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Abstract Coastal mangrove–freshwater marsh ecotones of the
Everglades represent transitions between marine salt-tolerant
halophytic and freshwater salt-intolerant glycophytic communi-
ties. It is hypothesized here that a self-reinforcing feedback,
termed a “vegetation switch,” between vegetation and soil sa-
linity, helps maintain the sharp mangrove–marsh ecotone. A
general theoretical implication of the switch mechanism is that
the ecotone will be stable to small disturbances but vulnerable to
rapid regime shifts from large disturbances, such as storm
surges, which could cause large spatial displacements of the
ecotone. We develop a simulation model to describe the vege-
tation switchmechanism. Themodel couples vegetation dynam-
ics and hydrologic processes. The key factors in the model are
the amount of salt-water intrusion into the freshwater wetland
and the passive transport of mangrove (e.g., Rhizophora man-
gle) viviparous seeds or propagules. Results from the model
simulations indicate that a regime shift from freshwater marsh to
mangroves is sensitive to the duration of soil salinization
through storm surge overwash and to the density of mangrove
propagules or seedlings transported into the marsh. We

parameterized our model with empirical hydrologic data collect-
ed from the period 2000–2010 at one mangrove–marsh ecotone
location in southwestern Florida to forecast possible long-term
effects of Hurricane Wilma (24 October 2005). The model
indicated that the effects of that storm surge were too weak to
trigger a regime shift at the sites we studied, 50 km south of the
Hurricane Wilma eyewall, but simulations with more severe
artificial disturbances were capable of causing substantial re-
gime shifts.
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Introduction

In wave-protected shorelines of southern Florida, mangroves
are the dominant wetland ecosystem (Lugo and Snedaker
1974; Bertness 2007; Zhang et al. 2012). These mangrove
communities usually form landward transition zones
(ecotones) with freshwater marshes. The mangroves of south-
ern coastal Florida have been observed to be expanding inland
at the expense of both salt marsh and freshwater marsh over
several decades (Ball 1980; Ross et al. 2000; Doyle et al.
2003; Gaiser et al. 2006; Krauss et al. 2011; Raabe et al.
2012). Sea level rise of more than 20 cm since 1930 (Maul
and Martin 1993) is thought to be the primary driver of the
changes (Krauss et al. 2011; Saha et al. 2011). In his classic
study, Egler (1952) documented distinct zonation bands of
vegetation, primarily from mangroves to sawgrass marsh,
along a transect from the coast inland. He noted the movement
of Rhizophora mangle into Cladium jamaicense marsh, facil-
itated by storm tides that carry both salinity and Rhizophora
seedlings far inland on the flat landscape. Ross et al. (2000)
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revisited the sites of Egler’s study and found that, during the
past 40 years, a landward shift in the bands had occurred. In
particular, vegetation in a zone termed the “white zone” (band
4 in Egler 1952) had shifted from a mixture of C. jamaicense
and R. mangle to pure R. mangle. The authors attributed this
change to sea level rise and water management practices that
have reduced freshwater flow to the southern Everglades.
Landward movement of mangroves into freshwater marsh in
other areas of the southwestern Everglades has been identified
through aerial photographs (Smith III et al. 2013).

Much of what has been documented concerning the spatial
and temporal patterns of vegetation along the marine to terres-
trial transect in southern Florida can be explained in terms of
familiar ecological concepts. Higher tolerance to salinity favors
mangrove species dominance at the marine end of this transect,
while competition favors dominance by glycophytic species at
the terrestrial (freshwater) end of the transect. Gradual rise in
sea level and anthropogenic decreases in freshwater flow cause
salinity intrusion and a landward shift of the vegetation bands,
with halophytic mangroves replacing glycophytic freshwater
marsh and hardwood hammocks. Other factors, such as
changes in fire frequency, may also be affecting the ecotones
between some of these bands (Egler 1952).

An additional factor, however, may also play a role in the
dynamics of the shifting ecotones: positive feedbacks between
a given vegetation type and its local soil conditions. Sternberg
et al. (2007) hypothesized that feedback effects of two vege-
tation types, mangroves and hardwood hammocks, on local
soil salinity help maintain the sharp ecotone frequently ob-
served between them. Although mangrove vegetation is
outcompeted by glycophytic vegetation under less saline con-
ditions inland, mangroves, once established, can influence
vadose zone salinity in their favor. A suite of salt tolerance
mechanisms in mangroves allows them to transpire during
periods of higher salinity, despite having rather conservative
rates of water use overall. This facilitates higher evapotrans-
piration rates than would occur with the presence of only
glycophytic vegetation. Mangrove roots access to water al-
lows saline groundwater to move up in the vadose zone,
further increasing its salinity. Thus, mangroves create locally
high soil salinity conditions, while neighboring glycophytic
vegetation, which downregulates evapotranspiration during
the dry season, maintains locally low soil salinity. Each veg-
etation type creates soil conditions favoring itself over the
other type. The resulting sharp change in soil salinity from
one vegetation type to the other is confirmed by observations
(Sternberg et al. 2007; Saha et al. 2011). This is an example of
the more general “vegetation switch” mechanism (Agnew
et al. 1993), which has been used to explain sharp ecotones
between differing vegetation types, such as forest–grassland,
forest–mire, Alpine treelines, etc. The vegetation switch can
be thought of as a form of vegetation pattern generation or
self-organization, that is, it arises through internal interactions

