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ABSTRACT

Sea level rise and the subsequent intrusion of saline
seawater can result in an increase in soil salinity,
and potentially cause coastal salinity-intolerant
vegetation (for example, hardwood hammocks or
pines) to be replaced by salinity-tolerant vegetation
(for example, mangroves or salt marshes). Al-
though the vegetation shifts can be easily moni-
tored by satellite imagery, it is hard to predict a
particular area or even a particular tree that is
vulnerable to such a shift. To find an appropriate
indicator for the potential vegetation shift, we
incorporated stable isotope '*0 abundance as a
tracer in various hydrologic components (for
example, vadose zone, water table) in a previously
published model describing ecosystem shifts be-
tween hammock and mangrove communities in
southern Florida. Our simulations showed that (1)
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there was a linear relationship between salinity and
the 6'%0 value in the water table, whereas this
relationship was curvilinear in the vadose zone; (2)
hammock trees with higher probability of being
replaced by mangroves had higher §'%0 values of
plant stem water, and this difference could be de-
tected 2 years before the trees reached a tipping
point, beyond which future replacement became
certain; and (3) individuals that were eventually
replaced by mangroves from the hammock tree
population with a 50% replacement probability
had higher stem water 6'®0 values 3 years before
their replacement became certain compared to
those from the same population which were not
replaced. Overall, these simulation results suggest
that it is promising to track the yearly 6'*0 values
of plant stem water in hammock forests to predict
impending salinity stress and mortality.

Key words: salinity; ¢'%0; vadose zone; ham-
mock; mangrove; sea level rise; vegetation shift.

INTRODUCTION

The coastal vegetation structure of southern Florida
has experienced noticeable changes over the past
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several decades, with encroachment of mangroves
into freshwater marshes (Egler 1952; Meeder and
others 1996; Ross and others 2000; Smith and
others 2010), which is mainly caused by the
intrusion of brackish seawater into previously
fresh-water areas (Davis and others 2005; Saha and
others 2011). This seawater intrusion is facilitated
by the flat landscape in southern Florida with
shallow elevation and porous soil substrate
(Hoffmeister 1974), sea level rise (SLR) (Desantis
and others 2007; Krauss and others 2011; Guha
and Panday 2012), and by hydrologic management
along the coastal area (Fourqurean and Robblee
1999). For example, canal systems in the Ever-
glades diverted freshwater flow from freshwater
areas (Sklar and others 2002; Davis and others
2005), which then experienced intrusion by more
saline ocean water. Coupled with the seawater
intrusion of the water table, there is an increase in
the salinity of the pore water of the vadose zone,
the zone that is located between the soil surface
and the top of the water table (Stephens 1995), and
which supplies water for the vegetation (for
example, hardwood hammocks, mangroves) in the
coastal areas (Figure 1). The salinity of the vadose
zone has a great influence on plant community
type, as plants vary in their salinity tolerance (Ross
and others 1992).

The intrusion of brackish seawater inland is
accompanied by a spatial shift inland of the
boundary or ecotone between salinity-tolerant
(halophytic) vegetation, such as mangroves, and
salinity-intolerant freshwater vegetation, such as
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hardwood hammock or freshwater marsh (Ross and
others 2000). Hardwood hammock communities
occupy slightly elevated and rarely tidally inundated
sites along coastal Florida (Ross and others 1992;
Gunderson 1994) and comprise a suite of tropical
tree species intolerant of high salinity (Ish-Shalom
and others 1992). Mangroves are able to utilize
water having a range of salinities, from fresh water
to brackish water with salinities above 30 ppt
(Chapman 1976; Sternberg and Swart 1987; Ball
1988). Mangroves cannot compete with hammock
species in freshwater areas and are excluded from
such areas (Silander and Antonovics 1982; Kenkel
and others 1991; Greiner La Peyre and others 2001).
But the increasing seawater intrusion can change
the balance in favor of the mangroves, causing the
boundary or ecotone between the two vegetation
types to shift inland (Ewe and others 2007; Doyle
and others 2010; Saha and others 2011). This
boundary shift can result from a salinity-induced
mortality of the hammock, which is then replaced
by mangroves, or by a decline in the growth rate of
hammock vegetation, allowing it to be outcompeted
by the invading mangroves. Conversely, vegetation
shift from mangroves to hammocks is, in principle,
possible if soil water becomes less saline, and can
occur in our model. However, such shifts have not
been observed empirically (Lugo 1980) and are
unlikely to occur in the current global scenario of
SLR, so we limit our study to early-stage detection of
changes from hammocks to mangroves.

