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Self-organized mud cracking amplifies the resilience of
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Self-organized patterning, resulting from the interplay of biological and physical processes, is widespread in Commons Attribution

nature. Studies have suggested that biologically triggered self-organization can amplify ecosystem resilience.
However, if purely physical forms of self-organization play a similar role remains unknown. Desiccation soil
cracking is a typical physical form of self-organization in coastal salt marshes and other ecosystems. Here, we
show that physically self-organized mud cracking was an important facilitating process for the establishment of
seepweeds in a “Red Beach” salt marsh in China. Transient mud cracks can promote plant survivorship by trap-
ping seeds, and enhance germination and growth by increasing water infiltration in the soil, thus facilitating the
formation of a persistent salt marsh landscape. Cracks can help the salt marsh withstand more intense droughts,
leading to postponed collapse and faster recovery. These are indications of enhanced resilience. Our work high-
lights that self-organized landscapes sculpted by physical agents can play a critical role in ecosystem dynamics
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and resilience to climate change.

INTRODUCTION
A wide variety of ecosystems form spatially regular patterns, as has
been observed in the past decades in arid vegetation (1—4), peatlands
(5, 6), mussel beds (7-9), and salt marsh ecosystems (10-12). The
patterns are explained by a self-organization process, where patterns
develop through the interactions between organisms and their en-
vironments, e.g., salt marsh vegetation locally influencing hydrody-
namic forces and sedimentation, leading to the formation of
clustered patterning of vegetation with power-law-like patch-size
distributions (10). Mathematical models highlight the importance
of self-organized spatial patterns and other forms of spatial com-
plexity in determining the resilience of these ecosystems to
climate change, maintaining ecosystem integrity, and allowing
gradual, reversible transitions in ecosystems that would face harsh
tipping behavior if not for adaptive capacity emerging from the self-
organization processes (10, 13-15).

Many ecosystems show ordered spatial structures that cannot be
explained solely by biologically triggered self-organization (see
Table 1 for a summary). In addition, physical systems, without
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partial biological mediation, can form ordered spatial patterns
(16-21). Well-known examples include dune systems in deserts
(22) and rock patterns in arctic environments (16). Specifically,
physical spatial patterns (see Fig. 1 for examples) increase the com-
plexity of ecosystems by strengthening the spatial redistribution of
water and soil resources at microhabitat scales and decreasing (or
increasing) hydrological connectivity between ecosystems (4, 20,
23). However, the importance of physical patterns of self-organiza-
tion for maintaining the integrity of the world's ecosystems facing
climate change is for the most an unstudied topic.

Here, we focus on coastal salt marshes, where biologically trig-
gered self-organization in various forms has been extensively
studied. We report a physical self-organization in the form of
drought-mediating crack formation on tidal mudflats, facilitating
ecosystem resilience to droughts. Desiccation cracks emerging in
the surficial sediment layer are a widespread phenomenon in
coastal salt marshes and other wetland ecosystems (Figs. 1 and 2).
Induced by drying, the continuous surface of sediments will split to
form cracks that extend downward into the sublayers, exhibiting
polygons with relatively regular sizes on the surface (Fig. 2A). The
physical processes of crack formation have been studied using lab-
oratory experiments and finite element analytical models (24-29).
In real-world ecosystems, once the cracks are formed, plants are
often observed to colonize within the cracks (Figs. 1 and 2). This
process plausibly invokes interactions between seed germination
(and/or plant growth) and this special geomorphological feature.
So far, such plant-crack interactions have not been considered in
existing crack modeling framework (27), and we know very little
if and how geometric configuration of crack patterns is related
with the interplay of biotic and abiotic interactions therein.

In this study, we used high-resolution drone photos in combina-
tion with detailed in situ manipulative experiments to study the un-
derlying mechanism of crack formation and how it influences plant
establishment and growth in a salt marsh ecosystem in the Yellow
River Delta, northern China (see Methods and fig. S1 for details).
The seepweed Suaeda salsa (Suaeda hereafter) is an euhalophyte
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Table 1. Physical patterns observed in diverse ecosystems. These
examples include patterns originated from purely physical processes and
geomorphic physical patterns created by animals.

Patterning Ecological Reference/
Ecosystem . : .
mechanism functions location
Desiccation Sl (el )
. water entrapment, Fig. 2; the
Salt marsh cracks induced
. and enhanced plant present study
by drying
performance
Salt ridges . .
Lake driven by g habltats Fig. 1A
X for flamingos
evaporation
. Movements of Drainage channel
Floodplain o
megafauna and nutrition (79)
wetland .
species transport
Grassland leestc')ck Water redistribution 23)
trampling on slopes
Desiccation FaC|.I|tat.|ng plant Fig. 1, B and G
. survival in winters Hanksville, UT;
Dryland cracks induced o
by drying and springs; plant Atacama
Y feedbacks to soils. Desert, Chile

species with high salt tolerance, which grows on intertidal and
supratidal (hyper-)saline soils (30). Its seeds are dispersed (or pas-
sively entrained) by water flow and then germinate in favorable en-
vironmental conditions. Massive salt marshes dominated by Suaeda
form iconic “Red Beach” landscapes that often invoke awe and
attract tourists. They are also rich in ecological functions (31), pro-
viding critical habitats for many migratory birds and important eco-
system services to humans (32, 33). Large-scale degradation of
Suaeda salt marshes induced by droughts and reclamation has
been observed in many critical coastal ecosystems (33—35). Restor-
ing these valuable degraded ecosystems has been identified as a pri-
ority of coastal restoration.