to create structure (e.g., Temmerman et al. 2005, 2007; Kir-
wan and Murray 2007).

There are several implications of the existence of such a
vegetation switch for ecotones in general and the halophyte–
glycophyte ecotone in particular. First, as noted above, this
positive feedback mechanism should act to sharpen ecotones
between the vegetation types. Second, because each vegetation
type has a positive effect on its local soil conditions that favor
itself, the spatial position of the ecotone should be fairly resil-
ient to small disturbances. For example, a minor disturbance
that changes soil salinity by only a small amount might be
counteracted by the local vegetation. The third implication is
that, although the ecotone between the two vegetation types is
sharp, its exact location on the marine–terrestrial transect may
not be deterministic. The underlying abiotic conditions at a
given point along a segment of the transect may be suitable
for either vegetation type to thrive, but, once established at
some point on that segment, one of the vegetation types can
influence those conditions such that it can exclude the other
type. The segment of the transect along which either vegetation
type could exist in the absence of the other is called a region of
bistability, and the two vegetation types that could each dom-
inate the region are called alternative stable states (Scheffer
1997; Beisner et al. 2003; Folke et al. 2004). The exact location
of the ecotone may depend on initial conditions. A fourth
implication of the vegetation switch hypothesis is that a suffi-
ciently large disturbance may be able to overcome the resil-
ience of the ecotone in the region of bistability, causing a shift,
called a regime shift, from the existing stable vegetation state
on one side of the ecotone to the alternative stable vegetation
state. For a regime shift to occur, however, the disturbance
would have to exceed some threshold in strength and duration
of the change in environmental conditions and be accompanied
by input of propagules of the alternative vegetation type. But
once a regime shift occurs, it may be difficult to reverse due to
hysteresis. A fifth implication is that a mixture of the alternative
vegetation types is unstable, and the system will move toward
dominance of one or the other type, or possibly toward segre-
gation of the two types on either side of a sharp ecotone. This
transition may be slow, however, depending on the rates of
competitive exclusion.

The existence of a vegetation switch mechanism in the
mangrove–freshwater marsh ecotone zone changes the sort of
dynamics that can occur when external conditions change. For
example, a gradual rise in sea level might not lead to gradual
landwardmovement of vegetation bands, as the vegetation types
are self-maintaining and the ecotones would thus be resilient to
small changes in sea level. The switch mechanism suggests that
ecotones may be stable much of the time but be punctuated by
large jumps in space when major disturbances occur.

The hypothesis of Sternberg et al. (2007), specifically the
sharp mangrove–hardwood hammock ecotone, has been sup-
ported through simulation modeling (Teh et al. 2008; Jiang
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et al. 2012a), consistent with the idea of a vegetation switch
mechanism. If the other implications of the switch mechanism
also apply to the transition between halophytic and glycophytic
vegetation, then we expect there to be segments of the transi-
tion that are bistable and that could undergo regime shifts from
their current vegetation state to an alternative vegetation, if
sufficiently large disturbances occurred. In particular, a storm
surge with large overwash of saline water might shift a region
currently covered with glycophytic vegetation to undergo a
shift to halophytic vegetation. Ocean water intrusion through
storm surges may affect large areas on a short time scale (e.g.,
cause a short-term salinity increase in the soil and groundwater
of an inundated area). Whether such storm-related pulses lead
to long-term effects on vegetation depends on many specific
factors, such as the physiological and competitive properties of
local vegetation, precipitation, overland freshwater flow, eleva-
tion gradient, depth and salinity of groundwater, and sufficient
input of seedlings of the alternative vegetation type (Jiang et al.
2012a; White and Falkland 2010). If these conditions are
satisfied, the possibility of a regime shift over a broad area
affected by a storm surge exists, which is why storm surges are
of special interest in relation to mangrove migration and other
vegetation changes (Ross et al. 2009; Teh et al. 2008). There
have been some relevant studies on transitions from glycophytic
to halophytic vegetation types due to salinity inputs. For exam-
ple, Baldwin and Mendelssohn (1998) studied the effects of a
pulse of salinity and inundation coupled with clipping of above-
ground vegetation on two adjoining plant communities, Sparti-
na patens and Sagittaria lancifolia. The study concluded that the
vegetation might shift to a salt-tolerant or flood-tolerant species,
depending on the level of flooding and salinity at the time of
disturbance. Also see Person and Ruess (2003) and Steyer et al.
(2010) for relevant studies.