Although the two plant communities, mangroves
and hardwood hammocks, occupy overlapping
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Figure 1. Schematic diagram of hydrological components and factors on water flow in vadose zone. Hyr is thickness of
the water table, Hy is thickness of the vadose zone, H.e is height of a spatial cell, and Hy;q. is height of tidal flooding. The
blue arrow denotes tidal flooding. The vertical black arrows denote evaporation, precipitation, transpiration, and infiltration
between the vadose zone and water table, and between water table and ocean water, respectively. The horizontal black
arrow denotes excess water flow from water table in the landward neighboring cell.
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geographical ranges (Odum and others 1982; Odum
and MclIvor 1990; Sklar and van der Valk 2002), they
are rarely mixed, and there are sharp boundaries
between them (Snyder and others 1990). Not only is
there a sharp ecotone (or boundary) between the
two, but the gradient in vadose zone’s salinity is also
extremely sharp at the ecotone (Saha and others
2014). This results from the self-reinforcing positive
feedback between the vegetation and the vadose
zone below them. Both mangroves and hammock
species obtain their water from the vadose zone
(Sternberg and Swart 1987). In coastal areas, this
vadose zone is underlain by highly saline ground-
water (Fitterman and others 1999). Plant transpira-
tion, by depleting water in the vadose zone during
the dry season, can cause infiltration of the vadose
zone by more saline groundwater through capillary
action. Hardwood hammock trees tend to decrease
their transpiration when vadose zone salinities begin
to increase, thus limiting the salinization of the va-
dose zone (Volkmar and others 1998). However,
mangroves can continue to transpire at relatively
high salinities, resulting in high soil salinities (Pas-
sioura and others 1992). Thus, each vegetation type,
through a self-reinforcing positive feedback, tends to
promote local salinity conditions that favor itself in
competition. However, under the influence of SLR,
the positive feedback in mangrove forests can either
help the ecosystem become resilient to future chan-
ges or strengthen the landward migration of the
vegetation boundary (Jiang and others 2015). The
positive feedback based on salinity can also be found
in other ecosystems, for example, Armas and others
(2010) proposed that salty groundwater lift by salt-
tolerant species (Pistacia lentiscus) in arid coastal sand
dune systems can positively affect its own growth and
decrease growth of competing salt-intolerant species.

It is possible that the sharp separation of the two
vegetation types caused by the apparent positive
feedback relationship can be formally represented as
alternative stable states, in the sense of Scheffer and
others (1997), Brovkin and others (1998) and
Sternberg (2001), along certain regions of a gradual
gradient in groundwater salinity (Jiang and others
2012). There is no empirical proof of this. At present,
the evidence for the existence of the alternative
stable states are from modeling studies indicating
that a mixture of plants from the two communities
(mangrove and hammock) may represent an
unstable state and will move toward complete
dominance of one type eventually (Sternberg and
others 2007; Teh and others 2008; Jiang and others
2012). This vegetation dynamics pattern is also
supported by modeling studies based on other
ecosystem types. For example, Morris (2006)

