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Abstract Regularly patterned reef ridges develop in the
lagoons of at least one-third of Earth’s coral reefs. The
interactions between corals and their environment, occur-
ring at scales from millimeters to meters, can lead to self-
organized spatial patterns spanning hundreds of meters to
kilometers. To understand the mechanism behind pattern
formation, we first characterize these spatial patterns using
satellite imagery from 63 sites across the Atlantic, Pacific,
and Indian Oceans. Next, we develop a generalized Turing
morphogenesis model. Corroborated by observed spatial
patterns, results from our numerical model suggest that
patterned ridges develop through a four-phase trajectory,
dictated by changes in the lagoon’s hydrodynamic regime.
Initially, after an atoll lagoon forms, the first colonizing reefs
establish as isolated pinnacles. These pinnacles then evolve
into low-relief ridges and eventually form semi-enclosed
inter-ridge ponds. In the terminal phase, a dense intercon-
nected, branching, and rejoining (“‘anastomosing”) pattern of
reef ridges develop into a network, fully enclosing the ponds.
Once enclosed, wind- and tide-induced currents are signifi-
cantly reduced. Since corals rely on flow for feeding and
shedding metabolites, ridge development stalls, and the pat-
tern stabilizes. By combining empirical observations from
around the world with a theoretical model, our study reveals
the mechanism of reef pattern formation. Such a mechanistic
understanding enables the use of emergent reef patterns to
identify reef stress at the coral colony scale.
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Introduction

Over the last 4 decades, half of Earth’s reefs have died (Eddy
et al. 2021). The so-called “reef crisis" is a symptom of
a planet slowly, inexorably overheating (Woodhead et al.
2019). Reefs are facing transitions that are likely catastrophi-
cally abrupt and irreversible (Stuart-Smith et al. 2018; Wil-
liams and Graham 2019). Reefs evidently have critical
thresholds—so-called tipping points—beyond which the
ecosystem shifts abruptly from a biodiverse state, to one that
is moribund and low in species richness (Purkis and Riegl
2005; Riegl et al. 2012, 2015). Such shifts have societal con-
sequences. More than one billion people rely on coral reefs
for protein, reefs protect coastlines from storms and tsuna-
mis, and they yield bioactive molecules for new medicines
(Hughes et al. 2018). It is challenging to predict critical tran-
sitions because the system may show little change before the
tipping point is reached. Detecting the subtle signals of an
impending transition is especially hard for reefs. Timeseries
from traditional diver-monitoring rarely extend back more
than 20 years (Aronson et al. 2002; Gardner et al. 2003);
too short to track the natural variability of such a complex
ecosystem. A shortcut to predicting tipping points in reefs
would therefore be desirable in order to speed the pathway
to effective conservation. Tipping points often align with the
emergence of coherent patterns in ecosystem architects. If
such patterns appear at spatial scales detectable by remote
sensing, as we believe for coral reefs, impending tipping
points could be identified from orbit.
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Despite distinctive differences in scale, biology, and
environment, many spatially self-organized ecosystems
show striking similarities in terms of the coherent patterns
they form (Purkis and Kohler 2008; Rietkerk and van de
Koppel 2008; Budd et al. 2016; Purkis et al. 2016). Spatial
self-organization is the process where local interactions give
rise to large-scale regular spatial patterns from disordered
initial conditions. Examples can be found in mussel beds
(van de Koppel et al. 2005; Liu et al. 2014), semi-arid veg-
etation (Couteron and Lejeune 2001), wetlands (Quintero
and Cohen 2019; Dong et al. 2021)—including mangroves
(van Maanen et al. 2015), seagrass meadows (van Der
Heide et al. 2010; van de Vijsel et al. 2023), marsh tussocks
(van de Koppel and Crain 2006), microbially-precipitated
carbonates (Petroff et al. 2011; Xi et al. 2022), sand flats
(Coco and Murray 2007), and Halimeda bioherms (McNeil
et al. 2021; Reolid et al. 2024). It has also been well-estab-
lished that spatial self-organization by corals can deliver
coherent patterning (Mistr and Bercovici 2003; Rietkerk
and van de Koppel 2008; Purkis et al. 2010; Blakeway and
Hamblin 2015; Purkis et al. 2015; Zlatarski and Greenstein
2020; van der Kaaden et al. 2021, 2023; Génin et al. 2024)—
the focus of our study.

To investigate the specific mechanism underlying pat-
tern formation of coral reefs, Mistr and Bercovici (2003)
proposed a theoretical model. It predicted regularly-spaced
reefs oriented perpendicular to water flow, as indeed has
been documented at colony scale (Helmuth et al. 1997) and
at reef-scale (Purkis et al. 2016). However, their model fails
to reproduce reticulated reef patterning in atoll lagoons, as
described by Woodroffe (2011) and Purkis et al. (2015).
Reticulated reefs were initially interpreted to be a manifes-
tation of antecedent seafloor topography (Purdy 1974; Purdy
and Bertram 1993; Purkis et al. 2010). However, recent drill-
ing and seismic surveys show that this reticulate pattern is
not a living reef veneer of an underlying seafloor template,
but instead capable of developing independently on a flat
featureless seabed (Schlager and Purkis 2015; Purkis et al.
2016)—that is, the patterned reef ridges are modern, built
via biological processes, not a mere manifestation of the
underlying geological templates (Salas-Saavedra et al.
2018). In the context of Earth as a planetary analog for
oceans across the solar system, such patterning may there-
fore be particularly useful in the detection of extant or fos-
silized biosignatures against abiotically generated geological
formations (Chirayath et al. 2022).