We proposed a mathematical model to understand how
drought-induced physical self-organization generates mud cracks
facilitating and interacting with the crack-living species Suaeda,
triggering the emergence of a transient ecosystem state that ulti-
mately leads to the recovery of the highly valued Red Beach salt
marshes in northern China (33). We further show how this self-or-
ganized system responds to environmental stress such as drought
events and maintains productivity at the landscape scale. Our
results suggest that crack patterns resulting from sediment contrac-
tion can trigger a physical self-organization process, enhance the
resilience of coastal ecosystems to droughts, and maintain the eco-
system service of salt marshes in terms of coast protection. In a
general sense, our work highlights the importance of physical
self-organization in supporting ecosystem structure, functioning,
and resilience.

RESULTS

Field observations and experiments

In coastal salt marshes, it is common to find spatial patterns char-
acterized by network-like mud cracks interleaved with polygons
(typical size of ca. 0.85 m” in our study site; Fig. 2, B to D). Mud
cracks are especially abundant after drought events. We first
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conducted detailed field survey to examine if and how the Suaeda
plants and the crack patterns are correlated. Our field observation
showed that the Suaeda plants were predominantly present within
the cracks (Fig. 2). Moreover, once plant clusters were formed, they
can alter local hydrodynamic forces to amplify sediment erosion in
the places where the plants grow, in turn facilitating the persistence
of the cracks (Fig. 2, B and D). This observed positive plant-crack
association may be seen as a sign of ecosystem engineering (27, 36),
leading us to propose a working hypothesis that a positive plant-
crack feedback underlies the system.

We conducted four in situ experiments to test this hypothesis
(see Methods and Table 2 for details). Our result from experiment
1 (see Table 2) based on a factorial design in terms of presence/
absence of cracks showed that the soils were softer within cracks
than inside polygonal patches without cracks (F; 44 = 215.4, P <
0.001; Fig. 3A), and plant growth can further soften the soils
(Tukey post hoc test, P < 0.001, n = 12; Fig. 3A). The presence of
cracks and plants can decrease soil hardness by ca. 20 and 30%, re-
spectively (Fig. 3A). Soil salinity and dryness (inverse of soil water
content) showed similar responses with soil hardness to the pres-
ence of cracks and plants (for salinity, F; 44 = 28.6, P < 0.001; Fig.
3B; for soil water, F; 44 = 23.6, P < 0.001; Fig. 3C). These results in-
dicate that both cracks and plants can improve soil conditions by
decreasing soil hardness and salinity and enhancing soil water

Table 2. Field experiments testing the feedback mechanism between
mud cracks and Suaeda plants.

Experiment Treatment Description

Both the cracks and plants
were present.

. Crack (-), The cracks were compacted,
Experiment 1: Effects Plant (+) but the plants were retained.
Of plant and CraCkS ...............................................................................
on soil conditions Crack (+), The cracks were retained, but

Plant (=) the plants were removed.

Crack (-), The cracks were compacted,

Plant (-) and the plants were removed.
High Ten seedling individuals were

transplanted.

Experiment 2: Effect
of plants on crack
persistence

Experiment 3: Effect
of cracks on seed -

seedlings in relation to

entrapment crack width.
. Seedlings were transplanted
With crack g' P
into cracks.
Seedlings were transplanted
Crack .
into cracks, and then cracks
compacted

were compacted.

Seedlings were transplanted
at crack-formed patch centers.

Seedlings were transplanted
into locations between cracks
and patch centers.

Seedlings in the
pretransplantation area.

Experiment 4: Effects
of cracks on plant
survivorship

Patch center

Intermediate
location
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Fig. 1. Examples of cracking patterns in different ecosystems. (A) Cracking pattern with red algae and salt formations in shallow salt waters of Lake Natron, Tanzania,
Africa. Photo credit: Danita Delimont/Alamy Stock Photo. (B) Flowering Phacelia (Phacelia sabulonum) and beeplants (Cleome lutea) growing out of soil cracks after a
shower (Factory Bench, Fremont, UT, USA). (C) Zoom in of (B). Photo credit for (B) and (C): Guy Tal. (D) Spatial pattern of mud cracks and Vaucheria (fibrous green benthic
algae) growing in the cracks in the coastal ecosystem in Ketenisse, Schelde Estuary, Belgium. Photo credit: Greg Fivash. (E) Slenderleaf iceplant (Mesembryanthemum
nodiflorum) growing in the mud cracks in saltpan, Salinas de Janubio, Lanzarote, Spain. (F) Zoom in of (E). Photo credit: Bob Gibbons/Alamy Stock Photo.

availability. Facilitated by the presence of cracks, the plants showed
higher total biomass (P < 0.05) and allocated less below-ground
biomass (P < 0.01) (Fig. 3F).

We also examined the effect of crack width on seed entrapment
(measured by the number of germinated seedlings) and seedling
survivorship (experiments 3 and 4; Table 2 and fig. S4). Our
results showed that the number of germinated seedlings had a pos-
itive linear relationship with crack width (R* = 0.83, P < 0.001; Fig.
3D and table S1) and that the survival of transplanted plants within
cracks declined more slowly over time than in the no-crack treat-
ments (Fig. 3E). Notably, plant individuals transplanted into the
bare patch centers (without crack formation) presented the lowest
survival compared with other treatments (Fig. 3E). These experi-
mental results suggest that cracks can effectively alleviate the unfa-
vorable soil conditions for plant establishment, facilitating plant
survival and growth.

