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Biotic interactions that hierarchically organize ecosystems by driving ecological and evo-
lutionary processes across spatial scales are ubiquitous in our biosphere. Biotic interac-
tions have been extensively studied at local and global scales, but how long-distance,
cross-ecosystem interactions at intermediate landscape scales influence the structure,
function, and resilience of ecological systems remains poorly understood. We used
remote sensing, modeling, and field data to test the hypothesis that the long-distance
impact of an invasive species dramatically affects one of the largest tidal flat ecosystems
in East Asia. We found that the invasion of exotic cordgrass Spartina alterniflora can
produce long-distance effects on native species up to 10 km away, driving decadal
coastal ecosystem transitions. The invasive cordgrass at low elevations facilitated the
expansion of the native reed Phragmites australis at high elevations, leading to the mas-
sive loss and reduced resilience of the iconic Suaeda salsa “Red Beach” marshes at inter-
mediate elevations, largely as a consequence of reduced soil salinity across the
landscape. Our results illustrate the complex role that long-distance interactions can
play in shaping landscape structure and ecosystem resilience and in bridging the gap
between local and global biotic interactions.

biological invasion j biotic interaction j long-distance interaction j resilience j coastal saltmarsh

G. E. Hutchinson’s question “Why are there so many kinds of animals?” has sparked
decades of exploring the origins of biodiversity (1). Many ecologists including Hutchi-
son have suggested that the answer to this fundamental question largely hinges on
biotic interactions (2–4). Indeed, the ways in which organisms interact with one
another may be just as diverse as the number of interacting organisms. Biotic interac-
tions arise inevitably when plants, animals, and microbes coexist in close proximity,
sharing the same resources, responding to the same stresses, or foraging on one another,
but what if organisms are located far away from each other?
The answer is counterintuitive: Strong interactions can occur between sessile organ-

isms even if they are separated by long distances, far beyond the spatial domains of
local coexistence typical of submeter or meter levels. The ecological–evolutionary pro-
cesses that have shaped our biosphere are an “extreme” case of biotic interactions oper-
ating at global scales. Cyanobacteria production of oxygen, for example, drove the
Great Oxygenation Event about 2.4 billion y ago, leading to oxidative metabolism and
the evolution of eukaryotic plants and animals (5). Synthesizing these lines of evidence
may give rise to understanding how biotic interactions operate across spatial scales
from local to global. This idea, however, is challenged by a paucity of evidence docu-
menting biotic interactions operating at intermediate landscape scales.
Examples of landscape-scale biotic interactions are sparse relative to local and global

examples. Evidence includes competition for soil water between plants growing in spa-
tially separate patches of dryland vegetation (6, 7) and facilitation between plant species
at different elevations across coastal landscapes (8). These “long-distance interactions”
(9) have been suggested to occur only in a handful of systems. Mounting empirical evi-
dence, however, is emerging in a number of ecosystems [e.g., mussel beds and cobble
beaches (10, 11)] where long-distance interactions shape ecosystem structure, function,
and resilience, suggesting that they may play a more fundamental and widespread role
in shaping ecosystems than previously thought. Long-distance interactions have gener-
ated theoretical advances in ecology, as reflected in spatial self-organization (12–14)
and metaecosystem theory (15), and have critical implications for ecosystem conserva-
tion and restoration (9). Understanding long-distance interactions may also elucidate
general relationships between the small-spatial-scale biotic interactions studied by
experimental community ecologists and the feedbacks between the biota and environ-
mental processes that drive the dynamics of ecosystems at regional and global scales
studied by modelers and ecosystem ecologists.