Regular patterns in many ecosystems evolve on human
timescales (Scheffer et al. 2001; van de Koppel et al. 2005;
Quintero and Cohen 2019). Coral reefs behave differently
in at least two aspects: First, their growth is exceptionally
slow and reticulated coral ridges take millennia to develop
(Hopley 1982; Marshall and Davies 1982; Guilcher 1988;
Blakeway and Hamblin 2015). Second, reefs are built from
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limestone, laid down by their primary architect, corals, along
with a myriad of other calcifying organisms. The patterned
reefs which emerge from the interaction of these architects
with each other, and their environment, are rigid and wave
resistant. The pattern can evolve through time as the reefs
expand vertically and horizontally, but this evolution is addi-
tive to the structure. This is in contrast to a self-organized
seagrass meadow, for instance, which can evolve by patch
expansion via growth, but also by patch contraction via mor-
tality (e.g., van de Vijsel et al. 2023). Reefs do not contract,
at least not on the timescales relevant to this study, though
bioerosion does continuously convert small portions of the
reef framework to sediment, a process which, in healthy eco-
systems, is balanced by reef growth (Perry et al. 2008; Dee
et al. 2024). The idea of reef permanence is central to the
conceptual model of patterned reef formation proposed by
Purkis et al. (2016), whereby individual patch reefs coalesce
to form ever denser networks of interconnected ridges, simi-
lar to the “juvenile", “mature", and “senile" phases of reef
development proposed by Hopley (1982) and captured in the
typology published by Rowlands et al. (2014).

In this study, we aim to: (1) characterize the coherent spa-
tial patterns of coral reefs and (2) investigate the mechanism
which deliver that patterning. We first assembled satellite
imagery for 63 coral reefs spanning the Atlantic, Pacific,
and Indian Oceans which display coherent reef patterns. The
spatial patterns were analyzed using directional connectivity
and radial spectrum analysis. Second, we constructed a gen-
eralized Turing-type reaction—diffusion model to reproduce
the observed natural reef patterns and used this model to
unravel the complexity arising from spatial-temporal inter-
actions between reef growth, sedimentation, and water flow.
This study contributes to our overall goal of relating the
spatial patterns of coral reefs to their state of development
and health.

Methods
Reef mapping from satellite imagery

To compile a robust dataset of patterned reefs, we surveyed
global reef provinces using Google Earth, identifying 63
sites that captured the full spectrum of global reef patterns
(Fig. 1). All sites are in waters shallower than 10 m, enabling
clear satellite imaging, and include atoll, platform, barrier,
and fringing reefs. Next, PlanetScope imagery acquired
between 2020 and 2023 was assembled for those 63 sites.
These satellite data have a spatial resolution of 3 X3 m in
the visible spectrum and images were selected from cloud-
free days with calm seas, such that the seabed was optimally
resolved. We radiometrically and atmospherically corrected
the imagery using the protocols established in Purkis et al.
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Fig. 1 Locations of the 63 coral reefs where reef patterns were satellite mapped. For each site, a representative 2X2 km area was mapped to

capture reef patterning. Eight representative sites for reference

(2019). From each reef site, a 2x2 km image subset was
extracted which captured the reef patterning characteristic of
that site. These subsets were assembled and carried forward
for pattern quantification.

Reef mapping and reef pattern extraction

To map reef morphology for each 2x?2 km image, we
adopted the workflow developed by Purkis et al. (2019).
First, a bathymetry map was spectrally derived from the
PlanetScope image subsets using the multi-linear regres-
sion method described in Kerr and Purkis (2018) (Fig. 2).
Next, using the satellite imagery and this bathymetry map
(Fig. 2bc), the reefs were mapped using an “object-based”
classifier that utilizes the spectral and textural content of
the input data (Purkis et al. 2019). These objects were sub-
sequently classified into reef edge, reef interior, and pond,
based on their different spectral/textural signatures, shape,

and contextual relationships with surrounding classes
(Fig. 2d).

The reef structure, including patch reefs, ridges, and pin-
nacles, was classified into two groups—‘reef edge” and
“reef interior”. The edge of the reef structure is the prime
locus of active coral growth, where hydrodynamic shear is
high, thinning the diffusive boundary layer between reef and
the surrounding water mass (Schlager and Purkis 2015).
Thus, the reef edge has amplified access to nutrients and
is unlikely to be buried by sediment. The reef interior, by
contrast, is disadvantaged by low hydrodynamic shear and
therefore often veneered with sediment, which gives it a
brighter color in satellite imagery (Fig. 2ab). The lagoon
floor, the background to the reef structure, was classified as
being composed of “ponds”, so named because of the pon-
ded morphology created when reef ridges encircle portions
of lagoon floor. We consider our “ponds” to be synonymous
with the “cells” of Blakeway and Hamblin (2015). Finally,

Fig. 2 Development of binary
maps of reef morphology: a
Alacranes Reef situated in the
Gulf of Mexico provides a
textbook example of reticular
coral ridges. In this example,

as in the 63 reefs mapped glob-
ally, a representative 2 X2 km
subset of satellite image (b) was
selected, from which bathym-
etry was spectrally retrieved (c).
On the basis of this pair of data
layers, the imagery was mapped
into three benthic classes (d),
reduced to a binary morphol-
ogy map (e) carried forward for
statistical pattern analysis

Alacranes Reef

I
-89.63°

|
Pond
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as the reef edge and reef interior are both part of the reef
structure, they were merged to yield a binary map consisting
of “reef” and “pond” (Fig. 2d). We then analyzed the spatial
patterns of these binary maps across the 63 sites.

Reef directional connectivity index and principal axis
ratios

We quantified reef connectivity and orientation using the
directional connectivity index (DCI) (Larsen et al. 2012).
First, using the Image Processing Toolbox in MATLAB®
(version 2023b), a skeleton representation of reef feature
was extracted for each “reef” patch in the 63 binary maps.
This extraction is accomplished by progressively removing
edge pixels without allowing the patch to break apart. Based
on the extracted skeleton, the DCI was computed by suc-
cessively rotating the binary image with respect to the N-S
grid of PlanetScope pixels. DCI was computed at each 10°
increment of rotation. This index ranges from O to 1, with
1 denoting complete reef connectivity in a given direction.
When DCI=0, by contrast, the reefs within the binary map
display zero connectivity in the specified direction.