Our experiments (experiments 1 and 2; Table 2) also indicate a
positive effect of plants on cracks. The presence of plants was asso-
ciated with crack widths about twofold higher than the no-plant
treatments (experiment 1; fig. S5A). The existence of transplanted
plants can effectively maintain the persistence of the cracks and
enlarge the cracks over the entire growing season, whereas the
removal of plants resulted in quick disappearance of cracks (exper-
iment 2; fig. S5B).

Together, our results from the field experiments converge to
support the hypothesis that a positive feedback exists between
plants and mud cracks, plausibly leading to a spontaneous (re)col-
onization and self-maintenance process of salt marsh vegetation.
Framed in a general sense, it creates a self-organization process
on (either primary or secondary) bare mudflats: The hypersaline
and arid soil conditions plausibly preclude the colonization of
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other plant species that are not as tolerant as Suaeda, and the
high soil hardness also largely precludes the establishment of
Suaeda in bare patches when cracks are absent. Under these condi-
tions representing a critical bottleneck for plants, mud cracks can
arise as induced by droughts. This is followed by Suaeda germinat-
ing, surviving, and growing out of the cracks under suitable condi-
tions; once established, Suaeda vegetation can sustain itself through
the aforementioned crack-plant interactions that help alleviate the
environmental stress. In our study site, we did not observe apparent
vegetative expansion of Suaeda into bare patches without the pres-
ence of cracks, probably because of the absence of lateral expansion
ability of Suaeda (although our short-term observations cannot
completely exclude this possibility).

The theoretical model and crack network formation

To further test whether this self-organization underlies the observed
landscape pattern and system dynamics, we built a spatially contin-
uous mean-field model (see Methods for details) incorporating the
aforementioned key processes (Fig. 4, A and B). Specifically, the
mathematical model is grounded on the experimental evidence
that plant growth depends on soil water content and soil hardness
represented by local tensile stress of soil surface (variable S). In the
model, water content in the soil sublayer (variable W) is consumed
by plants (variable P) and is dependent on humidity of the soil
surface layer (variable E) and evaporation. We use a bilinear func-
tion to describe local soil surface layer humidity in relation to sub-
layer soil water content and air saturated humidity (Eq. 1c). For
local tensile stress, a bistable states function with a critical tensile
stress (S.y;) is typically taken (Eq. 1a) to describe the process that
a crack forms when tensile stress goes beyond the critical value
and shifts to an alternative state (37, 38).
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Fig. 2. Network-like mud cracking patterns and distribution of annual plant Suaeda salsa in the study site. (A) Cracks formed before Suaeda establishment. (B)
Suaeda seedling growing out of the cracks at start of growing season (b as a zoom-in panel). (C) Suaeda vegetation pattern in the peak season. (D) Field measurement of
crack pattern characteristics (d as a zoom-in panel showing clustered plants associated with an enlarged crack). Photo credit: Jiaguo Yan.
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Fig. 3. In situ experiments examining plant-crack interactions. Soil hardness (A), salinity (B), and water content (C) for the four treatments with respect to the pres-
ence/absence of cracks and Suaeda plants in experiment 1 (mean + SE, n = 12). (D) Positive relationship between crack width and number of germinated Suaeda seedlings
revealed by experiment 2 (regression line and 95% confidence interval are shown). (E) Seedlings survivorship over time for the five treatments in experiment 4. (F) Plant
biomass in the treatment with versus without cracks in experiment 1. See Methods, figs. S4 and S5, Table 2, and table S1 for more details. ***P < 0.001, **P < 0.01, and *P <
0.05 [compared with Crack (-), Plant (=) in (A) to (C)].
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We modeled the spatial variation of the focal variables in a two-
dimensional space (Fig. 4, C to F). Our model well captures the anti-
phase behavior between local tensile stress and plant biomass (Fig.
4C), in line with the positive response of mud cracks to plant growth
and seed germination. As expected, plant biomass displays a spatial
synchronous distribution associated with sublayer soil water
content. Similarly, in Fig. 4 (D to F), we describe the development
of the two-dimensional patterns of tensile stress, water content, and
plants starting from a random initial condition. In addition, our
model also captures “dangled” and “isolated” cracks (i.e., single
cracks that are partially or not connected with the crack network).
These types of cracks can be commonly observed in coastal salt
marshes and many other ecosystems (see Table 1) but have not
been well reflected in typical finite element models.

Modeled versus observed landscape patterns

We used drone photos at 3.5 cm spatial resolution to quantify the
geometric properties of the crack networks and associated patches
at the landscape scale and compared the drone-derived empirical
properties with the model-derived counterparts (Fig. 5, A and B).
In particular, we looked at five geometrical parameters, i.e., angle,
average patch length, perimeter, area, and circularity (defined as the
ratio of a patch’s area to the area of a circle whose perimeter is equal
to that of the patch; see Methods), which have been commonly used
in previous studies (37, 38).

