelerating once a
critical density threshold is surpassed.

The effect of initial patch density on dune height becomes
increasingly nonlinear over time, yielding a sharper more threshold-
like transition in early patch density beyond which dunes rapidly build
up. This is reflected in the increasing sigmoidicity exponent & of the
S-shaped curves (Fig. 3b). The combined height of the system builds up
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Fig. 3 | Long-term dune development as a function of local patch density.

a Average dune height (2014-2023) as a function of local patch density in 2013.
Curves follow the Hill equation of Eq. (2). Shaded areas indicate standard deviation
(scaled to 0.2 of actual value for clarity; full standard deviations are shown in
Supplementary Fig. 6); Npacches = 4349. The orange dashed line indicates the base
line topography prior to vegetation establishment (2010; see Supplementary

Fig. 7). b, ¢ Hill-curve parameters h (sigmoidicity, controlling curve shape) and k

(inflection point, indicating maximum slope) over time (2014-2023), derived from
the fits shown in panel (a). Curves are fitted using LOESS smoothing; shaded areas
indicate confidence intervals. d Example area from the study system, showing
vegetation patches (green) in 2013 and subsequent dune development in 2014,
2018, and 2022 based on digital elevation models (DEMs). Dune height is presented
in meters above mean sea level (NAP).

relatively rapid at first and stabilizes in the final years of the analysis, as
indicated by the spacing between the S-curves (Fig. 3a; see for long
term dune development Supplementary Fig. 7). Interestingly, the
inflection point k stays relatively constant over time (0.054 £ 0.003
patch m™%; Fig. 3c). Together, these analyses indicate that dune for-
mation is governed by an initial patch-density threshold whose influ-
ence intensifies over time.

It is striking that the spatial distribution of vegetation patches in
the earliest year (2013) best predicts dune height up to a decade later.
In support of previous analyses, the explanatory power of patch den-
sity on dune height declines as dune grass patches of this initial
embryonic system grow and expand over time (see for the effect of
patch density from 2017 and 2021 Supplementary Fig. 8 and Table 3).

This further highlights that it is predominantly the initial patch dis-
tribution and the associated patch densities that shape future dune
development. The strength of this early effect can also be visually
recognized by comparing the 2013 vegetation map with elevation
change over time (Fig. 3d). Together, these results highlight that it is
the initial organization of vegetation, rather than its later expansion,
that sets the development trajectory of dune growth.

A connectivity-based threshold drives nonlinear dune growth

The threshold-like relationship between patch density and dune
growth observed in Fig. 3a shows a striking parallel with the percola-
tion threshold that is well known from statistical physics®. In our case,
the inflection point k of the S-shaped relationship (Fig. 3a) marks the
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Fig. 4 | Conceptual model illustrating how vegetation patch density controls
functional connectivity and leads to a percolation-like transition. a At low
densities (yellow; 1), isolated vegetation patches have minimal sand-trapping
effectiveness. Increasing density (red; II, the percolation zone) causes patches to
become functionally connected, enhancing sand trapping. Beyond a critical
threshold (green; IlI), further increases in density yield diminishing returns due to
saturation of connectivity. This transition is represented by a sigmoidal curve, with
a critical density threshold (red dot) marking the center of the percolation zone,
i.e., the patch density at which the spanning probability equals 0.5. The blue circle
indicates a patch’s suggested range of influence; the dashed circle indicates the
functional cluster size. b Example visualization of vegetation patches (from 2013)
projected onto dune elevation data (2023), highlighting ranges of influence (blue).
The inset demonstrates how overlapping influence zones result in a collective dune
body of amplified height.

patch density around which small changes lead to disproportionately
large deviations in dune height, a hallmark sign of systems undergoing
a connectivity-driven transition®. Indeed, interpreting the inflection
point k of the S-shaped relationship as a percolation-like threshold
suggests that, around this density, a critical transition occurs: patches
become functionally connected forming large “spanning” clusters
(Fig. 4a). Below the percolation zone around k, patch densities are too
low to form such clusters. Above the percolation zone, the system is
“percolated”-i.e., functional clusters have formed-implying that from
that point onward additional patches will yield diminishing returns due
to saturation of connectivity (Fig. 4a). Assuming each patch affects its

surroundings within a circular range of influence, using continuum
(disk) percolation®®, we can calculate the minimal radius of this range
of influence required to form a spanning cluster at the patch density of
k (Fig. 3a k=0.05 patch m™; see “Methods” for details). This yields a
range of influence with a 2.27 m radius and a maximum interaction
distance between patches of 4.54 m (to connect their ranges of influ-
ence). Figure 4b illustrates how this estimated 2.27 m allows the range
of influence of patches to overlap, forming a functionally connected
cluster that uses its joint engineering capacity to build a single dune
body. Thus, applying the percolation framework on our empirical data
exposes a mechanistic understanding of the scale at which individual
patches engineer their environment and how connectivity between
patches amplifies this process to shape the entire dune landscape.