To demonstrate how DCI performs, consider the results
for Glover’s Reef (Caribbean), Alacranes Reef (Gulf of
Mexico), and Atafu Atoll (S. Pacific) (Fig. 3a—c). These sites

display an increasing connectivity from scattered patch reefs
(Glover’s), to elongated reef ridges (Alacranes), and well-
developed networks of ridges (Atafu). Such a transition in
connectivity is captured by the direction-averaged DCI—
hereafter termed “mean DCI”. For example, the mean DCI
values of Glover’s Reef, Alacranes Reef, and Atafu Atoll are
0.06, 0.24, and 0.63, respectively. Furthermore, to character-
ize the isotropy and directionality of reef patterning, we fol-
lowed Purkis et al. (2007) and calculated the principal axis
ratio (PAR) for each DCI polar plot, which is the maximum
ratio of the DCI pair that describes two orthogonal cardinal
directions. An isotropic pattern (i.e., one that lacks direc-
tionality) returns similar DCI values in all directions, i.e., a
PAR close to 1. Reef patterns with a preferred orientation,
by contrast, show a marked increase of DCI in the dominant
direction of reef orientation, leading to a PAR value much
greater than 1. For instance, the PAR of the Alacranes Reef
(PAR =3.10) is much higher than that of the Atafu Atoll
(1.16; Fig. 3).

Spectral analysis of reef patterns and clustering
The first metric which we used for pattern characterization

was reef fraction, defined as the proportion of each 2 X2 km
binary map classified as “reef”. As a second metric of

Directional Connectivity

Satellite

Reef skeleton

Q

<K --!& 7:"‘ ?;t;
Reef fraction=0.29, Mean DC
c B >

Atafu AtoII_

Reef fraction=0.29, Mean DCIO.63, PAR=1.16

Fig. 3 Pattern analyses of reef ridge morphology from three contrast-
ing sites—Glovers Reef (a), Alacranes Reef (b), and Atafu Atoll (c).
Directional connectivity index (DCI) is computed from a skeletonized
representation of the reef morphology. Mean DCI is the average DCI
iteratively computed every 10° of rotation. Note how the isolated
patch reefs at Glover’s return low mean DCI (0.06), the partially con-
nected networks of Alacranes return an intermediate value (0.24), and
the completely connected networks of Atafu return the highest mean
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DCI (0.63). Principal axis ratio (PAR) is extracted from the DCI
polar plots and characterized the degree of isotropy in the alignment
of reef ridges—the Alacranes ridges have preferred orientation, those
in Glover’s Reef do not. Radial spectrum analysis provides the char-
acteristic wavenumber (k/) of the reef patterns, taken as the weighted
average of the entire spectrum signal in units of cycles per km (red
vertical lines)
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pattern characterization, we used radial spectrum analysis
(Renshaw and Ford 1984) to determine the dominant scales
of variability in reef morphology within the binary maps
created for our 63 coral reef sites. This analysis identifies
dominant spatial frequencies in pattern, as accounted for
by a cosine wave repeating k times (termed the “wavenum-
ber”) along a given direction (). A radial power spectrum
(S(k)), meanwhile, shows the dominant number of waves
that fits a given pattern, irrespective of direction (Fig. 3).
Reefs arranged in a regular spatial pattern with a character-
istic wavelength will have a dominant wavenumber peak in
a radial spectrum plot. By contrast, a random pattern lacks
well-defined spectral peaks. To identify dominant k for our
63 reef sites, we followed Bastiaansen et al. (2018) and com-
puted their weighted average power spectra of the first 32
wavenumbers.

As with the DCI, we can demonstrate the utility of spec-
tral analysis for pattern quantification using the same three
reef sites as before—Glover’s Reef, Alacranes Reef, and
Atafu Atoll (Fig. 3a—c). Here, the characteristic wavenumber
(k1) displays a decreasing trend from scattered patch reefs
(Glover’s), to elongated reef ridges (Alacranes), to well-
developed networks of ridges (Atafu). This trend is due to a
progressive shift of spectral power from high to low wave-
number. The patch reef dominated pattern (Glover’s) shows
a strong peak at 2 cycles per km. In comparison, the pattern
of mixed patch reefs and ridges present at Alacranes shows
strong peaks at 1 and 2 cycles per km, whereas Atafu Atoll,
which contains highly reticulated reef ridges (and no patch
reefs) returns a single peak at 1 cycle per km. Regardless of
the difference in k1, the spectral analysis suggests that the
reef patterns at all three sites are periodic.

In order to classify the mapped reefs into groups with
similar patterns, we employed K-means clustering. This
method uses an iterative algorithm to split a multivariate
dataset into distinct, non-overlapping subgroups (MacQueen
1967). The inputs to this clustering algorithm include the
site-specific reef fraction, mean DCI, and characteristic
wavenumber (k7).

Generalized reaction—diffusion model for reef
morphogenesis

Reef growth model

To investigate the mechanism giving rise to the reef patterns
mapped from satellite, we developed a generalized reac-
tion—diffusion model capturing the processes and hydrody-
namic feedbacks hypothesized to effect reef growth. In the
model, reef growth (B) and the sediment shed by the reef
(S) affect bathymetry (z), which modulates hydrodynamic
flow. Altered flow, in turn, affects rates of reef growth and

sedimentation, thereby setting up a series of feedbacks
between reef growth, sediment production, and flow dynamics.

Changes in living reef biomass density (B, ton/m?) inte-
grate the growth of individual coral colonies, their mortality,
and lateral reef expansion:

0B W, -z 0’B | &°B
£ - —~ = )B-Bm+D, x| = +2=
ot rfB(”*)<Wz—z+k5> e (ax2 dy?
ey
where r is the intrinsic reef growth rate (ton year™' m~2),

/5 1s a function describing the effect of the hydrodynamic
shear velocity (u,, m/s), serving as a proxy for the turbu-
lence of flow (Duncan et al. 1960), on reef growth rate, z
is the elevation of the coral surface (m), (W, — z) describes
the distance between the sea surface and the seabed (i.e.,
water depth; here W, is a constant describing the depth of
water in the system without coral reef or sediment accu-
mulation; it is set at 10 m at model initiation), k, (m) is the
water depth at which reef growth is at the half maximum
rate, so set because vertical reef growth rate (i.e., increases
in z) diminishes as the reef aggrades to sea level (Bosence
and Waltham 1990), m is the specific mortality loss of reef
biomass density (year™'), and D, is the diffusion coefficient
describing the lateral spreading of reef biomass (m? year™")
(Holmes et al. 1994).