Significance
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Coastal ecosystems commonly have striking biotic spatial
organization dominated by foundation species conducive to
revealing long-distance interactions. A common class of coastal
long-distance interactions is mediated by mobile consumers
that migrate between spatially disjoined foundation species hab-
itats, mediating their interactions. Interactions also commonly
occur between sessile organisms over long distances when they
compete for moving resources, such as sediment nutrients for
seagrass and mangroves, or planktonic food for mussels and
cockles or when they are facilitated/interfered by moving non-
living substances (16). Indirect long-distance interactions can
also arise when the presence of sessile organisms modifies physi-
cal environments, influencing the organisms that live there.
This is found on cobble beaches and mudflats, where cordgrass
at lower elevations can facilitate wave-vulnerable forbs at higher
elevations by reducing wave impacts (8, 11). Similar long-
distance interactions mediated by environmental modifications
have been documented across coastal landscapes composed of
two or more distinct, spatially mixed foundation species such as
mussel and cockle beds, seagrass meadows, and oyster and coral
reefs (9).
While examples of long-distance interactions are accumulat-

ing, our understanding of their consequences and functioning
remains limited. Importantly, even if long-distance interactions
are omnipresent, we do not know if and to what extent they
are strong enough to impact ecosystem persistence and resil-
ience. It has been speculated that long-distance interactions can
enhance ecosystem resilience (17, 18), based on the docu-
mented positive role of long-distance interactions in the main-
tenance of biodiversity and provisioning of ecosystem services
(9). However, this cannot rule out the possibility that long-
distance interactions can also have negative effects on ecosystem
persistence and resilience. These effects are particularly relevant
with Anthropocene accelerating climate change and human
activities but remain largely unknown.
Here, we use remote sensing, modeling, and field data to

examine the hypothesis that a novel long-distance interaction
drove a decadal landscape transition along a Chinese coastline.
The coastal landscape examined is the salt marsh ecosystem of
the Yellow Sea. Historically this ecosystem had striking vertical
intertidal zonation. The low intertidal habitat was dominated
by unvegetated mudflats. The middle marsh habitat, hypersa-
line due to the evaporative accumulation of salt, was dominated
vegetatively by the red native succulent Suaeda salsa and other
salt-tolerant plants that live in this physically harsh habitat as a
competitive refuge. The high marsh habitat was dominated
by a dense monospecific zone of the native reed Phragmites
australis. Of these zones, the middle marsh Suaeda zone is eco-
logically and economically the most valuable. Expansive red
Suaeda marshes are culturally valued as a tourist attraction (19),
have a high diversity of native plants and animals (20, 21), and
are critical for migratory shorebirds of the East Asian–Australasian
Flyway (22, 23). For example, they support ∼500 to 1,100
individuals of red crowned crane (Grus japonensis) annually,
accounting for ∼15 to 30% of the global population of this pro-
tected species (24). However, these ecosystems have been shrink-
ing over the last few decades (25, 26) for reasons that remain
unknown.
In this paper we show that the loss of the ecologically and

economically valuable Suaeda red marsh zone is attributed to a
cross-ecosystem interaction occurring at distances up to 10 km,
triggered by the invasion of an alien cordgrass species Spartina
alterniflora since the 1990s and its indirect impacts on marsh
sedimentation and salinity. We tested the hypothesis that the

invasion of Spartina as an important ecosystem engineer altered
landscape-scale soil salinity through reduced tidal inundation,
cascading to influence the competition between P. australis and
S. salsa. The direct ecological impacts of cordgrass invasion on
local scales has long been recognized, but their indirect impacts at
larger spatial and temporal scales began to emerge only recently
(26). We used a simple model that reflected the remotely sensed
system dynamics to show how the long-distance effects of cord-
grass could play a destructive role in inducing loss of native
Suaeda habitats and how coastal resilience to sea-level rise could
be shaped by this landscape-scale biotic interaction.

Results and Discussion

Remotely Sensed Landscape Transitions. We analyzed a time
series of Landsat images at 30-m resolution to quantify land-
scape dynamics from 1982 to 2020. Our analysis shows that
before the invasion of cordgrass the native coastal landscape
had distinctive zonation characterized by bare mudflats at low
elevations and the reed-dominated vegetation at high eleva-
tions, separated by extensive saltmarsh flats dominated by the
succulent forb S. salsa (Fig. 1). Following the 1982 introduc-
tion of the alien cordgrass S. alterniflora, however, the years after
1990 have been characterized by accelerated vegetation transitions
across the landscape. Following exotic cordgrass invasion, cord-
grass and reeds have both continuously increased in vegetation
cover until the present, while the native Suaeda forb zone has dra-
matically declined in cover since ∼2005 (Fig. 1).