To test whether the nonlinearity in Fig. 3a indeed reflects a con-
nectivity mechanism, we performed three complementary analyses.
First, we tested whether the maximum interaction distance predicted
by percolation theory (-4.54 m) appears independently in our data.
When relating mean nearest-neighbor distance to dune height, we find
an S-shaped relation for which amplified dune growth happens within a
given distance (4.12, 4.48 and 5.11m; (Fig. 5d bc). These distances
closely match the 4.54 m maximum interaction distance. Second, using
that same maximum interaction distance, we quantified “spanning”-
cluster formation as a function of patch density (Fig. 5d). Indeed, the
results yield the expected sigmoidal increase. The fraction of patches
being part of large clusters rises most steeply near the inflection point
k and saturates where the dune-height curves level off (Fig. 3a). Third,
because our inflection point k is estimated within a finite window (the
local neighborhood), we examined how k shifts with window size (L)
(Supplementary Fig. 10). In the case k represents a connectivity
threshold, percolation theory predicts a characteristic scaling for k:
larger windows require less density to connect (more alternative
paths), so k(L) decreases and converges. For two-dimensional perco-
lation, k(L) yields a linear relation with L™°7 (see Eq. (6))*>. Consistent
with this, Fig. 5e shows that k systematically decreases with window
size and then stabilizes, thereby it obeys the hallmark L™°7° scaling for a
connectivity threshold (Fig. 5f). Importantly, two alternative explana-
tions would show a very different scaling trend: (i) if the spatial patch
distribution alone (short-range clustering; see Supplementary Fig. 9)
was responsible, k logically should increase and then plateau with
window size; and (ii) if dune height depended only on total cover (no
connectivity), the threshold would stay constant across window sizes.
Together, these tests show that once patches are close enough to
interact, functional connectivity emerges and dune growth accel-
erates, consistent with a connectivity-based threshold.

Discussion
Our work demonstrates that ecosystem engineering, typical of bio-
geomorphic systems, can extend beyond the scale of individual pat-
ches and arise from functionally connected neighbors. Specifically, we
found that in establishing coastal dune systems, spatially separated
neighboring patches interact to amplify sand trapping and thus dune
growth compared to single, isolated patches. Such facilitative inter-
actions are governed by a connectivity (percolation-like) threshold:
when patches lie in close enough proximity to form functional clusters,
dune growth increases nonlinearly, yielding a S-shaped relationship
between patch density and dune height. Moreover, differences in dune
height between clusters and isolated patches increase over time, since
clustered vegetation accelerates dune growth relative to more isolated
configurations. As a result, the initial spatial organization of vegetation
patches acts as a functional template for long-term morphological
development, linking early patch densities to future landscape-scale
outcomes.

Concepts from percolation theory highlight the role of con-
nectivity in the S-shaped relation between dune height and patch
density. For percolation in its classical, structural form (site/bond
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the distance threshold (vertical dashed lines). These thresholds closely match the
maximum interaction distance predicted from percolation theory (-4.54 m). Sha-

ded bands show the standard deviation. d Using this interaction distance, we cal-
culated the fraction of patches in “spanning” clusters (%) as a function of local patch

Radius (m) L7

density. The spanning fraction increases most steeply near the inflection point k
from Fig. 3c (0.054 + 0.003 patches m~2) and saturates where dune-height curves
level off. e Dependence of k on window radius: k decreases with increasing radius
and then approaches a window-independent limit. f Finite-size scaling test: plotting
k(L) against L~%75 (x-axis, labeled by the corresponding radii in meters) indeed
yields an approximately linear relationship (R? = 0.94).

percolation on lattices)*’, connectivity emerges abruptly once occu-
pancy crosses the percolation threshold, typical examples are fluid
conduction through porous media® and electric conductivity®*. How-
ever, our study system more closely follows the principles of con-
tinuum (disk) percolation®, where it is not the entities themselves but
their ranges of influence that overlap to form functionally connected
clusters, e.g., habitat connectivity®. Importantly, our study system is
spatially heterogeneous and noisy: e.g., variation in patch size and
geometry, non-random clustering, and stochastic disturbances
broaden an idealized system scale transition into a percolation zone,
blurring an exact percolation threshold but preserving an overall sig-
moidal response. Our finite-size scaling of k and the nearest-neighbor
distance test indicate that this noise does not erase the underlying
mechanism. Instead, once local ranges of influence overlap suffi-
ciently, this functional connectivity accelerates dune building. Beyond
this point, adding even more patches yields diminishing returns as
functional clusters already have been formed.