It has been well-established that reef growth is enhanced
by high flow rates, which increase nutrient access and sweep
away nuisance sediment (Atkinson et al. 2001; Hearn et al.
2001; Schutter et al. 2010; Schlager and Purkis 2013). Since
our mapped sites are all situated in quiescent lagoonal envi-
ronments, we assumed a linear relationship between the
shear velocity (u,, m/s) and rate of reef growth (Eq. 2), such
that growth rate increases proportionally with shear veloc-
ity, until reaching a critical shear velocity (u,, m/s), beyond
which shear velocity is no longer a limiting factor for reef
growth:

= u, <u,
fB(u*)={"f Vs )

Dead reefs gradually decompose to sediments due to bio-
erosion, which we assume to proceed at a relatively slow,
constant rate (Masiero et al. 2020). Sediment shed from the
reef structure is transported down slope by gravity, following
the bathymetric surface and redeposited in the bathymetric
lows adjacent to the source reef, a process approximated
by diffusion. Thus, sediment thickness (S, m) evolves as
follows:

S 0’z | 0%z
E—cBm+D2*<ﬁ+a—y2 3)

where ¢ is a conversion constant of dead reef to sediments
(m>/ton) and D, is the sediment diffusion coefficient.
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Changes in seabed elevation (z, m) are affected by changes
in reef biomass and sedimentation:

o: _ 108, o
o yor o )

where y is the bulk density of reef framework (ton m~).

Hydrodynamic flow

To simulate a flow velocity field, we applied a two-dimen-
sional depth-averaged hydrodynamic module. Initially devel-
oped by Baker (2003) and later applied in Waltham (2008),
this module assumes conservation of water volume, a loga-
rithmic relationship between flow velocity and water depth,
and steady-state flows that follow the minimum shear stress.
We contend the steady flow assumption to be reasonable
as the water residence time within a network of reticulated
reef ridges is on the order of tens of days (Andréfouét et al.
2001). Since water is highly incompressible, the flow veloc-
ity field can be specified by the stream function (y) (Eq. 5)
that satisfies the mass continuity equation (Eq. 6) (Batchelor
2000);

u=a—y/andv=—a—w )
dy ox
ou ov Oy oy
Vuv)y)=—+-—=——-—=0
(@) dx dy 0xdy 0xdy ©)

where u and v are the components of flow velocity vector
(ﬁ) in the x and y directions, respectively.

Mixing-length theory (Duncan et al. 1960) links basal
shear stress to hydrodynamic shear and flow velocities.
Shear stress (z) can be first estimated by an equivalent shear
velocity (u,) and fluid density (p, ton/m>):

T =pu,’ (7

Within the turbulent boundary layer near the base of flow,
a logarithmic decrease of flow velocity (U) with the height
above seabed (z) is assumed, such that shear velocity can
be related to the flow velocity by the “Law of the Wall”
(Duncan et al. 1960) (Eq. 8).

u
(U):flnziozo<z<z;7 ®)
where u, is the shear velocity that scales with flow turbu-
lence and affects reef growth rates (Eq. 2), k is von Karman’s
constant (0.407), z is the elevation of the seabed, z;, is the
height of the boundary layer top, and z; is the roughness
length that sets the elevation above the reefs at which flow
velocity drops to zero. For coarse sediments and hydrau-
lically rough flow, the roughness length is~1/30 of the
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sediment grain size (Julien 2010). We assume a uniform
sediment grain size of 2 mm, as is typical in reef systems
(Purkis et al. 2014).

The average flow velocity over the boundary layer (U)
can be calculated by integrating Eq. 8 between the roughness
length (z,) and the maximum height (z,,), assuming z;, > z;

u, Zp 20

U =<—) m(2)-1+2
@=(E)(n(3)-1+3) .
We further assume that steady-state flow moves around

bathymetric highs and tends to minimize the total bed shear
stress:

x pry
F = / / T0x0y (10)
ol o

Combing Eqgs. 5, 7, and 9, the shear stress (z) in Eq. 10
can be replaced by Eq. 11 to derive the total bed shear stress
(Eq. 12):

= ' (11)

x ry oy 2 ow 2
F=//f <—> +<—> dxd 12
0 0< — 5 y (12)
where f is defined as:

pk*

2
(ln<§—z)—1+§—:)

f= (13)

The total bed shear stress can be minimized to solve for
flow velocity (u and v) and shear velocity (u,):

9 (0w o (.op\
5 (5)+ %) =0 (49

Initial conditions, boundary conditions, and model
solution

Our model domain is 2 X2 km and comprised of 100 x 100
cells, i.e., a grid cell is 20 X 20 m in size. Each time step in
our model is one year, and a total of 5000-time steps gives
a total elapsed model time (EMT) of 5000 years, a duration
broadly in line with the ages of Holocene reticulated reefs,
as supported by coring and geochronology studies (Delesalle
1985; Woodroffe et al. 1994; Wyrwoll et al. 2006; Purkis
et al. 2008; 2010). We solve our model using a finite differ-
ence method.
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The model is started with a random initial condition—100
reef pinnacles are randomly placed into the model domain
(i.e., 1% cover). Each of these pinnacles has an initial bio-
mass density (B) of 1 ton m~2. At initiation, sediment (S)
is absent in the model. Water depth (z) across the domain
at initiation is 10 m, corresponding to the average depth of
the lagoons at our 63 sites. For B, S and z, periodic bound-
ary conditions were applied to the left and right boundaries
of the model domain (x=0 and x = 100), while Neumann
boundary conditions were applied to the upper and lower
boundaries (y=0 and y=100). Plausible model parameters
were supported by literature (Table 1).