Themangrove–freshwater marsh (Cladium) ecotone is often
very sharp, which suggests that positive feedback effects sim-
ilar to those at the mangrove–hardwood hammock boundary,
and thus a switch mechanism may occur. The question we ask
here is whether regime shift through salinity overwash is a
feasible mechanism for explaining some of the past inland
movement of the boundary in the coastal Everglades of south-
ern Florida, or for influencing future movement. The hypothe-
sis of a regime shift requires two primary prerequisites: an
increase in salinities and an invasion of mangrove propagules
following a storm surge, or alternatively a prior presence of
propagules. Through an analysis of the effects of increased
salinity and mangrove propagules with a model based on a
regime shift theory, we demonstrate how shifts resulting in
long-term changes in themangrove–marsh ecotone could occur
after storm surge events and inquire whether, on the basis of
empirical data, they are likely to occur in a particular region of
the Everglades affected by a hurricane. First, coastal water level
and salinity data from 2000–2010 are used as a hydrological
baseline and to observe possible trends in increased coastal

groundwater salinity. Second, vegetation dynamics are simu-
lated based on hydrology data from Hurricane Wilma (Oct
2005). Third, long-term vegetation changes under given sce-
narios of salinity intrusion and the density of mangrove prop-
agules transported to freshwater marsh sites by hypothetical
storm surge are simulated.

Methods

An ecotone model is first developed to describe possible mech-
anisms that can maintain a sharp ecotone and, by extension, the
possibility of regime shifts causing a discrete jump in the loca-
tion of the ecotone. Themodel is applied to a single USGS study
site on a transect across the mangrove–freshwater marsh eco-
tone. While much relevant data are available at this site, only
rough estimates of some model parameters are available at this
time, so parameters that need further research are identified.

Study Site

The mangrove–marsh ecotone studied is adjacent to the
Harney River estuary (25°25' N, 81°03' W), a distributary
of the Shark River estuary from the freshwater Everglades
into the Gulf of Mexico (Fig. 1). Two U.S. Geological
Survey (USGS) paired surface/groundwater gauges along
the Harney River bookend a north–south transect. Shark 4
(SH4) is located ∼30 m south of the Harney River, within a
mangrove fringe forest and USGS gauge Shark 5 (SH5) is
located ∼300 m south in an interior coastal marsh. The SH4–
SH5 transect is located on the middle reach of the estuary,
about 9.5 km from the Gulf of Mexico. Historical aerial
images show there has been some mangrove migration into
the freshwater marsh habitat in this area of the southwestern
Everglades, occurring between the late 1920s and early
1940s (Smith III et al. 2013).

Model Spatial Scale

The model is based on a grid of 10×10 m spatial cells. Within
each cell, water and salinity dynamics, as well as vegetation
dynamics are described.

Model Water Budget and Salinity

The water budget was computed as a water balance on a daily
basis. Vadose or rooting zone salinity, assumed homogeneous
within a given spatial cell, is determined by infiltration rate,
which is the difference between the precipitation, P, tidal
input, T, and evapotranspiration, E. A groundwater lens,
whose salinity can vary, sits on top of underlying seawater.
Salinity of this groundwater lens in the same given spatial cell
is determined by the difference between the infiltration rate
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and the daily change in the surface height of this groundwater.
Infiltration rate (INF) is calculated as follows,

INF ¼ E−P−T :

The dynamics of salinity in the rooting zone are the same
as used by Sternberg et al. (2007),

ρz
dSV
dt

¼ INFSGW for INF > 0 ð1Þ

ρz
dSV
dt

¼ INFSV for INF < 0 ð2Þ

where ρ is the porosity, z is rooting zone height, and SV and
SGW are the salinities of the pore water in the rooting zone
and of the underlying groundwater, respectively, and INF has
units of distance per unit time. Positive values of infiltration
indicate capillary rising from the groundwater to the rooting
zone. Conversely, negative values of infiltration indicate
percolation downward into the groundwater. The underlying
saline ocean water, on which the groundwater sits, is as-
sumed to be 35 (SO). The dynamics of salinity in the ground-
water are given by the equations,