demonstrated that two marsh species with different
optimal elevations for growth can move toward
stable states dominated by one species or another.
Despite short-term stability of the coastal ecosystem
in the Everglades, the vegetation will shift over longer
time scales as highly saline groundwater intrudes
farther inland due to SLR. However, there is no
guarantee that this shift will have a linear and pre-
dictable response to SLR. Other factors, including
precipitation and freshwater flows, also affect the
vegetation dynamics, and along with the positive
feedback mechanisms described above, could cause
the shift process sometimes to be delayed or some-
times accelerated. More importantly, the vegetation
dynamics are also vulnerable to more rapid changes
from disturbances of sufficiently large size (Ross and
others 2009). For example, if a large enough pulse of
salinity from a storm surge is pushed inland into the
region of freshwater vegetation, and high salinity re-
mains in the soil for a long period, it may overwhelm
the favorable conditions for freshwater vegetation by
killing or slowing the growth of the freshwater vege-
tation. If the storm surge also carries mangrove
seedlings into the affected freshwater region, areas of
freshwater vegetation could be set on the path to
irreversible replacement by halophytic vegetation
and permanent salinization of the vadose zone.
There is some empirical evidence for rapid veg-
etation shifts following large disturbances. For
example, Baldwin and Mendelssohn (1998) used
salt water inundation coupled with clipping of
aboveground vegetation on two adjoining halo-
phytic and freshwater plant communities to simu-
late the effects of a hurricane with a storm surge.
They showed that the vegetation might shift from
one type to the other, depending on the levels of
flooding and salinity at the time of disturbance.
Hurricanes Katrina and Rita (2005), which affected
the coastal areas of Louisiana, created large storm
surges. Subsequent changes in the vegetation to a
more saline classification have been identified in
both freshwater and brackish communities due to
the salinity overwash (Steyer and others 2010),
suggesting a possible regime shift. Because of the
importance of freshwater habitat in affected areas
of the Everglades, methods of finding indicators of
rapid changes in the ecosystem will be important
(Dakos and others 2012). For example, Doering
and others (2002) used plant growth as an indica-
tor of salinity to determine the amount of needed
freshwater to reduce the salinity. They used shoot
density of a salt-tolerant species, Vallisneria ameri-
cana, to estimate a minimum freshwater flow, and
leat density of Halodule wrightii to estimate a max-
imum flow, because the plant growth can indicate
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salinity change. Presenting a new predictive
methodology is the objective of this paper.

Ecosystems may show little indication of a tipping
point until change from one ecosystem type to an-
other starts to occur (Scheffer and others 2009), so it
is hard to find an appropriate indicator that is prac-
tical for use in monitoring an ecosystem transition
(Dakos and others 2012). In coastal ecosystems,
water salinity of the vadose zone may be a potential
indicator for the tipping point between hammock
and mangrove trees. However, salinity distribution
in the vadose zone is uneven. For example, a study in
coastal southwestern Florida found that salinity
varies from location to location within as little as one
meter (Ewe and Sternberg 2005). In addition to the
uneven salinity distribution, the extensive and
complex root system of trees in tropical forests
(Sternberg and others 1998; Kathiresan and Bing-
ham 2001; Sternberg and others 2002) makes it
harder to precisely determine which part of the va-
dose zone the roots absorb water from. A second
possible approach, monitoring the salinity of xylem
water, is also problematic, because plants may ex-
clude salt during water uptake (Scholander and
others 1962; Scholander 1968). A further potential
indicator of salinity is predawn water potential,
which can reflect the salinity of the water available
to a plant (osmotic potential). But water potential is
also affected by soil moisture (matric potential).
Therefore, predawn water potential, depending on
both the salinity and moisture of soil, may not pre-
cisely indicate the change in the salinity of the water
available for plant uptake.