For the hydrodynamic flow module, an initial estimate
of stream function (y) can be calculated for each grid cell
depending on the input boundary flow direction (8) and
velocity (U,). The total bed shear stress over the entire
model surface can then be minimized by solving Eq. 14
using a numerical relaxation approach (Baker 2003), until
the difference between successive iterations converges. Flow
moves in the direction from the upper to lower boundary
(set to be 0°) and the boundary flow velocity (U,) is set to
be 0.05 m s~! (Delesalle 1985). The critical shear velocity
(u,) is set to be 0.01 m s™!, assuming a uniform grain size of
2 mm (Miller et al. 1977).

Validation of the reef growth model with real-world
reef maps

The 63 reef morphology examples mapped from Plan-
etScope satellite imagery serve as validation for
the simulated reef morphologies generated by our

reaction—diffusion model. As previously described, reef
morphology at each of the 63 sites was quantified using
three metrics—reef fraction, mean DCI, and character-
istic wavenumber (k1). At 100-year time steps, we used
the same three metrics to quantify our simulated reef
morphologies.

We followed a three-step process to assess the model
performance. Here, the three metrics that capture the pat-
terning of the real-world reef: reef fraction, mean DCI,
and k1 are denoted as (x,y,z). Those extracted from our
simulations as (X,9,7). In the first step, the total sum of
squares (SST), which measures the total variance in the
real-world observations, was calculated as follows:

SST = Zi(xi -3+ Zi(y,- -3)" + Zi(zi %)’

(Eq. 15) where i is the site index, X, y, and 7z are the
means of the real-world observations along each axis.
Next, we calculated the values of these three spatial met-
rics for model-generated spatial patterns every 100-time
steps (years). We then connected these values to construct
a trajectory in a 3D space (this “trajectory” is similar to
the regression line in linear regression models in a 2D
space). For (x;,y;,z;) associated with site i, it is projected
to the constructed trajectory to identify the point on the
constructed trajectory that is closest to (x;, y;, z;). We iden-
tified that point as the model-predicted values of the three
spatial metrics for the site i, that is, (X,,9;,2;). Next, the
residual sum of squares (RSS) was calculated:

RSS =) (x; -%)% + > -5) + >(z -2) (16

s)

Table 1 Summary of model parameters, including definitions, units, values used in this study, and supporting literature

Value Source

Notes

Variable Description Unit

r Maximum Holocene coral reef Ton year ' m™2 0.08
growth rate

kg Water depth at which reef growth m 5.00
is half maximum

m Mortality rate 1 year™! 0.01

D, Diffusion coefficient of coral reef ~ m? year™! 0.02
expansion

c Conversion constant of dead reef ~ m?>t™! 0.30
to transported sediment

D, Diffusion coefficient of sediment ~ m? year™! 1.00
transport

y Bulk density of reef framework Ton m™2 1.60

Enos (1991) and Dullo (2005)

Buddemeier et al. (1974), Hopley

Note this is the potential maximum
growth rate, not the actual accre-

tion rate
Estimated Estimated from the relationship in
Bosence and Waltham (1990)
Estimated N.A
Calibrated Estimated from a lateral reef accre-

tion rate of 9 cm year~! (Kennedy
and Woodroffe 2002; Yamano
et al. 2003), using the approach of

Cain (1990)
Masiero et al. (2020) Down-slope transport of sediment
debris
Burgess and Steel (2008), Simon ~ Marine sand can be as low as 0.1
et al. (2022) m? year™!

Bulk density ranges from 1 to

(2011) 22 gcm™
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Table 2 Comparison of real-world reef patterns with those mod-
eled using unidirectional, variable, and random hydrodynamic flow
regimes

Simulated flow Total sum of  Residual sum of Coefficients of

regime squares (SST) squares (RSS)  determination
(R?)

Unidirectional 8.59 1.42 0.83

Variable 8.52 1.21 0.86

Random 8.89 1.69 0.81

Coefficients of determination (R?) for all three regimes are > 0.8

Finally, the coefficient of determination (R?) for each
model run was calculated:

R=1-— a7

Values for SST, RSS, and R? for our simulations are
presented in Table 2.

Results
Clustering real-world reef patterns

Clustering of the binary representations of the 63 real-
world sites suggests the reef patterning to split into seven
classes within the three-parameter space of the pat-
tern’s characteristic wavenumbers (k/), mean directional

Incipient
ss of patches| reef ridges ‘ Isolated patch reefs

Characteristic reef morphology

Reticulation

(o]

Multi-scale
reticulation

Fig. 4 Clustering of reef morphologies mapped at 63 global reef
sites. Using a K-means classifier, the morphologies logically split into
seven classes based on their characteristic wavenumbers (k /), mean
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connectivity index (DCI), and proportional fraction of reef
ridges (Fig. 4).

Across these seven classes, there is a progressive increase
in reef fraction and mean DCI, accompanied by a consist-
ent decline in k1 (Fig. 4). These trends suggest a systematic
trajectory of reef pattern development, as individual patch
reefs coalesce to form dense reef networks. This develop-
ment neatly follows the seven-class trajectory in reef pat-
terns suggested by statistical clustering of the 63 real-world
sites. Starting as small isolated patch reefs in the lagoon
(Fig. 4, Class 1), lateral reef expansion increases individual
patch size (Classes 2 and 3), followed by the development
of elongated reef shapes which in turn develop into incipient
ridges (Class 4).

Continued lateral expansion and coalescence between
adjacent reefs serve to further increase both reef fraction
and connectivity (Class 5), ultimately creating highly inter-
connected polygonal reef networks (Class 6). Classes 5 and
6 are differentiated by the presence of isolated patch reefs
in Class 5, which are absent in Class 6. By the time that the
reefscape has evolved to Class 6, the reef ridges are suf-
ficiently developed to encircle portions of the lagoon floor,
forming “ponds”.