Coupling biogeomorphic feedbacks with the percolation frame-
work, offers an explanation of why the initial spatial arrangement of
dune-grass patches is such a strong predictor of future dune height. It
is the percolation-like transition of dune-grass patches into functional
clusters that sets the stage for future dune development, after which
nonlinear plant-sediment feedbacks (Fig. 1b) shape the observed
S-curves to become steeper over time (Fig. 3a). The relatively constant
k across years (Fig. 3c) is consistent with a structural connectivity
threshold, while the increasing h (Fig. 3b) likely reflects strengthening
dynamic feedbacks. The timing and position of functional cluster
formation are context dependent, affected by a site-specific range of
influence, which likely varies with sediment size and supply, wind
regime, and species traits***°. Similar condition dependence has been
observed for other biogeomorphic systems; for instance, in salt mar-
shes, the spacing and size of gullies depend strongly on hydrodynamic
forcing”*°. More broadly, our findings align with previous work
highlighting the importance of early spatial arrangements in
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biogeomorphic systems, whether shaped by pioneer life histories*,
recruitment strategies*’, or vegetation presence in general’.

Our results have important implications for the conservation and
restoration of coastal dunes and biogeomorpic systems in general.
Coastal biogeomorphic systems are notoriously difficult and often
prohibitively expensive to restore***, While growing evidence sug-
gests that naturally emerging spatial patterns can be harnessed to
improve restoration outcomes™*, most current efforts still rely on
evenly spaced planting designs, such as uniform grids of Marram grass
(C. arenaria) seedlings, that bear little resemblance with the patchy
organization that develops naturally (Fig. 1a). Recent studies demon-
strate that clumped planting in high density patches can maximize
local facilitation and substantially improve restoration
success® 2?1344 Qur findings suggest that this principle goes beyond
just patch size: not only should plants be grouped in patches, but these
patches should be arranged such that they can interact similar to what
is observed in natural systems. For our specific dune system, the
maximum interaction distance lies around 4.5 m, to allow for efficient
percolation into functional clusters that in turn amplify dune devel-
opment and thus landscape formation. Such an interpatch distance
deviates from patch configurations used in state of the art restoration
experiments***%, where in general higher dune grass densities are
applied. Therefore, incorporating interpatch facilitation into restora-
tion design could not only enhance ecosystem recovery, but result in
much more cost-effective designs as well***°,

Coastal biogeomorphic systems are under increasing pressure
and are degrading at an alarming rate’, yet their capacity for self-
recovery depends on the very facilitative interactions that build

52 00'
53° 12

482 ads [ posal

™\

Fig. 6 | Location of the study site along the North Sea coast (52°59'43.1“N
4°43'46.0“E). The site, covering ~90 ha, is situated on the southern tip of Texel, one
of the barrier islands in the northern Netherlands. The white box indicates the
location of our study site (-12 ha) oriented parallel to the shoreline, along the sea-to-

them*. Our study reveals an overlooked scale of ecosystem engi-
neering capacity, showing that physically separated vegetation pat-
ches can percolate into highly efficient, landscape-engineering
clusters. In doing so, we expose a new level of self-organization in
coastal dunes; from behavioral processes within individual plants®, to
between-patch functional connectivity. Ecological resilience theory
predicts that ecosystems best withstand disturbance when positive
feedbacks operate at multiple scales™. Indeed, work from mussel beds
has linked multi-scale self-organization to enhanced resilience of bio-
geomorphic systems™*>. Our findings support the notion that multi-
scale self-organization can be critical for maintaining ecosystem
resilience and highlight that these processes are also vital in the
establishment phase of biogeomorphic landscapes.

Methods

Study site

To test our hypothesis, we required a naturally formed embryonic dune
field that recently transitioned into a mature landscape. Since our study
investigates landscape-building processes, an ideal location would
experience minimal limitations in accommodation space, sediment
availability, and seasonal erosion** ¢, Additionally, for this dune system
high-resolution aerial imagery capturing the main development of the
system needed to be available. The Hors on Texel, the Netherlands
(52°59'43.1“N 4°43'46.0“E, Fig. 6), turned out to be a very suitable
location. The Hors consists of an unmanaged, actively developing dune
system (~90ha in 2024), progressing south-westward over recent
decades. Flood erosion at the Hors is minimized by an extensive beach
plain fronting the embryonic dunes, which attenuates wave