ρHGW
dSGW
dt

¼ INF þ ρ
dHGW

dt

� �
SO−SGWð Þ

for INF þ ρ
dHGW

dt
> 0; and INF > 0

ð3Þ

ρHGW
dSGW
dt

¼ INF þ ρ
dHGW

dt

� �
SO−SVð Þ

for INF þ ρ
dHGW

dt
> 0; and INF < 0

ð4Þ

ρHGW
dSGW
dt

¼ 0

for INF þ ρ
dHGW

dt
< 0; and INF > 0

ð5Þ

ρHGW
dSGW
dt

¼ INF SGW−SVð Þ

for INF þ ρ
dHGW

dt
< 0; and INF < 0

ð6Þ

Fig. 1 Study area of mangrove–marsh transition. SH4 is USGS gauge Shark 4, located in mangrove fringe forest; SH5 is USGS gauge Shark 5, located in
sawgrass; HR is Everglades National Park gauge on Harney River. The inset graph shows study area and Hurricane Wilma pathway
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where HGW is the groundwater gauge level. When the
groundwater level changes to compensate upward infiltra-
tion to the rooting zone (i.e., INF þ ρ dHGW

dt

� �
is positive),

additional water from underlying saline ocean water will
move into the groundwater. Groundwater salinities do not
affect the much larger pool of underlying saline ocean water.

To parameterize the model, water level or stage data
(NAVD 88) were obta ined from USGS paired
surface/groundwater gauges SH4 and SH5. Daily water level
changes were calculated as the difference from 1 day to the
next. Daily rainfall data were obtained from the USGS
Everglades Depth Network (EDEN) website (http://sofia.
usgs.gov/eden/). Monthly averages and standard deviations
were used to generate precipitation input for the model. Tidal
height and salinity data were obtained from a nearby Ever-
glades National Park gauge, Harney River (HR). The evapo-
transpiration, E, used in the model was calculated by multi-
plying potential evapotranspiration (PET) by salinity effect
(fS). Daily PET data, which represent the evapotranspiration
rate without moisture or salinity limitation, were obtained
from the EDEN website. Evapotranspiration reductions due
to salinity effect (fS) differ significantly between halophytic
and glycophytic species (Saha et al. 2012). Glycophytic
species decrease transpiration when salinity begins to reach
levels that the plants cannot tolerate, while halophytic spe-
cies can continue to transpire at relatively high salinity. To
represent the differences in glycophytic and halophytic veg-
etation, we modified two functions for the salinity effect (fS)
based on empirical data (Lin and Sternberg 1992; Sternberg
et al. 2007).

f S1 ¼
3:14

3:14þ SV
ð7Þ

f S2 ¼ 1:5
60−SV
90−SV

� �
ð8Þ

where fS1 is the salinity effect for freshwater marsh, and fS2 is
the salinity effect for mangroves. Both functions decrease
with increasing SV, but fS1 declines much more sharply.

Vegetation Dynamics

Competition between mangrove and freshwater marsh
(sawgrass: C. jamaicense) was simulated by extending an
existing individual-based model, the Spatially Explicit Ham-
mocks and Mangroves (SEHM) model (Jiang et al. 2012a).
The SEHM model was developed for two competing halo-
phytic and glycophytic tree types, based on a neighborhood
competition model between individual plants from Berger
and Hildenbrandt (2000) and self-reinforcement between of
soil porewater salinity and vegetation. The same concepts are

assumed to play a role in mangrove–marsh ecotones. Direct
competition (i.e., for light) of vegetation would likely favor
sawgrass over mangrove seedlings, though the reverse
would occur once mangroves reached large size. But indirect
effects on vadose zone salinity favor mangroves. Mangroves
are able to utilize both shallow soil water and deeper ground-
water. During the dry season, when the upper soil layer can
become highly saline, mangroves have been observed to
switch to less saline groundwater (Ewe et al. 2007).
Sawgrass appears to be restricted to utilizing only the shal-
low water. Although sawgrass has some salinity tolerance, it
will ultimately be outcompeted when mangrove density is
high enough to raise dry season vadose zone salinity to high
levels (Ewe et al. 2007). These opposing mechanisms of
competition are hypothesized here to be sufficient to main-
tain a sharp ecotone, though other processes, such as fire,
which can destroy mangrove seedlings, may contribute to the
boundary (Egler 1952). Fire processes are implicitly consid-
ered to have a positive effect on marsh ecosystems that
maintains open canopies, as with some models in savanna–
forest systems (Staver and Levin 2012). We use the Over-
view, Design Concepts, and Details protocol (Grimm et al.
2006; Grimm et al. 2010) to describe the model in detail (see
Supplementary Material). A simple overview of vegetation
dynamics is described as follows.