Sites at the terminal phase of development, Class 7, form
well-connected networks of reef ridges characterized by
the highest reef fraction and DCI values. Several sites clas-
sified as Class 7 show two spatial scales of reef pattern-
ing—small ponds encircled by thin ridges contained within
larger ponds with thicker ridges—as identified in Modern
Alacranes Reef and in reefs built by now-extinct calcareous

directional connectivity index (DCI), and proportional fraction of reef
ridges in each 2 X2 km mapped area
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algae 300 million years ago by Purkis et al. (2015)—their
Fig. 14

Numerical simulation of patterned reef development

The synthetic reefs produced by our reaction—diffusion
model develop along a trajectory composed of four distinct
stages, with the first being the random initiation of the simu-
lation with 100 reef pinnacles within the 2 X2 km model
domain. In the second stage, those pinnacles coalesce into
incipient reef ridges, which in turn produce semi-enclosed
inter-ridge ponds (the third stage). In the model’s fourth and
final stage, dense reticulated reef ridges emerge with fully
enclosed ponds.

As developed in Fig. 5, the evolution of the modeled
reefs can further be examined in the context of their growth
dynamics. In the first 1000 years of elapsed model time

Reef biomass

=
.0
4
]
-
[ =
[}
=
< B
Q
(%]

Shear velocity

Water depth

Binary map

Fig. 5 Evolution of the reef morphogenesis over 5000 years of
elapsed model time (EMT) under a unidirectional flow regime. At
1000-year increments, tracked in (a) is reef biomass, sediment accu-

(EMT), the simulated reefs primarily aggrade vertically.
Sediment shed by these growing reef pinnacles accumulates
in their vicinity on the seabed. Despite some small variations
in hydrodynamic shear velocity around the pinnacles, the
overall velocity distribution remains homogeneous within
the model domain during this development phase.

By EMT =2000 years, most reefs approach the sea sur-
face, prompting a switch in their growth mode from verti-
cal accretion to lateral progradation. Hydrodynamic shear
velocity starts to elevate around the flanks of the simulated
pinnacles, further promoting reef lateral growth. Continued
reef progradation and sediment shedding fills the intervening
space between adjacent pinnacles, thereby facilitating the
lateral coalescence of the reefs into low-relief (incipient)
ridges, which orientate perpendicular to the flow direction.

By EMT =3000 years, the incipient reef ridges span
the model domain and fully aggrade to the sea surface,

mulation (b), hydrodynamic shear velocity (c¢), water depth (d), and
a binary representation of the model in terms of reefs and ponds (e).
Note how reticulate reef patterns emerge after 3000 model years
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promoting lateral progradation. The now well-developed
ridges baffle hydrodynamic flow, greatly reducing shear
velocity in their lees.

By EMT =4000 years, further reef coalescence starts to
bridge the deep water separating the ridges. With the for-
mation of these bridges, ponds emerge in the simulation.
Sheltered by competent rings of reef ridges, shear velocity
in the ponds drops to near zero. By this stage in the simula-
tion, the modeled bathymetry predominantly evolves due to
gradual infilling of the lagoon floor by sediments shed from
the now densely packed network of reef ridges. Simulation
beyond 4000 years yields little change of reef morphology as
the model has reached a dynamic equilibrium state. The pro-
duction of reef biomass plateaus (Fig. 6a) and hydrodynamic
equilibrium is attained across the model domain (Fig. 6b).

Effects of flow direction on reef patterning

Given that it takes 4000 years for our model to reach
equilibrium, it is reasonable to assume that the direction
of hydrodynamic flow in a real-world scenario would not
remain constant over such an extended period. Even on short
timescales, for instance, the currents that sweep coral reefs
can change seasonally, as assessed by Rankey (2021) in the
South China Sea and Lopez-Gamundi et al. (2022) in the
Bahamas. We therefore examined the effect of variable flow
directions on the reef morphologies. To do so, we altered
its boundary flow direction (6) to conduct three numerical
experiments.

In the first experiment, we set the boundary conditions
such that hydrodynamic flow direction (€) in the model
constant over the 5000-year simulation (§=0°), i.e., “uni-
directional flow” scenario. In the second, flow direction

(ton/m?)
T

lynamic

8 0.005

d

Hydrox
shear velocity (méS) Reef biomass
o
_
o

[
0O 2,000
Elapsed model time (yrs)

Fig. 6 Evolution of reef biomass and hydrodynamic shear velocity
over 5000 years of simulation. Biomass (a) rapidly increases between
2000 and 4000 years, as reticular reef ridges develop (Fig. 5). In b,
shear velocity is averaged over the cells in the simulation containing
reefs (“Reefs”), those containing “Ponds”, and over the entire model
domain (“Total”)
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was varied randomly between 8 =—90° and 90° (random
flow scenario) and in the last experiment, € was varied
with every 1000 years between — 30 and 30°, i.e., variable
flow scenario, as portrayed in Fig. 7a.

Clear from these three experiments is that modeled
flow direction has only a weak effect at the early stage
(< 1000 years) when the reefs are in their pinnacle phase
(Fig. 7b). After 1000 years, however, the reef morpholo-
gies delivered by the three flow regimes diverge, becoming
visually distinct by EMT =3000 years. By that time, the
reef ridges generated under unidirectional flow orientate
normal to flow direction—the reef pattern is anisotropic.
By contrast, the ridges in the random flow direction after
3000 years of simulation have no preferential orientation,
and the emergent patterns are reticulated and isotropic.
Note too that the ponds produced under random flow
are smaller and more completely enclosed than patterns
formed under the other flow scenarios. Finally, the ridges
formed in the variable flow experiment split the difference
between those produced in the unidirectional and random
regimes. Here, the reef ridges display weak preferential
orientation (anisotropy).

We further quantified the differences in the reef spa-
tial patterns formed in the three flow regimes using the
four pattern metrics described previously—reef fraction,
directional connectivity index (DCI), characteristic wave-
number (k1), and principal axis ratio (PAR). For each flow
regime, we repeated the simulations 100 times with differ-
ent random initial conditions (i.e., random configuration of
pinnacle reefs) to construct the mean and variance of each
spatial metric every 100-year time step (Fig. 8).