20 m

land gradient. From this site two representative sections are highlighted showing
the detected dune grass patches (in green) on top of the corresponding aerial
image of 2013 (adapted from beeldmateriaal.nl).
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impact™*®.This beach plain also provides sufficient accommodation
space for dune expansion and serves as a large fetch area for wind-
driven sediment transport®®*°. Wind directions vary throughout the
year, with South-Western winds being most common (Supplementary
Fig. 11). For our analysis, we focused on a 12-ha subsection of the Hors,
representing an embryonic dune field establishing around 2011-2012,
with clearly identifiable dune grass patches and embryo dunes in the
imagery from 2013 onward (Fig. 6). This subsection is oriented parallel
to the tideline and was part of a significant colonization event. By 2013,
pioneer grasses had formed distinct embryonic dunes, with minimal
spatial or temporal gradients, ensuring uniform age and environmental
conditions across the area. At that time, dune grass patches covered
8.5% of this area, comprising 4,349 embryo dunes with an average patch
size of 2.3 m2. Two species dominate dune formation here: Elytrigia
Juncea (Sand couch) and Calamagrostis arenaria (formerly Ammophila
arenaria, Marram grass)®. E. juncea acts as the pioneer species, facil-
itating landscape modification and subsequent colonization by C. are-
naria, which is the superior dune builder®. Although E. juncea likely
initiated landscape changes at the study site, the distinct embryo dunes
visible from 2013 onwards were predominantly formed by C. arenaria.

Data

Aerial imagery of the Hors was provided by the municipality of Texel
and Beeldmateriaal, both of which conduct annual high-resolution
airborne surveys. We used pre-processed orthomosaics from the
national airborne survey (0.1 x 0.1 m), to detect and extract dune grass
patches (Beeldmateriaal 2010-2021; Beeldmateriaal HRL 2021-2023,
CC BY 4.0). Digital elevation models (DEMs) were generated from
stereo photos provided by the municipality of Texel using Agisoft
Metashape, covering the years 2014, 2015, 2017-2020, and
2022-2023, with horizontal resolutions ranging from 0.05 to 0.07 m.
All imagery was captured in early spring, prior to the main growing
season (February-April). To evaluate the beach topography prior to
our main study period (2008-2013), we used preprocessed elevation
data from Hoogtebestand Kust (5x5m). We extracted dune grass
patches using a geospatial deep learning platform (Picterra). A custom
model combining object detection and feature masking enabled us to
delineate both the location and spatial extent (surface area and peri-
meter) of individual patches (see for examples feature masking Fig. 6,
and for more details on model approach: www.picterra.ch).

Data analysis

Between-patch interactions amplify dune formation. We first
examined the relationship between the size of dune grass patches in
the initial embryonic dune field (2013) and their corresponding dune
height in the subsequent year. For each patch, dune height was
extracted from all available DEMs using its centroid coordinates. Next,
we tested whether local patch density could explain future dune
height. Local patch density was calculated by counting the number of
neighboring patches within a circular search radius (rsearch) around
each patch center, assuming isotropic interactions for simplicity.

To determine an ecologically relevant neighborhood radius, we
related dune height to neighbor counts for radii from 2 to 30 m using
Spearman’s rank correlation coefficient (p) and applied the elbow
criterion for scale-dependent patterns®’. The elbow location was
identified with piecewise (broken-stick) regression (segmented pack-
age in R) ®® as the smallest radius at which > 95% of the maximum p was
reached, and further increases in radius yielded only marginal gains in
explanatory power. This procedure identified 7 m as the neighborhood
radius (see Supplementary Fig. 1), which we used in all subsequent
analyses. A patch was considered a neighbor if its centroid lay within
this radius (rsearcn)- Local patch density was defined as:

N patches (1)

Patch density =
”rsearchz)

Underlying environmental factors. To test whether the observed
relationship between patch density and dune height reflects under-
lying environmental gradients, we quantified distance to shoreline and
initial elevation and evaluated their associations with local patch
density and future dune height. We computed distance to the shore-
line as the planar distance from each patch centroid to the mapped
shoreline for the year 2013; initial topography was extracted at each
patch centroid from the DEM of the year 2010 (in this year vegetation
cover was neglectable, see Supplementary Fig. 7). For the correlation
between initial topography, distance to shoreline and patch density we
used Spearman’s rank correlation. Moreover, for the relation of these
variables to future dune height, we used a standardized multiple linear
model with future dune height as the response and patch density,
distance to shoreline, initial topography, and patch size as predictors
(see for details Supplementary Table 1 and Supplementary Fig. 3). To
support these tests, Supplementary Fig. 7 presents aerial imagery of
system development from a bare beach to a mature dune field
(2008-2023), together with time series of total dune volume and
vegetation cover, illustrating the onset of dune formation following
vegetation establishment.