We simulated competition between mangroves and fresh-
water marshes, including the effects of the abiotic factors of
hydroperiod and rooting zone porewater. Freshwater marsh
(e.g., Cladium) is relatively spatially homogeneous at a scale
of 10 by 10m and was simulated as biomass per unit area. The
biomass of marsh in a given cell was determined by monthly
gains from photosynthesis and losses due to respiration or
mortality. Photosynthesis was modeled as the maximum pos-
sible rate multiplied by limitation factors, including salinity,
light, and number of days of flooding. Mangrove biomass has
indirect effects of limiting marsh spread both through
influencing soil salinity and retarding fire percolation (analo-
gous to a forest–savanna ecosystem; e.g., Staver and Levin
2012). Similar to SEHM (Jiang et al. 2012a), mangrove dy-
namics were modeled as individual-based. For each monthly
time step, every tree has a growth increment that is a function
of light, number of days of flooding, salinity of the particular
spatial cell, and fire damage induced by biomass of marsh,
which promotes the spread of fire. When a mangrove tree
reaches maturity, new propagules are produced at monthly
intervals by the tree and disperse to new locations according to
a probability function. The probability of each propagule to
produce a successful new recruit depends on the salinity of the
soil porewater at the location the seedling reaches. At the end
of the monthly time step, the probability of tree mortality is
related to size-dependent factors, such as too small a diameter
at breast height of the tree, or from reduced growth rate caused
by competition or salinity.
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Analysis and Simulation

Model simulations were performed on a 30×30 grid of 10-m
square cells applied to the study site. Elevations of all the
cells were assumed to be 8 cm above sea level (NAVD 88).
Tidal signal inputs were a maximum at the riverward edge of
the simulation landscape and decreased exponentially in-
land, based on empirical relationship from Krauss et al.
(2009). On a daily time scale, the hydrodynamics submodel
updated salinities of the soil porewater and groundwater.
Monthly average values of salinity in each cell, which affect
tree growth and propagule establishment, were then used in
the vegetation dynamics submodels.

The model was applied to an actual hurricane that produced
a storm surge at the study site. This application was designed
to demonstrate the feasibility of the model. Because the size of
the impact of the storm surge was small at the study site and
because salinities at the Harney River study sites are usually
less than 5 during the wet season, an effect on the mangrove–
marsh ecotone was not expected. Hydrology data from Janu-
ary 2000 to January 2010 were analyzed to investigate the
possibility of effects from storm surges during that period.
Hurricane Wilma, a category-3 (Saffir–Simpson scale) hurri-
cane, made landfall upon the western facing Florida Ever-
glades mangrove coast during low tide on the morning of 24
October 2005. The eyewall of the hurricane crossed over
Everglades City, about 50 km north of the Harney River.
Hurricane-induced floodwater levels along the mouth and
lower reach of the Harney River exceeded 3 m (Smith III
et al. 2009); however, along the middle reach (9.5 km from the
Gulf of Mexico) of the Harney River measured water levels
increases were dampened to only 11.2 and 4.9 cm (NAVD 88)
at USGS gauge SH4 and SH5, respectively. Both gauge
stations were fully operational during the storm event. Salinity
and water level changes after Hurricane Wilma were used as
inputs to the simulation model in order to test the potential of
the storm surge to produce a regime shift across some area of
marsh vegetation.

To investigate how salinity intrusion and mangrove dispers-
al from larger hurricane events might trigger ecotone move-
ment, we supplemented the simulation of Hurricane Wilma
with simulations of vegetation dynamics under given scenarios
of both different levels of salinity disturbance duration and
different amounts of mangrove propagules carried by the storm
surge into freshwater marsh sites. Due to lack of studies on
mangrove propagule dispersal after the storm surge, we as-
sumed pulse dispersal input to freshwater marsh sites with
Poisson distribution on the spatial grid. Three levels of propa-
gule density transported by the storm surge, 0, 1,000, and
2,000 propagules/ha, were tested. Long-term vegetation dy-
namics were also simulated under given scenarios of salinity
disturbance duration caused by storm surge salinity intrusion.
For each level of mangrove propagule density, three levels of

salinity intrusion duration were assumed, 0 (no salinity
overwash), 1, and 2 years. It was assumed that a level of salinity
in the groundwater (i.e., freshwater lens, SGW) remained at a
level of 35 for these durations.