Interestingly, while cordgrass appears to have triggered this
landscape change, most habitats undergoing Suaeda loss were
transformed into a state dominated by reeds rather than cord-
grass (Fig. 1 and SI Appendix, Table S2). This is also clearly
reflected by our “spatial niche” analysis of the one-dimensional
(along the land–sea gradient) distribution ranges of the three
dominant species (see Materials and Methods and Fig. 1F). The
core distribution range (measured by the breadth of the “spatial
niche”) of the cordgrass exhibited an abrupt increase during
early colonization, followed by saturation (see Fig. 3B). This
plateau-shaped temporal pattern indicates that cordgrass, upon
successful invasion (colonization), occupied a relatively stable
“spatial niche” that was originally bare mudflat. Yet, it dramati-
cally affected the landscape landward.

Mechanism of Long-Distance Interaction. While cordgrass inva-
sion has not directly displaced and transformed the native forb veg-
etation zone dominated by Suaeda, cordgrass is likely responsible
for the transition of forb to reed habitats that occurred kilometers
away from the cordgrass zone. This hypothesis is based on a mech-
anism of indirect long-distance interaction (Fig. 2). Establishment
of cordgrass at the low-elevation mudflats modifies water flow,
increasing the deposition of sediment and enhancing the accumula-
tion of peat substrate (27). This elevates the landscape in the cord-
grass zone and is the primary mechanism underlying the biogenic
deposition of salt marsh habitats. The presence of a hypersaline
zone and the halophyte Suaeda is strongly dependent on tidally
driven episodic accumulation of salt killing its competitors.
Monthly spring high tide inundation of saltwater is key to main-
taining the high salt content of the hypersaline Suaeda habitat at
intermediate marsh elevations. At lower elevations daily tidal
inundation limits the buildup of salinity by flushing the marsh
surface with ambient saltwater, washing away salt that accumu-
lated due to the evaporation of surface sediments. At intermediate
elevations only flooded monthly by spring tides, hypersaline sedi-
ment develops evaporative water loss due to limited tidal flooding.
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At higher elevations decreasing inundation by tides (28), precipi-
tation and surface and subsurface water flow limit salt accumula-
tion and promote desalinization of marsh sediments. Desalination
at intermediate-high elevations can facilitate the expansion of
salt-intolerant but competitively dominant reeds. A critical conse-
quence of this long-distance facilitative effect is that suitable
habitat for reeds is expanded seaward, where they outcompete
and replace Suaeda.
This long-distance hypothesis is supported by the long-term

data of sediment, elevation, and soil salinity revealing the
changes before and after the Spartina invasion (29–31). The
invasion triggered a clear building process characterized by
enhanced sedimentation by Spartina and significant increases of
elevation at the local scale (Fig. 3C and SI Appendix, Fig. S3).
In contrast, elevation did not show apparent change in the
Suaeda and Phragmites zones during this period (Fig. 3C),
suggesting that elevation per se may not be the key factor

responsible for the observed transition. Also, sediment com-
position changed from a sand- to silt-dominated state in the
Spartina zone due to Spartina’s strong ability capturing fine-
grained sediments. In the Spartina zone, a sharp increase of silt
fraction was detected around the 60-cm sediment layer, plausi-
bly corresponding to the establishment of Spartina (Fig. 3C,
IV). In contrast, such an increase was detected around the
depth of 30 cm in the Suaeda zones, suggesting a time lag of
sedimentation change relative to the Spartina zone. The incre-
ment of sediment surface elevation in the Spartina zone will
increasingly block low-level sea waters, leading to progressively
shorter inundation and lower salt input from tides to the
Phragmites and Suaeda zones landward. Long-term monitoring
of inundation time has not been implemented in previous stud-
ies, but we find a clear trend of declining salinity in the Suaeda
zone, starting around 2005 (Fig. 3G). This desalination trend is
in strong agreement with the landscape vegetation transitions.