Between-patch interactions create a template for long-term dune
landscape formation. To determine the best functional fit between
patch density and future dune height, we tested multiple candidate
models: linear, power-law, negative exponential, and a generalized Hill
function®®. Based on the Akaike Information Criterion (AIC), the Hill
function consistently provided the best fit across all elevation years
(see Supplementary Table 2 for model fitting details). The generalized
Hill function can be defined as:

( max _ymin)xh (2)

K"+ xh

Within the context of this study, the parameters of Eq. 2, can be
best described as follows. Dune height (m) is represented by y. With
Ymin being the minimum dune height predicted at very low patch
densities, indicating the baseline dune growth by isolated patches.
Ymax Stands for the maximum dune height achievable as patch density
increases. k is the inflection point of the curve, marking a key threshold
in the relationship between patch density and dune development at
the steepest point of the curve. The Hill coefficient A, controls the
steepness, or sigmoidicity, of the curve around k. A higher value of h
indicates a sharper, more threshold-like transition in dune growth.

Y=Ymin*

A connectivity-based threshold drives nonlinear dune growth. To
test whether the observed nonlinearity between patch density and
dune height reflects a connectivity mechanism, we interpreted the
inflection point k of the Hill function (Eq. 2) as the midpoint of a
percolation transition. We then translated k into an interaction length
by calculating the range of influence around each patch centroid
needed to form a spanning cluster at the observed patch density for k.
We treated each vegetation patch as the center of a disc of influence
with radius r, such that two patches interact when their disks just
touch. The expected number of neighbors within distance r of a focal
patch is:

N(r)=pmr?G(r) 3)

Where p is patch density (patches m~2), irr? is the area of the neigh-
borhood, and G(r) is the pair-correlation function describing the
degree of clustering relative to a random spatial distribution
(estimated from a pair-correlation function of the system; Supple-
mentary Fig. 9). Following continuum disk percolation for a two-
dimensional system, a spanning cluster appears when a patch is
directly connected to, on average, A.=1128 neighbors®. At the
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percolation point we therefore require:

N(r)=A.=1.128 G
Combining Eq. 3 and eq. 4 gives:
A
= 5
kmrG(r) ©)

Since G(r) is based on r, a few iterations have to be calculated to
find r that fits with the clustered spatial distribution of the system. We
then defined the maximum interaction distance between patch cen-
troids as d,, = 2r.

Using dimax, We performed three complementary analysis. First, we
related dune height to the mean nearest-neighbor distance per patch
(averaged over the 2, 3, and 5 closest neighbors; centroid-to-centroid).
We fitted Hill functions (Eq. 2) to these relations to estimate distance
thresholds. For this, we used the value of the inflection point k, which
we later compared to the theoretically derived d.x. Second, we
treated patches as connected when their centroids were < d,,,x apart
and identified connected sets of patches. We classified a set as
“spanning” when it bridged a distance needed to connect opposite
sides of our 7 m radius neighborhood window. We then quantified,
across patch density, the fraction of patches belonging to such span-
ning components.

Third, we performed a finite-size scaling analysis to test whether
the density threshold k behaves as expected for a 2-D percolation
transition. We re-estimated k for different window sizes (L) with radii
(3-24 m; see Supplementary Fig. S10) as the inflection point of the
patch density versus dune height curves, computing local patch den-
sity as in Eq. (1). In finite systems the apparent percolation threshold
depends on the window size (L), interpretating k as the percolation
threshold, finite-size scaling theory predicts:

kL)=k +al™ (6)

Where k. is the density threshold in an infinite system, a is a constant,
and v is the correlation-length exponent. The universal value for v in
2D percolation®® is v=4/3, so k(L) should vary approximately linearly
with L7%75. Therefore, to test whether the observed finite-size
dependence of our patch density versus dune-height threshold is
consistent with 2-D percolation, we regressed k(L) against L=°7°.
Unless noted otherwise, analyses above included all patches present in
2013 (Npacches =4349 patches). All analyses descripted here were
performed in R (v2024.04.2).

Data availability

Links to publicly available aerial imagery and elevation maps, the
shapefile of the study area and shapefiles of the extracted dune grass
patches that support the main findings of this study are available in
DataverseNL at (https://doi.org/10.34894/IDHH59). In addition, the
source data of the main text figures are provided as a Source Data
file. Source data are provided with this paper.

Code availability
All code (developed in R) used to calculate the patch metrics can be
accessed through DataverseNL at (https://doi.org/10.34894/IDHHS59).
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