A more practical and precise indicator of a poten-
tial shift at the level of individual trees may be the
oxygen isotope composition (5'®0 value) of plant
stem water. Current methods allow for easy extrac-
tion and analysis of plant stem water for hydrogen
and oxygen isotopic composition (Vendramini and
Sternberg 2007). The 0'®0 value of plant stem water
isan appropriate indicator candidate for two reasons:
(1) the 6'®0 value of water, at least in southern
Florida, is indicative of its salinity, with freshwater
showing less oxygen-18 enrichment than saline
seawater (Sternberg and Swart 1987; Sternberg and
others 1991). Thus, there are significant differences
in 6'®0 between various water sources, such as
precipitation and sea water. (2) Although plants
discriminate against salt, they do not discriminate
against '®0 during water uptake (Dawson and others
2002); for example, Lin and Sternberg (1994) found
that there were no significant differences in §'*0
values between stem water of red mangrove (Rhi-
zophora mangle) and its corresponding vadose zone.
Several studies have used 6'®0 values of stem water

to quantitatively determine the utilization of plant
water source, for example, Sternberg and Swart
(1987), Dawson and Ehleringer (1991), Ewe and
others (2007). The other isotopic indicator of plant
water uptake, the hydrogen isotope composition
value of stem water (6°H), cannot be used because
some salt-tolerant plants discriminate against *H
during water uptake (Lin and Sternberg 1993; Ells-
worth and Williams 2007; Wei and others 2012).

The purpose of this study was to determine if the
6'%0 value of plant stem water can be an appropriate
predictor of future replacement of hammock species
by salt-tolerant mangrove species in coastal ecosys-
tem. We determined this by including the 5'*0 value
of water as a tracer in a previously published spatially
explicit model describing the dynamics of an initially
mixed hardwood hammock and mangrove stand in
southern Florida (Sternberg and others 2007). We
incorporated the §'20 values of various water com-
partments in the model, including vadose zone,
water table and plant stem water. We then followed
the water salinities and 6'®0 values of these com-
partments in areas of the landscape where ham-
mocks were replaced by mangroves in the model,
and determined if the change of §'®0 value of plant
stem water preceded the replacement of a hammock
species by a mangroves species. Being able to predict
this replacement using the easily measured 5'*0
value of plant stem water has practical implications
in the monitoring and conservation of coastal
ecosystems, particularly in relation to a rising sea
level and increasing storm surges.

METHODS
Model: General Aspects

The competition of mangroves and hardwood
hammocks was modeled ona 100x 100 grid of spatial
cells, with each cell being roughly the size of a ma-
ture tree. The assumptions of plant physiology and
factors on water movement in the vadose zone in our
model were the same as in Sternberg and others
(2007) and Teh and others (2008). Mangroves tol-
erate a large range of salinities from freshwater to a
high salinity environment (Chapman 1976; Stern-
berg and Swart 1987; Ball 1988). Hammocks, which
are intolerant of salinity, however, are limited to
freshwater areas, where they can outcompete and
exclude mangroves (Silander and Antonovics 1982;
Kenkel and others 1991; Greiner La Peyre and others
2001). Both vegetation types utilize water from the
vadose zone. Water movement in the vadose zone is
mainly determined by precipitation, evaporation,
plant transpiration, and tidal flooding (Figure 1).
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Precipitation introduces freshwater with zero salin-
ity and low 6'%0 values to the vadose zone, which
drives the infiltration downward and decreases the
salinity and 6'®0 values of the vadose zone. Tidal
flooding carries saline seawater with relatively high
6'80 values to the vadose zone. Both evaporation
and plant transpiration can cause a water deficit in
the vadose zone and drive infiltration upward,
which may move water with high salinity and §'*0
values from the water table up into the vadose zone.
The effects of the vegetation on the salinity of the
vadose zone can be spread horizontally by lateral
water uptake by a tree, because a tree’s roots ex-
tend beyond the location of its central stem into the
locale of neighboring trees. It has been documented
by stable isotope studies that small tropical tree
species can access and presumably affect areas as
far as 10 meters from the central stem (Sternberg
and others 2002). Gill and Tomlinson (1977) re-
corded that the lengths of mangrove roots can ex-
tend over two meters, which is longer than the
spatial cell length in our model. In our simulation,
which is represented by 2D horizontal space with a
grid of spatial cells, the transpiration by a cell
containing a mangrove tree will lead to infiltration
of saline water from the water table into the vadose
zone. This upward water infiltration occurs not
only in the immediate area of the mangrove tree,
but also in neighboring areas which may not be
occupied by mangroves but still have mangrove
roots that extend from the focal mangrove-occu-
pied cell. Therefore, if the above focal-neighboring
interaction is sufficient to increase salinity in the
neighboring area, there could potentially be a fur-
ther expansion of the mangrove area. Conversely,
the lateral water uptake of vegetation can enlarge
hammock areas by suppressing salinity in neigh-
boring areas. Therefore, in the model, the lateral
water uptake affects soil salinity beyond the area
occupied by the individual tree, and there is a
tendency to eliminate lone individuals of one
vegetation type surrounded by vegetation of the
opposite type, which appears to be the case in
nature as well. The overall effect is to sharpen the
ecotone between the two vegetation types. Soil
pore horizontal diffusion of salinity was ignored in
our simulation, because this diffusion in soil is very
small (<0.0003 m?/day) (Hollins and others 2000)
compared to horizontal salinity transfer by roots.