Our comparison demonstrates that the observed landscape
cracking pattern is highly consistent with the modeled pattern, in
terms of the distributions of these five geometrical parameters.
First, the observed and modeled patterns have highly consistent
joint distributions of crack angle and length, with 90° angle as the
dominant mode (Fig. 5, C and F). Second, the patch perimeter—area
relationship scales consistently across the landscape in a way

A B

A} &
« Tensile stress 7
5)_ \ o

Evaporation
A A

independent of the scale of analysis (Fig. 5, D and G, and tables
S2 and S3). This scale-free relation is seen as a spatial self-similarity
property (18). The revealed scaling law (with an exponent of ca.
0.53) thus highlights the emergent self-affine property resulting
from the spatial self-organization process. Third, the joint distribu-
tion of patch circularity and area is also consistent between the ob-
served and modeled patterns, with an area mode around 0.85 m”
and circularity mode around 0.77 (Fig. 5, E and H).

We also assessed the model performance at a larger scale, with a
clear spatial gradient of soil water content. In the study area, soil
water content substantially declines with increasing distance from
the creeks (fig. S7). This gradient can be well reflected in our
model as well (Fig. 6, A and B, and fig. S8).

Ecosystem resilience enhanced by self-organized cracking

Both our field experiments and modeling results indicate that the
physically self-organized mud cracks can provide a critical shelter
for Suaeda with improved soil conditions, creating or amplifying
the window of opportunity for Suaeda vegetation. An intuitive cor-
ollary from these results is that self-organized cracking can enhance
ecosystem resilience. We then tested this idea by examining the
modeled system behavior in terms of ecological and engineering re-
silience to droughts (39). Our model analysis suggests that in the
absence of self-organized cracks, ecosystem tipping points would
occur with abrupt vegetation collapse (Fig. 6C). However, self-orga-
nized cracking can result in a wider bistable range, indicating a
“postponed” tipping point at the system-wide scale (thus represent-
ing higher ecological resilience), as compared with the system
absent of self-organized cracking (see the difference between the bi-
furcation point positions on the black curves in Fig. 6C versus Fig.
6D). When the self-organization is present, some local areas may
follow a different trajectory characterized by slower (nonabrupt)
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Fig. 4. Theoretical model for self-organized crack patterns. (A) lllustration of the positive (solid arrows with “+") and negative (dashed arrows with “-") interactions
among the four key variables considered in the model. The numbers within brackets indicate the essential processes denoted in Eq. 1 in Methods. (B) lllustration of crack
formation induced by tensile stress change depending on soil water and evaporation (red arrows). (C) One-dimensional and (D to F) two-dimensional patterns derived
from the model. The one-dimensional curves in (C) were plotted by taking a random horizontal line from (D) to (F). Note that lowest tensile stress describes a fracture state
here (0 PMa). See table S4 for model parameters. See movies S1 and S2 for numerical simulations of system dynamics.
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Fig. 5. Characteristics of the real-world versus modeled crack patterns. (A) Drone snapshot of the study site showing the crack patterns. (B) Crack pattern produced by
the theoretical model. Probability distributions of crack spacing length # and angle 6 for the (C) real-world and (F) modeled crack patterns. / and 6 are measured on the
basis of 1000 random sampling lines as illustrated in the inset of (A). Distributions and relationships between patch area and perimeter of crack-formed polygons for the
(D) real-world and (G) modeled patterns. Distributions of patch area and circularity of crack-formed polygons for the (E) real-world and (H) modeled patterns. See

Methods and tables S2 and S3 for details.

decline of vegetation biomass (see the blue curves in Fig. 6D for
maximum local vegetation biomass), suggesting that these local
subsystems may “evade” the tipping point at the system-wide
level (13).

We also conducted a perturbation experiment in the model to
assess how physically self-organized mud cracks could affect vege-
tation recovery rate upon perturbations as a straightforward indica-
tor of engineering resilience. To this end, we constructed a spatially
homogeneous (nonpatterned, without self-organized cracking)
landscape that have the same model parameters as the patterned
system (with self-organized cracking). We removed 60% of vegeta-
tion biomass from the nonpatterned and patterned systems and
then calculated the time that the systems require to return to equi-
libria. Our result showed that the patterned system with self-

Zhang et al., Sci. Adv. 9, eabq3520 (2023) 3 May 2023

organized cracking presented about twofold faster recovery to equi-
librium than the spatially homogeneous system without self-orga-
nized cracking (Fig. 6, E and F). In addition, the vegetation biomass
of the system without self-organized cracking declines to an equilib-
rium that is ca. 25% lower than that with self-organized cracking
after the same perturbations (Fig. 6, E and F).

Overall, our model predicts that the physically self-organized
cracking can amplify the resilience of the salt marsh to droughts.
This amplifies the theoretical prediction that self-organization in
general can enhance the resilience of many different types of eco-
systems (7, 10, 13, 40).
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Fig. 6. Effect of self-organized mud cracks on ecosystem resilience. (A) A drone image shows vegetation patterns associated with mud cracks along the spatial
gradient of soil water content. The upper dashed lines mark a tidal creek. A gradient of decreasing soil water content is present with increasing distance to the tidal
creek (see fig. S7). (B) Modeled vegetation and crack patterns along a spatial gradient of soil water content (see movies S3). (C) In the absence of self-organized cracks, the
modeled ecosystem displays tipping points with a narrow hysteresis range with changing environmental stress in terms of parameter h (see Eq. 1c and table S4). (D)
Compared with the no-crack system in (C), self-organized cracking results in a postponed tipping point of ecosystem collapse at a lower threshold of environmental stress
and a wider hysteresis range. The solid and dashed black lines approximately represent the locations of stable and unstable states, respectively. Some local subsystem
[gray dots correspond to grid cells in (B), with blue curves showing the max/min values at a given h] may evade the tipping point. (E) Recovery trajectories of systems with
versus without self-organized crack patterns following removal of 60% biomass. (F) Recovery time and biomass at equilibrium (2,) of two modeled systems in (E). See figs.