For all three flow regimes, reef fraction and mean
DCI increase over time (Fig. 8a, b) while k1 decreases
(Fig. 8c). It is in the PAR metric, which captures the
degree of isotropy/anisotropy of the reef patterns, that the
three simulated flow regimes diverge (Fig. 8d). PAR for
the reefs building under unidirectional and variable flow
start to rise after 1500 years. This inflection in PAR cor-
responds to the appearance of the first reef ridges under
these flow regimes at that time (Fig. 7). The timing of peak
PAR—a proxy for the emergence of interconnected reef
ridges (surrounding enclosed ponds)—differs between the
flow regimes (Fig. 8d). The PAR curve for unidirectional
flow peaks at 2500 years, under variable flow regime at
2700 years, and at 3000 years for the random flow regime.
These results suggest that shifts in current direction might
delay the emergence of reef patterns. Furthermore, PAR is
significantly higher for patterns formed in unidirectional
flows than those formed in random flow regime (Fig. 8d),
confirming results from our visual inspections of the pat-
terns (Fig. 7). In the variable flow regime, PAR is at the
intermediate level.
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Reaction—diffusion modeling reproduces real-world reef
patterns

We adopted two strategies to evaluate whether our model
can reproduce the observed reef patterns at the 63 real-
world sites which we mapped from satellite. The first of
those strategies was qualitative. We plotted the observed
and modeled patterns in the now familiar three-axis data-
space of reef fraction, mean DCI, and kI (Fig. 9). For the
simulated reefs, we extracted these three pattern metrics
from the model at 100-year increments for the duration
of each run. This process was conducted for the models
run with each of the three flow regimes (unidirectional—
Fig. 9a, variable—Fig. 9b, and random—Fig. 9c). Each
regime was run five times, using different random initial
conditions, yielding 15 model trajectories in total.

Comparing the reef patterns mapped at the 63 sites
with these 15 simulated trajectories reveals the model to
be broadly capable of reproducing the real-world patterns
and their evolution, especially for incipient reef ridges
(Class 4) and dense reticulated ridges (Class 5, 6, and 7)
(Fig. 9).

Next to quantify the capacity of the models reproduce
the real-world patterns, we calculated the coefficient of
determination (R?) from the three patterns metrics. The
results show R?> 0.8 for all three flow regimes, suggest-
ing a satisfactory fit between observations and model
predictions (Table 2). There are, however, caveats to the

ad Unidirectional flow direction

A
€e (e

N

model performance. It lacks skill in reproducing large,
isolated patch reefs, such as those in Class 3 (Fig. 4).
However, the overall model goodness-of-fit suggests that
reticulated reef patterns can emerge from simple random
initial conditions by spatial self-organization.

Discussion

Reticulate reef patterning is a broad-scale response
to prevailing environment

This study builds on a growing body of work on reefs
which display coherent patterns. Using a Turing-type reac-
tion—diffusion model, validated by real-world reef maps,
we provide a mechanistic understanding of the ecosystem
feedbacks which conspire to deliver emergent reef pat-
terning. Albeit with a complex mathematical formulation,
our model captures a relatively narrow suite of parameters
pertaining to reef development. For instance, guided by lit-
erature, we parameterize the assumed relationships which
relate hydrodynamic flow and water depth to reef growth.
We also presume to capture realistic rates of reef mortality
and sediment production. Much is left out of the model. For
instance, the competition for space between juvenile corals
and algae, intermittent crises as wrought by bleaching, pred-
ator outbreaks, coral diseases, and so on. Nor do we simu-
late the changing carbonate saturation state of the waters

C variable

oy
«\\\'»

Real-world observations

tass Q@OOOBQ

Fig. 9 Comparison of real-world reef patterns with those delivered
using simulation under three regimes of hydrodynamic flow—unidi-
rectional (a), random (b), and variable (c). For all three regimes, the
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simulated reef patterns track those mapped from satellite, as quanti-
fied using k1, mean DCI, and reef ridge fraction, emphasizing the
capability of the model to mimic real-world morphologies
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surrounding the reefs, their oxygen content, or alkalinity.
In fact, we consciously elected to minimize the quantity of
variables in our model. Doing so shortens its causal chains,
making results easier to interpret.

Yet, even with a simplified representation of reef func-
tion, our simulations follow a similar trajectory of morpho-
genesis as displayed by real-world reefs (Figs. 7 and 9). Too,
our simulation yields reef patterns which are statistically
similar to those mapped from the real world (Table 2). Is
this success a surprise? Perhaps not, if pattern formation is
a high-level generalized response of the reef architect to its
surrounding environment. Insight into this generality can
be gleaned from the behavior of modern and ancient reefs,
including those built by organisms other than corals.

First, let us examine the notion that pattern formation is a
high-level response, not predicated, for instance, on the spe-
cies of corals that construct the reef. Certainly, reticulated
reefs equally grow in the Arabian Gulf (Purkis et al. 2010)
and tropical Atlantic (Zlatarski and Greenstein 2020) where
the diversity of coral species is low, as in the tropical Pacific
(Schlager and Purkis 2015) and Great Barrier Reef (Blake-
way and Hamblin 2015; Blakeway 2018), where it is high.
The morphogenic behavior is evidently not an ecological
nuance restricted to a certain coral assemblage or locality.
Next consider that reticulate patterns are not even specific to
reefs built by corals. The vast Halimeda (a calcareous mac-
roalgae) reefs of the Great Barrier Reef reticulate (McNeil
et al. 2021), as do the microbially-precipitated stromatolites
in Shark Bay (Suosaari et al. 2019; Xi et al. 2022), also
in Australia. Then, consider Purkis et al. (2015) who show
how Palaeoaplysina (an extinct phylloid algae) built reticu-
late reefs 300 million years ago. The authors of that study
demonstrate how the patterns of the ancient algal reefs are
morphologically inseparable to those constructed by mod-
ern corals. Precambrian stromatolites, some of Earth’s earli-
est lifeforms, likely patterned similarly (van de Vijsel et al.
2020). All these studies advocate morphogenesis to be a
high-level response of the reef builder to its surrounding
environment, but how is reticulate patterning triggered?