1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
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Fig. 1. Remotely sensed landscape change in the studied coastal region during 1982 to 2020. (A) Location of the study area. (B–D) Photos of vegetation
dominated by P. australis, S. salsa, and S. alterniflora. (E) Maps of vegetation distribution in the study area. (F) Percent covers of the vegetation along the one-
dimensional spatial gradient from land to sea. Note that the landscape changes are illustrated on a biannual basis here (E and F), whereas data analyses are
performed on an annual basis (see SI Appendix, Fig. S2 for a complete illustration).
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Putting these spatiotemporal patterns together suggests that the
Spartina invasion was associated with the time lags observed in
transitions of sediment composition, salinity, and vegetation type.

Modeling Long-Distance Interaction. Since this hypothesized
mechanism would be difficult to test with manipulative experi-
ments, due to the large spatiotemporal nature of the observed
landscape vegetation shift, we developed a simple model to exam-
ine if the long-distance interaction could explain the observed vege-
tation dynamics. We used the 1990 landscape configuration as a
starting point and modeled the percent cover of Spartina, Suaeda,
and Phragmites across the land–sea gradient. The dynamics of
vegetation cover are determined by four critical ecological processes:
1) spatial diffusion, 2) logistic growth, 3) interspecific competition,
and 4) long-distance interactions. We built on the Lotka–Volterra
competition model to incorporate a spatial diffusion term and a
long-distance interaction mechanism. The long-distance effect of
cordgrass is modeled as a process of increasing elevation in the low-
tide zone and reduced tidal water inundation, which consequently
reduces soil salt content on the tidal flat, thereby changing the
interspecific competition coefficient between Suaeda and Phragmites
(see SI Appendix, section S1 for model details). Competitive interac-
tions can be mediated by resource and/or stress. Here, salt stress is
considered the primary factor determining the competitive interac-
tions in our saltmarsh ecosystems.
Despite its simplicity, the model captured the observed sys-

tem dynamics surprisingly well. From a spatial perspective, our
model captured that the traveling front of Phragmites migrated
seaward to compress the Suaeda zone, whereas the Spartina
zone was spatially stable (Fig. 4A). We found good fits between
modeled and observed soil salinity, vegetation cover, and spatial
niche across the decadal study period (Fig. 4 B–D, SI Appendix,
Fig. S4 and Movie S1). Particularly, the time lag of ∼5 y between

the decline of the Suaeda spatial niche (starting around 2000)
and the expansion of the cordgrass spatial niche (starting around
1995) are captured by the model that reflects the relatively slow
salinity change after the successful Spartina invasion (Fig. 4D).
An important finding is that even a mild long-distance inter-
action would eventually lead to Suaeda zone extinction (SI
Appendix, Fig. S6E). Although our simple model may serve as a
starting point for testing the effect of the long-distance interac-
tion, further incorporating mechanisms of sediment deposition
and hydrodynamics with relevant validation data (if available)
may help to look into the system behavior in a more realistic
way. While our theoretical model could not provide a rigorous
test of the mechanisms, it demonstrates the inferred long-
distance interaction mechanism is indeed possible to give rise to
the observed pattern.

The Shaping Role of Long-Distance Interaction. If our model
reflects the mechanisms underlying the observed system dynam-
ics, it can serve as a tool to infer the role of the long-distance
interactions in shaping coastal landscapes. The model predicts
that in the absence of long-distance interaction/facilitation of
reeds, the system would converge to an equilibrium character-
ized by the stable coexistence of three vegetation types across
the landscape. Following cordgrass invasion, a two-vegetation
(dominated by reeds and cordgrass) state emerges due to strong
long-distance facilitation between cordgrass and reeds (Fig. 5),
where salt stress plays a mediating role. Long-distance interac-
tions thus likely play a critical role in shaping both physical
conditions and habitat zonation along this coastal landscape.
The striking spatial structure or zonation of the new landscape
state is not simply a reflection of environmental or physical fac-
tors but rather largely results from biotic interactions operating
along physical gradients (32, 33).