S9 and S10 for supplementary results.

DISCUSSION

In this article, we explored the physically self-organized mud crack-
ing patterns and their interactions with the Suaeda plants in the
coastal salt marsh. Our study demonstrates that physical self-orga-
nization of mud cracks can promote the seed bank, enhance the sur-
vivorship, and facilitate the growth of the plants. These effects are
attributed to redistributions of surface and soil water and ameliorat-
ed soil conditions at the microhabitat scale. The transient cracking
patterns are normally activated by drought events that could induce
massive vegetation die-off. However, once activated, these cracking

Zhang et al., Sci. Adv. 9, eabq3520 (2023) 3 May 2023

patterns can facilitate plant (re-)establishment across the landscape,
creating important positive feedbacks that eventually improve the
ecosystem functioning of the salt marsh and increase its resilience
to droughts. In addition, in spatially heterogeneous landscapes (41,
42), this mechanism may help a fraction of local areas evade
drought-induced tipping points (13).

Spatially self-organized patterns are ubiquitous in nature, result-
ing from diverse mechanisms involving environmental factors (41,
42), functional morphology (43), developmental constraints, and
optimal delivery (18). Most existing studies have focused on the
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role of biologically triggered self-organization processes, suggesting
that these processes can act as a precursor for ecosystem establish-
ment, for instance, in water-limited (3, 41, 42) or disturbance-dom-
inated ecosystems (44—48). While biological and physical processes
are often entangled with each other in the establishment and devel-
opment of self-organized ecosystems, in some particular cases, they
are clearly separated—purely physical processes can first create pat-
terns and other forms of heterogeneity as “physical templates” for
ecosystems [for instance, stone aggregation on the ground as driven
by frost upheaval and ice needles in arctic ecosystems (16, 49)], fol-
lowed by biological processes (such as plant establishment) operat-
ing upon such templates. While mechanisms underlying purely
physical self-organizations have attracted much interest (11, 50—
52), their connections to ecosystem functioning and resilience
have been mostly understudied. Here, we show that salt marsh
mud cracking as a purely physical form of self-organization can
create or expand the window of opportunity for vegetation estab-
lishment and increase ecosystem resilience to droughts (Fig. 6, C
and D). Our work thus highlights that in contrast to the well-
studied biologically triggered self-organization, purely physical
self-organization processes in themselves can act as a precursor
for ecosystem establishment.

Coastal salt marshes are shaped by complex biotic and abiotic
processes involving, for instance, dispersal, environmental hetero-
geneity, vegetation zonation, and interspecific interactions (53-55).
Clearly, we need to embed physical self-organization (of mud crack-
ing) in the context of these fundamental ecological processes for a
complete understanding of coastal ecosystem dynamics. It seems
unlikely that mud cracking plays a universally predominant role
across a wide range of ecosystem types and spatial scales, as its oc-
currence and strength is likely context-dependent. First, it is likely
dependent on environmental context. We found that the facilitative
effect of mud cracks by ameliorating soil water conditions is critical
in high marshes subject to drying. This effect may be weak or en-
tirely absent in other intertidal settings. For instance, mud cracks
may not form or (if formed) have only minor influences on
plants in low marshes, where more frequent inundations (less
drying) are present and intensive wave impacts often act as the lim-
iting factor for plant establishment and growth (53). Second, the oc-
currence and effect of mud cracks are dependent on biotic context
such as species life history traits and species associations. Mud
cracks appear important to the annual species Suaeda with a rela-
tively low colonization ability (due to shallow and sparse roots) but
maybe less so to other marsh halophyte species with higher coloni-
zation abilities. For instance, in some cases, bare mudflats without
cracks can be colonized by cordgrasses and reeds through vegetative
expansion (56). For these species, vegetation patterns may be weakly
or not associated with mud cracks even if they were present. In ad-
dition, many salt marsh plants have relatively low seed dispersal
abilities (57). They may not be dependent on cracks, but rather
on the occurrence of maternal plants, dispersing vegetatively. Our
study site is dominated by a single plant species, Suaeda, but for
systems with two or more coexisting foundation species, it is not
impossible that interspecific interactions outweigh the effect of
mud cracks. Third, the facilitative effect of mud cracks was observed
on the short term. It may, however, become irrelevant over longer
time periods. For instance, Wang et al. (58) showed that cordgrass
invasion can result in soil desalination across a large part of tidal
flats, leading to the Suaeda vegetation being encroached and
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eventually replaced by high-elevation reeds. In this case, the long-
term fate of Suaeda Red Beach is not determined by mud cracking.

Together, our findings may be largely restricted to the condition
that mud cracks can alleviate water limitation (or other stress) as a
bottleneck of vegetation establishment. Nonetheless, understanding
physically self-organized mud cracking has important realistic im-
plications for the conservation of Suaeda Red Beach ecosystems that
are prevalent along the Chinese coast and many other similar eco-
systems, especially in the face of accelerating climate change. While
the physical self-organization of mud cracking studied here cannot
be straightforwardly generalized to other systems and to larger
scales, our work paves the way for unraveling more complex ecolog-
ical processes in heterogeneous systems using thoughtful experi-
ments and well-designed models.