Results

Analysis of 10-Year Time Series of Empirical Water Budget
Data and Salinity

Precipitation data from 2000 to 2010 showed a seasonal
pattern (Table 1), with high rainfall occurring in the wet
season (May–November). Rainfall amounts on 24 October
2005, the date Hurricane Wilma made landfall, reach a
monthly average of time period we investigated. Potential
evapotranspiration for the study site was estimated by USGS
and showed a seasonal pattern with a peak occurring be-
tween April and August (Table 1), corresponding to the solar
cycle. Groundwater level data for SH4 (mangrove) and SH5
(marsh) showed a seasonal pattern, with highest levels
around September and lowest around March of each year
(Table 1). Groundwater level increased significantly on the
day Wilma made landfall and the following few days.
Groundwater level returned to its usual trajectory of seasonal
variation soon after the storm surge.

The groundwater salinity patterns of SH4 and SH5 were
different (Table 1). Groundwater salinity at SH4 increased
during the dry season and declined when the relatively fresher
Harney River high tides (diluted river salinities from rainfall
and freshwater inflows) combined with precipitation to wash
out salt embedded within the limestone and peat during wet
season. However, groundwater salinity at SH5 was relatively
stable due to its distance away from the riverbank (∼300 m). At
SH5, groundwater salinity increased by a slight amount after
Hurricane Wilma, whereas, groundwater salinity decreased at
SH4. Surface water salinity at both sites doubled after Hurri-
cane Wilma due to the storm surge that pushed water upstream
from the Gulf of Mexico but was still lower than dry season
salinity. We did not find any long-lasting salinity increase
followed by the storm surge for either SH4 or SH5.

Simulations of Soil Pore Salinity

We compare simulations of soil porewater salinity to surface
water, due to lack of field data of soil porewater salinity during
that time period. Soil porewater salinity is close to surface water
salinity during wet season but may differ during dry season
with evaporation of surface water. Simulations of the soil
porewater salinity captured the seasonal signal pattern of sur-
face water from SH4, which is dominated mostly by man-
groves (Fig. 2). While model freshwater marsh-dominated cells
show a dampened seasonal pattern similar to mangrove sites,
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the model does not fit SH5 surface water data very well
(Fig. 2). Soil porewater salinity from mangrove-dominated
cells increased dramatically in the model during the late dry
season due to strong evapotranspiration and little precipitation.
Overall salinities of the freshwater marsh sites were lower than
mangrove sites, especially during dry season. This occurs
because evapotranspiration in the interior freshwater marsh
slows down if soil porewater salinity starts to increase, thus
dampening the infiltration of underlying saline water.

Simulation of Vegetation Dynamics

The 10-year average hydrology data were first used in the
simulation model to determine whether the sharp vegetation
ecotone observed at SH5 would be produced. The vegetation
distribution that is produced shows a clear boundary between
mangroves and freshwater marsh, resembling field observa-
tions of the coastal Everglades (Fig. 3). Then we simulated the
effect of the hurricane. As shown in Table 1, HurricaneWilma

Table 1 Climate data from 2000 to 2010 at the study site, ET is evapotranspiration, GW is groundwater, SW is surface water

Month Rainfalla

(mm)
Potential ETa

(mm)
SH4 GW 1eve1
(cm)

SH5 GW 1evel
(cm)

SH4 GW
salinity

SH5 GW
salinity

SH4 SW
salinity

SH5 SW
salinity

January 22.9±6.8 65.0±1.4 −6.4±2.8 −7.8±20 14.9±1.7 9.5±0.5 13.3±20 8.6±0.8

February 29.6±7.2 80.8±1.8 −13.3±35 9.6±3.0 16.3±1.5 9.7±0.2 16.0±2.0 9.4±0.9

March 33.8±12.4 126.1±2.0 −10.7±2.1 −8.5±1.6 20.0±1.0 9.7±0.2 21.2±1.5 10.0±1.3

April 56.2±17.8 151.4±2.4 −63±24 −4.5±2.0 21.7±1.1 9.3±0.1 24.1±2.0 10.7±1.2

May 73.9±19.3 168.7±2.8 −0.2±3.1 −1.4±1.8 25.6±1.3 9.2±0.1 25.9±2.4 12.4±1.6

June 207.4±24.6 152.7±4.7 4.2±1.7 7.7±1.8 20.3±2.6 9.2±0.2 18.0±2.8 11.2±1.5

July 179.5±28.7 157.5±2.6 7.5±0.7 9.9±1.1 16.0±1.9 8.8±0.3 8.4±1.6 7.4±1.6

August 222.6±43.4 147.3±2.9 10.0±0.5 12.8±1.2 12.1±1.5 9.0±0.3 6.7±1.0 5.5±1.3

September 204.5±29.6 125.9±2.4 13.3±0.5 17.4±1.3 11.7±1.4 9.0±0.3 8.3±1.1 5.7±1.1