Hydrodynamic restriction proceeds reef reticulation

We attribute reef pattern emergence to strong couplings
between coral growth and hydrodynamic flow. Blakeway
and Hamblin (2015), by contrast, linked pattern emergence
to episodic collapse of Acropora-dominated coral frame-
works driven by gravity. Blakeway (2018) later refined this
“collapse” model, suggesting that hypoxia from water-mass
stagnation in inter-ridge ponds inhibits reef growth, rein-
forcing the formation of “cells” in the reef framework. The
Blakeway hypothesis is interesting given more recent work
which shows how swiftly oxygen can become depleted in
a restricted reef environment and how susceptible corals

are to even brief episodes of hypoxia (Swaminathan et al.
2024). The Blakeway (2018) hypoxia model generally aligns
with our own understanding of emergent reef patterning,
though we attribute is trigger to be reduced hydrodynamic
flow in inter-ridge ponds, rather than specifically to oxy-
gen depletion. Both models share broad similarities, though
ours employs differential equations rather than cellular
automata. Notably, reticulated reef patterns emerge within
2000-4000 years in Blakeway’s simulations, matching our
model’s timing (Fig. 7).

The reef ridges in our simulation begin to reticulate
when the water mass surrounding them becomes restricted.
Note the drastic drop in hydrodynamic shear velocity in
the simulation as the pattern emerges (Fig. 5). As reviewed
by Schutter et al. (2010), vigorous hydrodynamic flow is
important to the coral organism for both photosynthesis and
for respiration. Feeding efficiency, dissolved gas, nutrient,
and inorganic carbon uptake all increase as a function of
increasing flow. As flow nourishes the coral’s physiology, it
is also important for removal of harmful metabolites (Naka-
mura and van Woesik 2001), removal of nuisance sediment,
cyanobacteria, and the algae which might otherwise suffo-
cate the coral (Rogers 1990; Anthony and Fabricius 2000;
Box and Mumby 2007). For all these reasons, coral growth
rate displays a positive correlation with hydrodynamic flow
(Schutter et al. 2010), at least up until the point that flow
becomes so brisk as to be physically damaging (Sebens
1997), but such strong currents are not encountered under
prevailing conditions in sheltered lagoons, and hence rep-
resent an edge case to this study. Neither is the importance
of flow restricted to shallow-water reefs. Deep-water corals
similarly benefit from it (Correa et al. 2012; van der Kaaden
et al. 2021).

With hydrodynamic flow exerting sway over so many
aspects of coral physiology, it is logical to examine how it
might be connected to coherent reef patterning. Indeed, flow
was central to the hypothesis put forward by Purkis et al.
(2016) and is implicated via hypoxia in the one proposed by
Blakeway (2018).

Reef morphogenesis triggered by scale-dependent
feedbacks

Work beyond reefs elegantly shows how scale-dependent
feedbacks are common triggers for emergent patterning
through self-organization. One of the classic examples
comes from dryland vegetation (van de Koppel et al. 1997,
2002; Rietkerk et al. 2002). Here, positive feedbacks at short
distances, such as increased infiltration and soil moisture
retention under vegetation patches, are countered by nega-
tive feedbacks at larger scales, like reduced water availability
between patches. The interaction of these feedbacks, offset
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in scale, triggers emergent patterning, with the long-range
negative feedback primarily driving pattern formation, and
the short-range activation serving to “sharpen” it (van de
Koppel and Crain 2006; Rietkerk and van de Koppel 2008).
Reticulate patterns in terrestrial systems delivered by these
mechanisms are striking similar to those built by reefs, as
recognized by Rietkerk and van de Koppel (2008).

Our models show a possible pathway whereby feed-
backs between hydrodynamic flow and reef growth trigger
morphogenesis. At the early stage of seabed colonization,
patch reefs growing in favorable conditions start to expand
to form ridges. The currents that flow across this hydrody-
namically unrestricted seabed impart kinetic energy onto
the surface relief of those ridges, inducing turbulence. The
corals inhabiting the ridges grow swiftly in these advanta-
geous conditions, by virtue of their enhanced uptake of
dissolved gasses, nutrients, and inorganic carbon in turbu-
lent flow. The coral’s harmful metabolites are efficiently
shed. Plenty of the organism’s energy is available for
reproduction, creating many juvenile corals, which easily
find excellent settlement substratum nearby, swept clear
of sediment. The coral assemblage thrives, and the ridges
grow vertically to sea level. We consider this sequence to
represent a positive (“activation”) feedback operating at a
short length scale.

Once the reef ridges reach sea level, their growth modality
switches to lateral extension. The ridges broaden, restricting
the water mass separating them. This water mass stagnates
as hydrodynamic flow diminishes toward zero (Figs. 5 and
6). Reduced turbulence hampers all aspects of the coral’s
physiology. Growth rate accordingly slows, and the sediment
produced by the reef accumulates on the flanks of the ridges.
This growing sediment apron imposed a long-range nega-
tive (“inhibitive”) feedback on the system. The interaction
of the short-range activation feedback and the long-range
inhibition induces the emergence of coherent pattern. To the
advantage of the overall reef system, the reticulated pattern
of reef ridges maximizes the ratio of reef coverage to open
water that can be accommodated in the finite size of the
increasingly sediment-filled lagoon.

Conclusions and implications

Our study suggests spatial self-organization, rooted in com-
plex feedbacks between sedimentation, flow dynamics, and
coral growth, as the underlying mechanism giving rise to the
reticulate reef patterns. Results from our numerical model
suggest that patterned reef ridges develop as a result of the
metabolic stress induced in corals inhabiting a stagnated
water mass. If morphogenesis is triggered by water-mass
stagnation, reticulate patterns appearing at scales from
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hundreds of meters to kilometers can help us understand
ecosystem stress impacting corals at the scale of individual
colonies. Thus, using satellite sensing, the scaling laws of
life could be employed as a global-scale monitoring tool for
assessing reef health. We suggest that emergent patterning
through spatial self-organization will become a promising
area of research in coral reef science.
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