Long-distance interactions could underlie a dramatic change
of the resilience of the coastal vegetation subjected to acceler-
ated sea-level rise. In the original state, salinity increases as a
primary effect of sea-level rise (34), and the Suaeda marsh zone
can easily adapt to sea-level rise by moving landward, provided
that sufficient space is available. In contrast, with strong long-
distance interactions following cordgrass invasion and the loss
of the Suaeda marsh zone, sea-level rise will be met by a much
more persistent zone of cordgrass that will adapt by increasing
sedimentation both within the cordgrass zone itself as well as in
the reed habitat in its wake. Hence, cordgrass invasion funda-
mentally changes the resilience of coastal ecosystems, from one
defined by zonation that can adapt to sea-level rise by moving
landward to a much more resistant ecosystem where sedimenta-
tion generates marsh expansion but becomes increasingly vul-
nerable at its exposed edge if the elevated habitat becomes more
vulnerable to wave attack (35). It is also likely that the Suaeda
marsh zone will gain resilience from sea-level rise due to elevated
sediment salinity, a scenario predicted by the model (Fig. 6A). In
the long term, the Suaeda marsh zone on the verge of regional
extinction may be rescued by sea-level rise at sufficiently rapid
rates (Fig. 6B and SI Appendix, Fig. S7). Thus, the fate of the
Suaeda marshes and the ecosystem services they provide remain
uncertain over the next century and largely depend on the speed
of sea-level rise.

A basic insight from this research is that long-distance interac-
tions can drive cross-ecosystem spatial self-organization at a large
scale. At within-ecosystem spatial scales, spatial self-organization
results from a coupled short-range positive and long-range nega-
tive feedback (13), giving rise to regular spatial patterning in
many ecosystems (ref. 36, but see ref. 11). The long-distance

Fig. 2. Schematic illustration of the long-distance interaction triggered by
Spartina invasion. (A) Sedimentation-erosion equilibrium and salinity input
from tidal water ensure the persistence of the extensive red Suaeda salt-
marsh before the Spartina invasion. (B) The invasion of Spartina triggers a
building process characterized by enhanced sedimentation and increased
elevation at the local scale. At a larger scale across the landscape at higher
elevations behind the Spartina zone, the elevated low tidal zone produces a
blocking effect, resulting in reduced salinity input from tidal water and
declined soil salinity due to shorter inundation, in turn facilitating the
expansion of Phragmites. (C) This long-distance effect of Spartina eventually
leads to the massive loss of Suaeda, as replaced by Phragmites.

4 of 9 https://doi.org/10.1073/pnas.2123274119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 B
IB

L
IO

 D
E

R
 R

IJ
K

SU
N

IV
E

R
SI

T
E

IT
 D

E
PT

 A
C

Q
U

IS
IT

IO
N

 o
n 

M
ar

ch
 2

9,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

12
9.

12
5.

58
.1

29
.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123274119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123274119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123274119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123274119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123274119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123274119/-/DCSupplemental


interactions studied here would give rise to distinct spatial organi-
zation of different ecosystems at larger spatial scales. These mecha-
nisms may interact to generate hierarchical self-organization across
spatial scales (37). Long-distance interactions not only can have
unexpected ecological impacts on community structure and orga-
nization but acting over long distances and long-time spans, they
can also have evolutionary consequences by impacting isolation by

distance. The evolutionary consequences of global-scale biotic
interactions has been recognized as important in life and earth sci-
ences (37). Landscape, long-distance interactions may also create
this potential.