Model: Mathematical Details

Asin Sternberg and others (2007), the hydrological
components of our model include vadose zone’s
pore water, water table, and ocean water, and our

study also added plant stem water to these com-
partments. These hydrological components and
factors responsible for water flow in the vadose
zone are shown in Figure 1. We used the same
initial water salinity for the first three of these
compartments as in Sternberg and others (2007)
(See Appendix). In addition, we tagged the water
from the above compartments with realistic iso-
topic signatures and followed the flow of '®0 as
well as salinity.

We used the usual expression to describe isotopic
abundance:

5180 = {Rsamp‘e— 1] x 1000, (1)
Rstandard

where R represents the '#0/'°0 ratio of a sample
and the standard, respectively. The standard is
standard mean ocean water (SMOW). We labeled
ocean water (Og) and tidal influx water (Oyqe) With
a 6'%0 value of +49%, (Sternberg and Swart 1987).
Sea water in the bays and inlets of Florida is iso-
topically enriched because these systems are semi-
closed and undergo extensive evaporation (Lloyd
1964). Sea water isotopic composition did not
change through time in our model. The vadose
zone pore water had an initial 6'*0 value of —3%,,
but changed as a function of precipitation, infil-
tration and tidal input. The 680 value of precipi-
tation (Op) in southern Florida was calculated daily
by the monthly average §'®0 of precipitation (Op)
and the monthly standard deviation (g¢,) multi-
plied by a normally distributed random number
ranging from —1 to +1 (RN) (Price and others 2008)
(equation 2). The information about precipitation
and tidal flooding is shown in Figure 2, and their
calculations are shown in the Appendix. The
equation for Op is

Op = Op + (RN X a0,). (2)

The initial 6'%0 value of water table decreased
uniformly from +49%, on the seaward side to —39,,
in the landward side. The 6'®0 values of the water
table can change depending on percolation from
vadose zone, the water table of neighboring cells,
or infiltration from the underlying ocean water.

We used the same basic flux equations dictating
vertical movement of water and changes of salinity
as those in Sternberg and others (2007) (see Ap-
pendix). We also added equations that followed the
flux of '*0 between the various hydrological
compartments in soil. The fluxes of ®0 in and out
of the vadose zone carry the signature of the §'*0
values from the water table, ocean water, and
precipitation, but the §'®0 value of the vadose zone
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Figure 2. For every month, daily averages and standard
deviations of precipitation (mm) (NOAA, National
Weather Services Forecast Office, Florida) and its 6'%0
(°/00) (Price and others 2008), and height of tidal flood-
ing in Florida (NOAA, Tide & Current Historic data base,
Key West Station) were derived from 162, 3, and 5 years
of empirical data, respectively.