In addition, our theoretical model sheds insight into the forma-
tion of many other interesting crack patterns (26, 29, 59). So far,
most (if not all) existing models of cracking patterns are either nu-
merical fracture models coupling transient heat and mass transfer
[for instance, the Walder and Hallet model (59) describing cracks
in frozen soils and rocks] or continuum phase-field models describ-
ing brittle fractures based on the traditional equations of linear elas-
ticity (60-63). However, theoretical models integrating physical
self-organizing ecological processes remain scarce, despite that a
number of experimental studies have highlighted the significance
of these entangled processes (25, 26, 64-67). Our theoretical
model allows tailoring an integrated framework coupling physical
patterns and biological processes for answering a range of relevant
questions toward understanding complex ecosystems. Going
beyond salt marsh ecosystems, our modeling framework helps to
unravel other biological morphogenesis and system behaviors
with biophysical self-organization patterning (as exemplified in
Table 1 and Fig. 1).

In summary, our paper adds to a growing body of studies that
highlight the importance of spatial self-organization in countering
or preventing tipping behavior in ecosystems facing climate change
(13-16, 68). We reveal that purely physical forms of self-organiza-
tion can play an equally important role as biologically triggered self-
organization in shaping ecosystem resilience, especially when
climate-induced stress has all but removed the organisms defining
the pristine state. Hence, physical self-organization will play a
crucial role in ecosystem recovery, preventing irreversibility (Fig.
6), and reducing the long-term impact of climate-induced ecosys-
tem collapse. Our study thereby calls for more detailed investiga-
tions of physical forms of self-organization in natural systems and
its importance for the biota and for ecosystem resilience.

METHODS

Study site

Our study site represents a high marsh ecosystem in the Yellow
River Delta, northern China (37°49'23"N, 119°4'36"E; fig. S1).
The temperate monsoon climate conditions are characterized by
dry autumns, winters and springs, and rainy summers. The mean
annual temperature is 14.0°C and the mean annual precipitation
is 576.1 mm during 1982-2019 (fig. $3). Irregular semidiurnal mi-
crotides with a mean tidal amplitude of 1.1 to 1.5 m are present in
this coastal region (35). Our study site is located within the core
zone of the Yellow River Delta National Nature Reserve, which ac-
commodates one of the largest native salt marshes in northern
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China. Human activities are strictly forbidden in the reserve. The
high marsh has a low tidal flood frequency of 1 to 15% in terms
of number of days per year (69). The soils are characterized by a
hypersaline condition with salinity of up to 25 parts per thousand
and present accumulated salts on the surfaces regularly (69, 70). The
salt marshes are primarily dominated by the annual succulent plant
species Suaeda. Salicornia europaea, Phragmites australis, Tamarix
chinensis, and the invasive cordgrass Spartina alterniflora are also
found in the Yellow River Delta (71). The vegetation in our study
site is monospecific (Suaeda), presenting a sparse vegetation cover
around 5% (70). Regular spatial patterning of Suaeda vegetation fol-
lowing self-organized mud cracking is clearly observed in the field
(Fig. 2).

The Yellow River Delta was affected by recurrent droughts over
the recent decades. For example, the drought event between No-
vember 2010 and February 2011 was particularly severe. A total pre-
cipitation of 27.3 mm occurred between March and May 2011
during the period of Suaeda seedling establishment, which was
only 27% of the long-term average (34). It has been documented
that droughts can have a strong impact on the Suaeda marshes, re-
ducing vegetation cover by ca. 50% (33).

In situ experiments on soil conditions

To test our hypothesis that a positive feedback occurs between
Suaeda plants and mud cracks, we conducted in situ experiments
in a 150x 50 m” plot with relatively homogeneous biotic and
abiotic conditions. The first one is a full factorial experiment inves-
tigating the effects of cracks and plants on soil conditions (see ex-
periment 1 in Table 2 and fig. S4). For the treatments with respect to
cracks, we randomly selected naturally generated cracks in the field
and then randomly picked up half of these cracks to artificially
compact them. These compacted cracks thus represented the
“Crack (—)" treatments, and the rest untouched ones represented
the “Crack (+)" treatments (Fig. 3, A to C). For the treatments
with respect to plants, we removed the existing plants (both above-
ground and belowground parts) to represent the “Plant (—)" treat-
ments. We set up 12 replicates for each of the four treatments
(summarized in Table 2). The experiment was conducted between
7 July and 21 December 2015. At the end of the experiment, for each
replicate, we collected the aboveground and belowground biomass
of all plants and then weighed their dry biomass in the laboratory
(Fig. 3F). We also measured soil hardness (using the soil hardness
meter SHM-22, Japan), soil salinity, and soil water content (Fig. 3, B
and C), as well as crack width (fig. S5A).

In situ experiment on crack persistence

We conducted the second field experiment to test whether plant
growth could affect crack persistence (see experiment 2 in Table
2). To this end, we transplanted 10 and 5 Suaeda seedlings, respec-
tively, into soil cracks with a uniform length of 10 cm at the start of
the growing season (May 2015), representing the high and medium
seedling densities observed in the field. We also removed the exist-
ing plants within the soil cracks as a control treatment. Therefore,
we have three treatments (i.e., high density, medium density, and
control), each of which has 10 replicates. We monitored the crack
widths monthly from June 2015 to January 2016, a whole experi-
ment time period of 30 weeks (fig. S5B).
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Seed germination experiment

We conducted a seed germination experiment to test whether mud
cracks can trap plant seeds, thereby facilitating seedling establish-
ment (see experiment 3 in Table 2). To this end, we collected the
soil samples (10 cm length and 15 cm depth) within the cracks in
the field in May 2015. We then took the soil samples back to green-
house and placed them in pots. After 4 weeks, we counted the
number of germinated seedlings to produce seedlings. We collected
41 samples within cracks and 20 samples outside cracks. We mea-
sured the crack width for each soil sample and examined the corre-
lation between number of geminated seedlings and crack width (Fig.
3D; crack width was set to 0 for samples outside cracks).