Our study has important implications for how coastal systems
in general respond to disturbances. Droughts can have important
consequences for the coasts of eastern China. Long-distance
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Fig. 3. The spatiotemporal patterns of elevation, soil and vegetation. (A) Time series of vegetation area show increasing trends of Phragmites (blue) and
Spartina (green) but an abruptly declining trend of Suaeda (red). (B) Time series of the breadths of the “spatial niches” along the spatial gradient from land to
sea show that the core distribution range of Spartina (green) increased abruptly before ∼1995, followed by a saturation trend afterward. The time series of
Phragmites (blue) and Suaeda (red) show piecewise trends with a consistent turning point around 2005. (C) Elevation data show clear increases of elevation
after the successful invasion of Spartina (2001 to 2010) in the Spartina zone but not in the Suaeda zone. The five inset panels show the vertical distribution
of sediment composition in terms of fractions of sand, silt and clay (measured in 2007, locations labeled as I to V). The dashed lines indicate the turning
points of the vertical distribution patterns of % silt (fine sediments), detected using a break point analysis. The elevation and sediment composition data were
obtained from refs. 30 and 31. (D) Soil salinity generally shows a humped pattern along the spatial gradient from land to sea, peaked in the cordgrass zone. Point
color indicates the year when salinity was measured. (E) The studied landscape can be separated into three distinctive vegetation zones on the basis of vegetation
distribution along the land–sea spatial gradient in 1995. The intersection points of the percent cover curves are used to identify the boundaries of the vegetation
zones. (F–H) The temporal trends of soil salinity in the above-mentioned vegetation zones separately show different patterns: a linear-like decreasing trend in the
Phragmites zone (F), an abruptly decreasing trend after ∼2005 in the Suaeda zone (G), and a slightly increasing trend in the Spartina zone (H). Note that the y axis
range in H is different from in F and G. The trends in A, B, D, and F–H are fitted using generalized additive models with 95% CIs.

PNAS 2022 Vol. 119 No. 28 e2123274119 https://doi.org/10.1073/pnas.2123274119 5 of 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 B
IB

L
IO

 D
E

R
 R

IJ
K

SU
N

IV
E

R
SI

T
E

IT
 D

E
PT

 A
C

Q
U

IS
IT

IO
N

 o
n 

M
ar

ch
 2

9,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

12
9.

12
5.

58
.1

29
.



interactions affect resilience to drought effects, mitigating drought-
induced salt stress, but in parallel reduce opportunities for the
recovery of Suaeda vegetation. Similarly, the effects of land rec-
lamation, a critical threat to coastal ecosystem, may have unfore-
seen implications by interfering with long-distance effects of
cordgrass (26). Our results emphasize the complexity of coastal
ecosystems where both shifting environmental conditions and
human activities can have a multitude of effects that link long-
distance interactions to ecosystem resilience and biological inva-
sions. Our work also paves the way for connecting local and
global biotic interactions ecologically and evolutionarily. Experi-
mental studies of intermediate spatial-scale interactions may
reveal that long-distance biotic interactions, by promoting isola-
tion by distance among sympatric species, accelerate evolution-
ary differentiation.

Materials and Methods

Study Area. We analyzed the landscape dynamics in the core area (114.7 km2,
120°310–120°400 E, 33°280–33°360 N) of the Yancheng National Nature
Reserve at the coast of the Yellow Sea, Jiangsu Province, eastern China (Fig. 1A).
This region is dominated by a subtropical monsoon climate with a mean annual
temperature of 14.9 °C and a mean annual precipitation of 1,010 mm. The
study area represents an intertidal silt–muddy coastal saltmarsh landscape sub-
ject to irregular semidiurnal tides. The native saltmarshes are dominated by the
perennial gramineous species P. australis (Fig. 1B) and the annual forb species
S. salsa (Fig. 1C). Cordgrass Spartina anglica was introduced into the coastal
region of Jiangsu Province in 1964 (38), but it was progressively replaced by
S. alterniflora (Fig. 1D), which showed rapid expansion after 1990 (Fig. 1E).