is not concentrated by transpiration, as, unlike
salinity, it is not excluded by the roots. It is given by

do
pHVd—tV (when IF > 0 and Try >0)

=1IF x (Owt — Ov) + P x (Op — Ov)
+ Tra X (Otide — Ov). (3)

As in Sternberg and others (2007), values of
infiltration (IF) (IF = Evaporation ~+Plant
transpiration — Precipitation —Tidal flooding) great-
er than 0 imply that water is infiltrating from the
water table to the vadose zone (Figure 1). In the

plant plant

[o.z x ((0{{ X TT ) + (0{7” x TT’*”') + (0’;” x TTHJ'> + (0@“ x TT’V'“) + <0§‘,f‘l x TTi‘j_l))]

above equation, p, Hy and dditv define the porosity of

the vadose zone, the thickness of the vadose zone,
and the change in 6'®0 value of the vadose zone
per unit time, respectively. The subscripted O
symbols represent the 6'®0 values of the water
table (Owr), the vadose zone (Oy), the precipitation
(Op), and the tidal water (Oygqe), Tespectively. The
water table in the model is assumed to be the upper
zone of groundwater that can vary in salinity and
6'80 concentrations and that can flow from high to
lower elevations when there is an upstream head.
The amount of precipitation and tidal height above
the surface of the vadose zone are represented by P
and Try, respectively. The last term of the above
equation, Try X (Oxde — Oy), is only applied when
Try is greater than 0, that is, the tidal height is
above the surface of the vadose zone. In the case of
water infiltrating from the vadose zone to the water
table (IF < 0), the following equation is applied:

do
pHvd—tV (when IF<0 and Try > 0)
=P x (Op — Ov) + Tru X (Otide — Ov). (4)

To determine the 6'0 value of plant stem water,
we first determined the total transpiration (water
uptake) by each plant (T}an). Plant transpiration in
a particular cell consists of contributions from the
central cell and four of its adjacent cells, and is gi-
ven by the following equation:

) + (0.20 x TTMJ)

Tplant = (0-20 x TTy) plant

plant

+ (020 x T + (0.20 x TTHEL) - (5)

+ (0.20 x T,

where the superscripted TT's represent the contri-
bution of transpiration in the central and neigh-
boring cells by either a hammock or mangrove
species, which will depend on salinity and is pre-
dicted by previously published equations (Sternberg
and others 2007). The 6'%0 value of stem water
(Oplant) is then given by the mean values of 6'%0 in
the water transpiration streams from the vadose
zones in center cell and four adjacent cell weighted
by the size of the transpiration in each stream:

plant plant plant

(6)

Oplant =

lant
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The water table underlying the vadose zone is
also subject to fluxes that might alter its salinity
(see Appendix) and 6'®0. When water percolates
from the vadose zone to the water table and the
water table height increases beyond that of the
initial conditions, the excess water («) flows hori-
zontally to the next water table cell seaward to it.
By mass balance principles, the changing rate of the
0'®0 value in the water table of a particular cell
should be

ij
Hwt dz‘;” (when IFY <0)
= a(0fi1? - oflr) — 180y - 0y ). (7)

On the other hand, when IF is greater than 0,
that is, water flow is from the water table to the
vadose zone, water from the underlying ocean
water infiltrate upward to make up for the water
table deficit. By mass balance, the 580 dynamics of
the water table in a particular cell is then predicted
by

Hwr A0y (when IF" >0)
dr
= 2(0fit” — Ofir ) + 17 (00 — Ofir ) (8)