In situ experiment on seedling survivorship

We conducted a transplanting experiment to test the effect of cracks
on seedling survivorship (see experiment 4 in Table 2). To this end,
we transplanted 40 plant seedlings together with the soil blocks that
the seedlings grew on (each 10 cm in length). Our experimental
treatments were set with respect to crack conditions: (i) “with
crack”: the transplantation was conducted with the cracks un-
changed; (ii) “crack compacted”: the cracks were compacted imme-
diately after the transplantation; (iii) “patch center”: the
transplantation was conducted at the center of the crack-formed
patch, where a bare state without existing plants was present; (iv)
“intermediate location”: the transplantation was conducted at the
location between patch center and cracks; and (v) “control”: existing
plants growing within cracks. See fig. S4 for an illustration of the
treatments. We used 10 replicates for each treatment. We monitored
the seedling survival from 8 May to 17 September 2015, a whole ex-
periment time period of 4 months (Fig. 3E).

Image processing and characterizations of crack patterns

We obtained aerial images in the experiment area in October 2018.
The high-resolution images (ca. 3.5 cm) were taken with a DJI
Phantom 4 Pro drone. The raw images were geometrically corrected
and then converted to a binary raster format for the subsequent ex-
traction of mud cracks using the image processing method by Liu et
al. (72, 73) (fig. S6). The extracted cracks were converted to the poly-
line format. We quantified crack spacing length (/) and angle (8)
following Plug and Werner (37) (Fig. 5, A, C, and F). To this end,
we randomly laid out 1000 sampling lines onto the extracted crack
network graph. We then calculated every / and 0 associated with the
intersecting sampling lines and cracks (see Fig. 5A, note that the
isolated cracks were discarded in this calculation) to plot the joint
probability distribution (Fig. 5C). Moreover, we calculated the pe-
rimeter (P;) and area (A;) and, on this basis, calculated circularity of

each crack-formed polygon. Circularity [C; = —4i4] is defined as

(z)
the ratio between the true area A; and the area of the equivalent
circle for the polygon (i.e., the denominator); therefore, a circularity
close to 1 represents that the polygon is close to the shape of circles.
We showed the scatter plot of area (A;) versus perimeter (P;) (Fig.
5D) and that of area (A;) versus circularity (C;) (Fig. 5E) for the ob-
served crack pattern. Using the same methods, we generated these
plots for the model-derived crack patterns correspondingly (Fig. 5,
F to H).
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Statistical analysis

We used one-way analysis of variance (ANOVA) with Tukey post
hoc multiple comparisons to compare the experimental treatments.
The statistical analyses were carried out using the R studio software
(74). Between-treatment differences are labeled as ***P < 0.001, **P
< 0.01, *P < 0.05, and "NS" for P > 0.05. Pearson's correlation test
was used to examine the correlation between crack width and seed-
ling number.

Mathematical model
We propose a mathematical model to provide a mechanistic under-
standing of spatial patterning of mud cracks and vegetation ob-
served in the field (Fig. 2). We aim at building a simple model to
reflect the underlying mechanism in a most transparent way. Re-
garding that our focus is spatial self-organization, our simple
model is meant to reflect the fundamental processes of drying-
induced crack formation and its interaction with plant establish-
ment, which are particularly relevant for the physical self-organiza-
tion of cracking patterns. We expect to use this simple model to
analyze system properties such as resilience in a straightforward
way. We also expect that the simple modeling framework can be
adapted to study other similar systems (such as those in Fig. 1).
Our model is grounded on our field observations and experi-
mental results that provide critical empirical bases for considering
crack-plant interactions. It is built upon existing soil cracking
models. However, unlike the classic finite element cracking
models based on the Griffith criteria of fracture (25, 75, 76), our
model is based on partial differential equations describing tensile
stress with an alternative stable state driven by interstitial humidity
of soil surfaces. When a crack opens, it releases stored strain energy
to the environment (so that the tensile stress becomes zero). We
consider a two-layer framework for modeling soil conditions, i.e.,
a thin surface layer where increasing tensile stress to a certain
threshold can give rise to cracks, and a sublayer where the soil
water is consumed by plants roots. S(r, t), E(r, t), W(r, t), and
P(r, t) denote the tensile stress of soil surface layer, humidity of
soil surface layer, sublayer soil water content, and plant biomass
at position r = (x, y) and time ¢, respectively. We consider the non-
linear dynamics of tensile stress (crack states) across the fractured
soil surface layer (Fig. 4, A and B) as

oS(r, t)
ot

=T (S - Smin)(scri - S) (S - Smax) +

Bistable states of tensile stress

Cs (E - e)

(1) Humidity effect on tensile stress

(1a)

The first term describes the bistable states of tensile stress (unit of
megapascal) with critical instable state of S, where the tensile
stress increases with rate r, through connected neighbors; Sy,
and S, represent the fracture and nonfracture states, respectively.
The second term accounts for the positive effect on tensile stress due
to evaporation. Parameter e describes the saturation value of air hu-
midity above the soil surfaces. The positive effect on tensile stress is
proportional to the net difference between soil surface layer humid-
ity and saturated air humidity with the coefficient c,. Note that here
the interaction between soil surface layer humidity and tensile stress
is spatially homogeneous.