October 64.8±15.2 109.8±2.4 11.4±0.8 15.3±0.9 10.9±1.3 8.9±0.5 83±1.1 6.1±0.9

November 36.8±8.1 75.7±0.9 6.9±1.0 12.4±3.4 11.1±1.5 9.5±0.4 9.1±1.4 7.6±1.2

December 27.4±6.1 58.1±1.3 −4.6±2.3 −0.8±1.8 13.2±1.6 9.6±0.6 10.1±1.1 8.4±1.0

Mean 96.6 118.3 1.0 3.6 16.1 9.3 14.2 8.6

Hurricane
Wilma

50.0 51.5 47.2 50.3 5.2 10.2 16.6 12.2

All the data are monthly average±standard error, except on the date Hurricane Wilma made a landfall on 24 October 2010, which is a 1-day amount.
Water level or stage data are in NAVD88 datum
aMonthly cumulative amounts

Fig. 2 Simulation of soil porewater salinities averaging mangrove sites
and marsh sites, respectively, compared with monthly average with
standard error of surface water salinities from SH4 and SH5, respectively

Fig. 3 Spatial distributions of individual mangroves (dark circles) and
freshwater marsh (gray cells) output from simulation model. Area of
circles represents canopy area of individual mangrove tree
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did not cause significant changes in groundwater salinity. The
water level increased for several days but then decreased
again. Our simulations, which included pulse increases of
water level and surface water salinity, without assuming any
direct mortality to the original vegetation or input of mangrove
seedlings due to the storm surge, did not show any long-term
effects on freshwater marsh dynamics from Hurricane Wilma
stemming from salinity intrusion. In this simulation, it was
assumed that no wind damage occurred from the hurricane,
which could have contributed to a regime shift. It has been
reported that direct hurricane wind damage to the mangrove
forest can be 30–80%, depending on the intensity of hurricane
and the distance from the eye of the hurricane (Armentano
et al. 1995; Harcombe et al. 2009; Milbrandt et al. 2006). We
repeated the simulation with assumptions of non-zero storm
damage. Figure 4 shows the recovery of the basal area of
mangroves projected by the model following 30 %, 50 %,
and 80 % mortality, respectively, due to hurricane damage.
The mangrove forest recovered at different rates, without any
expansion of freshwater marsh into the mangrove zone.

Effects of Salinity Intrusion and Mangrove Dispersal

As mentioned in the “Methods,” because the climatic data from
2000 to 2010 produced no situations in which a regime shift
was likely, we developed several artificial scenarios for simu-
lation. We combined three levels of salinity intrusion duration

and three levels of mangrove propagule density passively
dispersed to freshwater marsh sites to further analyze storm
surge effects on ecotone dynamics. Results show that, in the
case of salinity intrusion being rapidly washed away after
hurricane, the ecotone between mangroves and freshwater
marsh is, as might be expected, relatively stable (Fig. 5 left
panels). As salinity intrusion duration increased, however, the
model predicted more marsh habitats changing to mangrove
permanently. The results are consistent with Jiang et al.
(2012b), in which a mathematical model showed that only a
relatively long “press” disturbance of salinity for a long period
of time might cause regime shift. In these cases, passive trans-
port of mangrove propagules by a storm surge could facilitate a
vegetation regime shift triggered by salinity intrusion (Fig. 5,
middle and right panels).

Discussion

Earlier studies have reviewed the effects of large storms on
coastal ecosystems (e.g., Craighead and Gilbert 1962;
Craighead 1971; Ellison and Stoddart 1991; Roth 1992; Ellison
1993; Smith III et al. 1994; Field 1995; Michener et al. 1997;
Paerl et al. 2001; Doyle et al. 2003; McLeod and Salm 2006;
Gilman et al. 2006, 2007; Smith III et al.. 2009) or modeled
possible effects of storms onmangrove ecosystems (e.g., Doyle
et al. 2003). Our modeling approach differs from previous

Fig. 4 Model-projected basal
areas of mangroves following
30 %, 50 %, and 80 %
destruction by hurricane,
respectively, at year 80
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models by focusing on the dynamics of the ecotone between
coastal halophytic and glycophytic vegetation (mangrove and
freshwater marsh) and by modeling the ecotone as being
maintained by self-reinforcing feedbacks between the biotic
and abiotic environment. The hypothesis that halophytic and
glycophytic vegetation represent alternative stable states over
areas of coastal landscape implies that the ecotone is suscepti-
ble to regime shifts. Our model can be used to estimate the
resilience of the ecotone to realistic effects of storm surge
events in southern Florida. We explicitly investigated different
levels of two significant factors, salinity intrusion and the
transport of mangrove propagules, associated with the storm
surge. These two factors are prerequisites for triggering vege-
tation changes, as both an increase in salinity and sufficient
mangrove propagules are needed to create the positive feed-
back between plants and soil porewater salinity necessary to
cause the regime shift. We observed that the spatial extent of
the regime shift responded sensitively to the duration of salinity
intrusion, it is just that increased salinity concentrations did not
persist long enough after HurricaneWilma to drive this change.
It is uncertain whether other types of storms might have a
different influence on ecotonal movement, as depicted

theoretically with only a 2-year post-storm retention of salinity
(Fig. 5). The ecotone was resilient to passive mangrove prop-
agule transport if the increase in salinity was washed away by
precipitation quickly after the storm surge.