Data Analyses. Vegetation distributions were mapped using the Landsat Col-
lection 1 Tier 1 images on an annual basis from 1982 to 2020 (downloaded
from the US Geological Survey EarthExplorer website, https://earthexplorer.usgs.
gov/), including the Landsat MSS images for 1982 to 1983, the Landsat TM
images for 1984 to 2008, the Landsat ETM+ images for 2009 to 2012, and the
Landsat 8 OLI images for 2013 to 2020. The data gaps in the Landsat ETM+
images due to scan line corrector failure (SLC-off) were filled using the image
composite method (39). For each year, we selected the cloud-free images
acquired between October and December, because the spectral differences
between the vegetation types are mostly pronounced during this low-growth
season, allowing us to clearly distinguish the vegetation distributions from the
remotely sensed images. We used supervised classification with the maximum
likelihood method to map the spatial distribution of reeds, cordgrasses, Suaeda
forbs, bare mudflats, and waters within the study area for each year. The results
of image classification were validated using high-resolution Google Earth images
and ground truth survey data. We then used the resulting classification maps to
calculate the percent cover for each vegetation type on an annual basis in the
study area (Fig. 3A).

Considering the zonation along the land–sea gradient represents the most
important spatial feature of coastal ecosystem distribution, we conducted a
“spatial niche” analysis to characterize how the vegetation zonation feature
changed over time. To this end, we calculated the percent cover of each vegeta-
tion type on the one-dimensional space in terms of land–sea gradient. In doing
so, we first split the study area into spatial transects with a width of 30 m (i.e.,
the resolution of the Landsat images) then calculated the proportion of each veg-
etation type on each transects. Percent cover was calculated for all transects (Fig.
1F). An intuitive interpretation is that the areas around the optima of the curves
represent the cores of the “spatial niches,” i.e., the core distribution ranges of
the vegetation types. We used the Shannon–Weiner niche breadth index to
assess the one-dimensional spatial distribution extent for each vegetation type
(40) (Fig. 3B).
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We collected the data of elevation, sediment composition, and soil salinity
along the land–sea gradient within the study area from the published literature
(Fig. 3 C and D and SI Appendix, Fig. S3 and Table S3). The soil salinity changes
were characterized for the different vegetation zones separately (Fig. 3 F–H).

Spatial Model of Long-Distance Interaction. By extending the classical
Lotka–Volterra model of competition, we build a one-dimensional spatial model
of three-species interactions to reflect the vegetation dynamics along the coastal
spatial gradient from land to sea.

In the absence of the long-distance interaction, the dynamics of species
Phragmites (Ph, species 1), Suaeda (Su, species 2), and Spartina (Sp, species 3)
are governed by spatial diffusion and competition-mediated growth (Eqs. 1–3):

∂Ph
∂t

¼ D1
∂2Ph
∂x2

þ Ph r xð Þ � a11Ph � a21Su � a31Sp
� �

[1]

∂Su
∂t

¼ D2
∂2Su
∂x2

þ Su r xð Þ � a12Ph � a22Su � a32Sp
� �

[2]

∂Sp
∂t

¼ D3
∂2Sp
∂x2

þ Sp r xð Þ � a13Ph � a23Su � a33Sp
� �

, [3]

where the percent cover of each species is modeled as a function of logistic
growth (with assumed equal intrinsic growth rate r for different species at a given
spatial location x), intraspecific competition (with competition coefficient aii),
interspecific competition (with competition coefficient aij), and one-dimensional
spatial diffusion (for plant expansion) denoted by the term Di ∂

2

∂x2 (where Di is the

diffusion coefficient for species i). Spatial location from land to sea and time are
represented by x and t, respectively.

The invasion of cordgrass S. alterniflora is modeled by adding a spatial drift
term V3

∂Sp
∂x (where V3 is a directional migration coefficient of S. alterniflora sea-

ward). Eq. 3 then becomes

∂Sp
∂t

¼ D3
∂2Sp
∂x2

þ Sp r xð Þ � a13Ph � a23Su � a33Sp
� �� V3

∂Sp
∂x

: [4]

The influence of (tidal) sea water on intrinsic growth rate rðxÞ is modeled as lin-
ear decline with distance to the sea. Within the zone of influence (i.e., when
Ls � w ≤ x ≤ Ls), r xð Þ ¼ ðLs � xÞ=w, where Ls is the location of permanent
sea water (i.e., shoreline at low tides), and w is the spatial extent at which vege-
tation growth is influenced by sea water. Outside the zone of influence,
r xð Þ ¼ 0 when x > Ls (permanently under sea water), and r xð Þ ¼ 1:0 when
x < Ls � w (high elevations).