Water content of soil sublayer is determined by the balance
between water influx, water loss due to evaporation, and water
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depletion by plants at a given location, described as

oW (r,t) c
EAAA AL o —  dy(E—eW
ot k, +S &,L
~— (3) Loss due to evaporation
(4) Water storage in cracks
(1b)
LP—Y— 4 D,VW
P kp + W &,_/
Diffusion

(7) Depletion by plants

where W(r, t) denotes sublayer soil water content (unit of grams per
square centimeter). Note that tensile stress has an inverse relation-
ship with sublayer soil water content. Parameter c,, denotes the
water permeability coefficient for bare soil without crack formation,
and k,, represents the crack effect of promoting water entrapment.
Water loss due to evaporation is the product of sublayer soil water
content (W) and the net difference between humidity of soil surface
layer and saturated air humidity, with a coefficient of drainage rate
dp. In addition, sublayer soil water depleted by plant uptake is de-
scribed as a product of plant biomass (P) and soil water content
(W). Here, [, is the maximum water uptake by plants and k,, is
the half-saturation constant of water in promoting plant growth
rate. The last term represents horizontal soil water diffusion,
where D, is the diffusion coefficient (the Laplace operator,
second spatial derivative, V* = % + aa—zz).

E(r, t) represents the humidity of soil surface layer, determined
by sublayer soil water content and evaporation-induced water loss
(as a function of the net difference between soil surface layer humid-
ity and saturated air humidity)

OE(r, 1)

2 = rg(W — h)(E —e) + DgV’E

ot (1c)

(2) Evaporation process Diffusion

where rp is the coefficient for humidity gain from soil sublayer and h
is the threshold of sublayer soil water content at which the evapo-
ration process stops. Similar to water diffusion in the soil sublayer,
we also assume water diffusion in the soil surface sublayer, with a
diffusion coefficient Dy (77).

Last, plant biomass P(r, t) can be described by the balance
between plant growth as a function of sublayer soil water content,
morality induced by intraspecific competition, and diffusion

P(r,1) w(1 - S)

— = rpP———= - d,p* +  D,V*P (1d)
P 14 P
ot kp + W —— ——
— Intraspecific competition Seed dispersal

(5,6) Facilitation by water and crack

The first term represents growth dynamics of plants, where 7, is
the maximum growth under sufficient soil water. Cracks can facil-
itate plant biomass by entrapment of seeds and propagules and
water. Note that the tensile stress variable S lies within the range
from 0 to 1.0 (S € (0 1]); therefore, this positive feedback is integrat-
ed into the growth dynamics in an inversed way here. The second
term represents biomass loss due to intraspecific competition (for
water), with a coefficient d,. The third term represents plant
biomass diffusion (species dispersal). See Fig. 4A for the specific in-
teractions corresponding to the numbers with brackets in Eq. 1 (ato
d). The definitions and units of the variables and parameters are
summarized in table S4.
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Note that our simple model is designed for studying monospecific
systems (Fig. 5) or relatively homogeneous landscape systems (Fig. 6,
A and B). Thus, the model does not take into account ecological pro-
cesses such as vegetation zonation and interspecific interactions,
which often play important roles in shaping tidal salt marshes at
larger spatial scales or in heterogeneous landscapes. The model does
not account for tidal flooding as the study site is located in high
marshes with occasional flood inundation. In addition, the model
does not account for sea-level rise that is critical to long-term dynam-
ics of coastal salt marshes (78), because we focus on ecosystem behav-
ior in a relatively short term. The simple model may serve as a
component of a more comprehensive framework for the purpose of
modeling more complex ecosystem structures and dynamics.

Model analyses

We modeled the salt marsh ecosystem with mud crack patterning by
solving Eq. 1 (a to d) using in-house—developed software based on the
pyOpencl Python module, implemented on the AMD Radeon Pro
Vega 64X platform. First, we modeled the system dynamics in a
two-dimensional space consisting of 512x512 grid cells representing
3 x 3 m* with 4 million time steps (Fig. 4). Periodic boundary condi-
tion was implemented in the model to account for the edge effect.
Second, we modeled the systems in a 20 x 20 m” space, allowing for
detailed characterizations of the crack patterns (Fig. 5). Third, we
modeled a larger-scale system (50 x 50 m®) representing a spatial gra-
dient of sublayer soil water content, where we imposed Neumann
boundary condition (Fig. 6B). Our model can give rise to alternative
stable states separated by tipping points. Such system behavior hinges
on positive feedbacks in general, and specifically in this case the pos-
itive feedback between plants and cracks. For modeling the system
without mud cracks (Fig. 6C), we reduced the diffusion coefficient
of subsurface soil water content (D,,) to prevent crack pattern forma-
tion. In this way, the stable solutions of the systems do not change (14),
allowing us to investigate the effect of cracks. We then performed a
perturbation experiment by removing 60% vegetation biomass for cal-
culating the post-perturbation recovery time to equilibria.

Supplementary Materials
This PDF file includes:

Figs. ST to S10

Tables S1 to S4

Legends for movies S1 to S3

Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S3

Data S1
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