Model: Simulation

The purpose of simulations was to investigate
whether given hammock occupied cells that
switched to mangrove due to salinity stress could
be predicted beforehand from §'®0 levels in the
plant stem water. If there is a particular vadose
zone’s salinity level at which change from ham-
mock to mangrove becomes inevitable, this is re-
ferred to as the tipping point. Simulations were
based on a previously published model (Sternberg
and others 2007; Teh and others 2008; Jiang and
others 2012), and performed on a 2D grid of
100 x 100 cell landscape, which was built by an
algorithm (Sternberg and others 2007) that pro-
duces natural-looking topographies based on a
transect by Ross and others (1992), and the
landscape elevation increased by 10 mm per cell
length along the dimension from the 1st to 100th
row. The initial height of the water table was as-
sumed to increase uniformly from 50 mm to 400
mm along the same dimension. The thickness of
the vadose zone is the difference between cell
elevation and the height of the water table (Fig-
ure 1). The above differential equations were dis-
cretized and applied incrementally day by day to
the initial conditions.

Simulation Process

Initially, each spatial cell was assigned randomly as
either mangrove or hammock, and the whole
landscape had 50% frequency of hammocks and
mangroves. On a daily time step, the simulation
computed the flux of water into and out of each
cell, and the salinity and §'®0 value of each
hydrological compartment. After the 1st and 2nd
years, the running average salinity of the vadose
zone in each cell was used as an indicator of
whether the type of tree in that cell would ulti-
mately remain or be replaced by the other type of
vegetation. If the running average salinity was at
least 5 ppt in a cell, it was seen that a mangrove
tree, if present, was either maintained in the cell or
a mangrove replaced the hammock tree. On the
other hand, if the running average salinity of a cell
was less than 5ppt, it was seen that a hammock
tree, if present, was maintained, or a hammock tree
replaced a mangrove tree. (By replace we mean
‘will immediately replace,” but the actual replace-
ment of one tree type by another tree type may
take decades to occur.) The simulation was con-
tinued, and the running average was calculated
again at the end of each succeeding year. The
vegetation distribution was updated according to
the new running average of vadose zone’s salinity.
At the end of the 10th year, the final distribution of
vegetation was recorded. The simulation stopped in
the 10th year, because there were few changes in
the plant distribution after 10 years. The modeling
thus artificially speeds up the rate at which the cells
on the landscape sort into final vegetation types,
but this still properly connects the tipping of each
particular tree with the previous value of stem
water 6'%0.

Simulation Data Sampling

Two types of simulations were performed: (1) The
purpose of the first set, in which 100 simulations
were performed, was to identify specific cells on the
grid that were initially populated by hammocks and
that had specific probabilities (0, 25, 50, 75, and
100%) of being replaced through time by a man-
grove species, when the 100 independent simula-
tions were performed with different random
number simulators (recall there is stochasticity in
precipitation and tidal flux). The replacement
probability was found to be related to distance of
the cell from the ocean; that is, if a cell with a
hammock tree was closer to ocean, it tended to be
replaced by a mangrove tree with higher proba-
bility. (2) The second set was a single data-sampling
simulation in which we recorded the salinities of
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the vadose zone water available to the plant and
the 0'®0 of hammock species stem water. In this
simulation, we monitored the vadose zone’s salin-
ity and 6'®0 of stem water for hammock cells
showing different probabilities of being eventually
replaced by mangroves. In addition, we monitored
the vadose zone’s salinity and 6'%0 of stem water
for hammock cells with 0% probability of replace-
ment and a subset of the set with 50% probability
of replacement that were always stable as ham-
mock during this single 10-year simulation. These
two types of simulations are described below.

(1) Identifying hammock cells with different
probabilities of being replaced by mangrove
species

We performed 100 simulations (10 years each)
starting with the same vegetation distribution
landscape, but with daily stochastically determined
precipitation and tidal flux. For each simulation we
compared the plant species in each cell between the
1st and 10th years to identify which cells would
ultimately shift from hammock to mangrove. After
the 100 simulations, we identified particular cells
that shifted from hammocks to mangroves with
probabilities of 0, 25, 50, 75, and 100% at a 5%
significance level. These cells were designated as
HO, H25, H50, H75, and H100, respectively. The
confidence interval of these probabilities was cal-
culated by the following equation:

95% confidence interval of replacement probability

1 —
—ptz, 4 . p)

©)

in which p is the replacement probability,
Zy2 = 1.96, and n = 100 (simulation times).