Hurricane Wilma was not predicted to cause significant
hydrology changes at the marsh–mangrove ecotone study
site SH5 for several reasons. First, SH5 is 9.5 km upstream
from the Gulf of Mexico on the Harney River, so the storm
surge was greatly dampened at that point. Intrusion of water
from Harney River by Hurricane Wilma was much fresher
(∼5) than marine (∼35) water and even less saline than
groundwater at SH4. In addition, saline water intrusion was
reduced prior to Wilma from heavy rainfall during wet sea-
son. Furthermore, the slightly lower elevation of SH5 helped
in the accumulation of freshwater from upstream during wet
season. Other studies of hurricane effects have found similar
brief durations of salinization and thus no long-term effects
on vegetation (e.g., Chabreck and Palmisano 1973; Conner
et al. 1989; Flynn et al. 1995) but have noted that longer
durations may cause changes in plant communities (McKee
and Mendelssohn 1989; Howard and Mendelssohn 2000).
Longer durations of salinity can occur when a storm surge is

Fig. 5 Spatial distribution
between freshwater marsh (gray
cells) and individual mangrove
trees (black circles) under nine
different scenarios, which are
combinations of three levels of
mangrove seedlings transported
into the marsh (none transported,
a moderate number transported
with 1,000 propagules/ha, and a
large number transported with
2,000 propagules/ha) and three
levels of salinity intrusion
duration (no saltwater retention,
1-year salinity retention, and 2-
year salinity retention)
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followed by a prolonged dry period, especially in areas where
saline water is trapped in swales (Hook et al. 1991) or behind
berms (Pearlstine et al. 2010). For such reasons, hurricanes
might cause more severe changes in hydrology at other loca-
tions, e.g., the Mississippi Delta from Hurricanes Katrina and
Rita (Day Jr et al. 2007; Schriever et al. 2009). The “lower
Saline Everglades” is an area where regime shifts might be
expected. Egler (1952) noted that a succession of storm tides
could lead to a buildup of salinity on the flat, poorly drained
terrain, as well as “bring in vast numbers of Rhizophora fruits,
which root and grow rapidly.” The transition of that area from
a mixture of C. jamaicense and R. mangle to pure R. mangle
noted by Ross et al. (2000) 40 years later could have occurred
as such a shift.

Although sea level rise and storm surges have been consid-
ered to be primary drivers of coastal vegetation changes, the
mechanisms by which these two factors trigger vegetation
changes are different. On the one hand, sea level rise is a
gradual change that can eventually push environmental condi-
tions (e.g., groundwater salinity) past a threshold, beyond
which an affected vegetation zone could shift from glycophytic
to halophytic vegetation. On the other hand, a regime shift
caused by storm surge is a large disturbance that pushes the
system beyond the threshold all at once, such that it cannot
return to the original vegetation state (glycophytic) but moves
to the alternative state (halophytic). If the disturbance is not so
large that it pushes the system outside its domain of ecological
resilience, the ecosystem can return to its original state follow-
ing a disturbance. Evapotranspiration is the process causing the
largest water output from the Everglades ecosystem (Saha et al.
2012), and it tends to increase soil salinity, as salt is left in the
soil. Plants can adjust their transpiration in response to changing
soil salinity conditions and, therefore, modify local salinity
conditions. If an external salinity disturbance lasts for a long
time, mangroves can invade freshwater marsh habitats and then
maintain high salinity via evapotranspiration. The passive trans-
ports of mangrove propagules then overcome the mangrove
dispersal limitation on the upper inland. Although there are rare
reports of mangrove seedling dispersal after a storm surge
(Rathcke and Landry 2003), multiple experiments onmangrove
dispersal indicate that pulse dispersal and retention after storm
surge is possible (Rabinowitz 1978a, b; Sousa et al. 2007;
Peterson and Bell 2012; Van der Stocken et al. 2013). Perhaps
this research may encourage empirical studies to investigate
mangrove dispersal and establishment after a storm surge.
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