Long-distance interaction through mediating soil salinity (Sa) is a key mecha-
nism that possibly makes the system substantially go beyond the competition-
mediated dynamics. We consider two competing processes that influence salinity,
i.e., salt input from tidal water vs. salt loss (desalination) through surface and sub-
surface flow. The effects of cordgrass growth on these two processes are modeled as

∂Sa
∂t

¼ c � Sað Þf þ d
Sp

bþ Sp
Sa � eSa

Ωj j ∫Ω
Sp xð Þdx: [5]

The first term c� Sað Þf describes the supplement of soil salinity through sea
water, where constant c and f represent the salt input rate of sea water and salt

A

C

D

B

Fig. 5. Model predicted effect of long-distance interaction on system behavior. System states in terms of percent covers of the three species are illustrated
using triangle plots (A and B). (A) In the absence of long-distance interaction (e = 0), the system will converge to an equilibrium characterized by the three-
species coexistence (red dot). (B) When sufficiently strong long-distance interaction is present (e = 0.18), the system will converge to a two-species coexis-
tence equilibrium at which Suaeda cannot be maintained. The trajectories of system state over time are shown for six randomly selected initial conditions in
each scenario (A and B). (C and D) Changes of spatial patterns of the three species for the absence (C) and presence (D) of the long-distance interaction. The
arrows indicate the direction of the change over time (from purple to yellow). The spatial patterns are modeled and plotted annually for 200 y. The color
gradient (for the curves and arrows) from dark blue to yellow indicating modeling time from 0 to 200 y. The initial condition (t = 0) of vegetation cover is
taken from the remotely sensed data in 1990 (the ragged curves), and the initial condition of salinity is taken from a linear fit of the measured salinity (the
straight lines). The yellow curves represent steady distributions over the one-dimensional space (from land to sea). When the long-distance interaction is
present, Suaeda cover approaches zero as an equilibrium (D). The spatial patterns of the steady states with different long-distance interaction strength are
shown in Movie S2.
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exchange rate between sea water and soil, respectively. The second term
d Sp
bþSp

Sa represents a local salt enrichment effect through cordgrass growth,
where the constant d is the enrichment coefficient, and Sp

bþSp
is used to model

the saturation trend of the enrichment effect. The third term eSa
Ωj j∫ ΩSp xð Þdx rep-

resents desalination effect of cordgrass growth on the rear tidal flat (through
reducing tide inundation as a result of increasing elevation in the low-tide zone).
This desalination process can occur at long distances from the locations of cord-
grasses. The coefficient e of this desalination effect thus reflects the strength of
the long-distance interaction.

We model the effect of soil salinity on the species interaction by integrating a
salinity-dependent competition coefficient into the dynamics of Suaeda. That is,
in Eq. 2 we replace a12 with a12

Saþa, where changes of soil salinity are assumed to
affect the competition coefficient of Suaeda against Phragmites. As Phragmites is
less salt-tolerant than Suaeda, decreasing salinity can facilitate Phragmites com-
peting with Suaeda. a is a half-saturation constant. Eq. 2 now becomes

∂Su
∂t

¼ D2
∂2Su
∂x2

þ Su r xð Þ � a12
Sa þ a

Ph � a22Su � a32Sp

� �
: [6]

We use the model (given by Eqs. 1, 4, 5, and 6) to investigate the role of long-
distance interaction (by changing the parameter e) in driving vegetation dynam-
ics. We further infer how the system may respond to sea-level rise and perturba-
tions, which are considered key challenges of coastal ecosystems (41). The effect

of sea-level rise is modeled by changing salt input rate c. Parameter definitions
and default values are given in SI Appendix, Table S1.

Data Availability. All codes are available online at the GitHub repository:
https://github.com/liuqx315/B.Wang-et-al-PNAS-2022 (42). All other study data
are included in the article and/or supporting information.
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