
reported in seagrass meadows elsewhere (20�22, 27). The parsimonious
model developed here demonstrates that fairy circle seascapes emerge as
consequences of nonlinearity and spatial interactions in seagrass
meadows at critical levels of demographic imbalances, typically met
in relatively shallow nearshore areas of seagrass meadows. In contrast,
comparatively low mortality rates in deeper areas lead to a prevalence of
stable continuous meadows toward the deeper ranges of seagrass
meadows. The model developed here, based on simple inherent growth
traits of the seagrass species and variable mortality due to nonlocal in-
teraction and nonlinearity, is able to reproduce the range of complex
landscape configurations, including striped, hexagon, and soliton-
dominated landscapes encountered between the bare sediments and
continuous meadow end members for these landscapes. The model
results are robust enough as to allow inferences on the demographic
status of the meadows on the basis of observed landscape configurations.
In particular, positive hexagons signal the proximity of tipping points
where further increase in seagrass mortality relative to growth may lead
to catastrophic loss of seagrass meadows (1, 52). Because seagrass ecosys-
tems rank among the most threatened ecosystems globally (28), the ca-
pacity to diagnose the proximity of seagrass meadows to tipping points
for catastrophic loss based on landscape configurations provides a tool
to guide conservation measures aimed at preventing further losses.

MATERIALS AND METHODS
Derivation of the ABD model
Focusing on the three main mechanisms involved in the growth of clonal
plants, namely, apices� linear growth, branching, and death, we developed
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Fig. 4. Comparison of numerical simulations with patterns observed in seagrass
meadows. (A) Final spatial density distribution of shoots from a numerical
simulation of the ABD model that uses the mortality profile plotted in (B). (C) Observed
coverage (31) of P. oceanica from LIFE Posidonia side-scan cartography in the Balearic
coast area limited by the following coordinates: 39°45′54.1″N, 3°09′49.5″E; 39°47′25.6″N,
3°11′48.7″E; 39°47′48.6″N, 3°11′19.0″E; and 39°46′17.1″N, 3°09′19.9″E. (D) Depth in that
region averaged along the y direction. (E to H) Comparison of a numerical simulation
with field density measures: (E) Spatial density distribution of P. oceanica as obtained
from numerical simulations with a custom spatially dependent mortality [orange line in
(G), left scale] and a profile of the saturation strength b(x, y) [blue line in (G), right scale].
(F) Cut of (E) at y = 102. (H) Observed P. oceanica density measured by scuba divers (in
blue, data file S1) as function of the depth for different locations spread over the
coastline of the Balearic Islands and the density in random locations of the numerical
simulation shown in (E) (gray). Parameters are same as in Fig. 2. The time evolutions of
the simulations are shown in movies S4 and S5.
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Fig. 5. Comparison of numerical simulation with patterns observed by side-
scan sonar (31) for a region of coexistence between holes and patches in a
meadow of C. nodosa in Mallorca Island (Fig. 1). The set of model parameters
for C. nodosa is wb = 2.3 year�1, n = 160 cm year�1, r = 3.7 cm, fb = 45°, b =
112.71 cm4 year�1, k = 2.76 year�1, sk = 2226.1 cm, a = 21.0 cm2, sm = 139.1 cm,
and m = wd0, and the area modeled (a subset of that shown in Fig. 1A) is bounded
by the coordinates 39°53′16.4″N, 3°05′12.7″E; 39°51′52.0″N, 3°06′15.7″E; 39°51′43.1″N,
3°05′55.6″E; and 39°53′07.5″N, 3°04′52.6″E (movie S6). (A) Final spatial density
distribution of shoots from a numerical simulation of the ABD model using the mor-
tality profile shown in (B). (C) Observed coverage (31) of C. Nodosa from LIFE Posi-
donia side-scan cartography in the Balearic coast.
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