(2) Data-sampling simulation

The data-sampling simulation was performed with
the same initial vegetation distribution as above,
where we selected subsets from every cell set of
hammock cells for which specific probabilities of
switching to mangroves (HO, H25, H50, H75, and
H100) emerged, and we monitored the salinities
and the §'®0 values of the hydrological compart-
ments of these selected subsets. Hammocks in the
selected subsets, in addition to passing the tipping
point threshold for shifting to mangroves, had to
(1) have passed this threshold exactly in the same
year during the simulation, because we want to
compare yearly differences in the salinities and the
6'80 values between the different cell types before
and at the tipping point. The hammocks also had to

(2) have been stable as hammocks before the shift
and remained stable as mangroves after the shift.
These newly identified cells, which we call ‘shifting
subclasses” of cells, were designated as H25 — M,
H50 - M, H75 - M, and H100 — M, accordingly.
In the case of HO, we selected a subset of cells that
remained stable as a hammock during the 10 year
simulation (designated as HO — H); that is, there is
no flipping back and forth between hammock and
mangrove trees before ending as hammock in the
10th year. In addition, from the set of hammock
cells that had a 50% replacement probability (H50),
we selected a subset that was not replaced by
mangroves for this particular simulation (desig-
nated as H50 — H). These cells must be stable as a
hammock cell during the 10 years simulation. For
statistical purposes, the data-sampling simulation
above was carried out until at least five cells could
be found in each cell subset (HO — H, H25 — M,
H50 - M, H50 - H, H75 - M, and H100 —» M).
For the simulation that produces sufficient cells of
each type, we recorded monthly and yearly average
values of salinity and 0'®0 of the vadose zone,
water table, and plant stem water in the above cell
subsets, and the vegetation distribution of land-
scape at the end of every year. Note that we are
using ‘tipping point” to represent the threshold
running average of vadose zone’s salinity at which
a single tree (or cell) will inevitably shift from
hammock to mangrove.

The numbers of cells satisfying all the selection
criteria, in which the replacement took place in the
same year and remained stable before and after the
replacement, are shown in Figure 3B. Although
cells that were replaced in the 6th year had the
greatest total cell number, they just had two
H75 — M cells. Thus, we chose cells that passed the
threshold in the 7th year, because those cells had
an appropriate cell number for each cell type. We
examined the salinities and 6'®0 values of their
vadose zone, water table, and plant stem water in
detail for this selected group of cells.

Data Analysis

The data-sampling simulation was analyzed as fol-
lows. First, we compared the monthly average
salinities and 6'®0 values of the vadose zone and
water table between the dry season (November
through April) and wet season (May through
October). For this seasonal comparison, the Mann-
Whitney-Wilcoxon test was used because of the
non-normal distribution of salinity and §'®0 val-
ues. Second, we compared the average 6'%0 values
of plant stem water from the HO — H, H25 —» M,
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Figure 3. A Horizontal view of landscape grid with 100 x 100 cells showing final distribution of mangroves (black) and
hammocks (white) along a topographic gradient from 85 mm above sea level (top of A) to the highest inland elevation of
about 1200 mm (bottom of A). All cells were occupied by either one mangrove or one hammock tree. B Number of cells in
each shifting subclass (not shown here are H100 - M, HO — H etc), with only the 7th year showing enough cells of the

three types of shifting subclasses.

H50 - M, H75 - M, and H100 — M cell subset in
the 5th year. The 5th year was the earliest year we
could identify the significant 6'®0 value difference
among the above five cell subsets. Third, we
monitored the yearly average salinity and 6'®0
values of water available to the trees from the fol-
lowing cell subsets; HO — H, H50 — H, H50 —» M,
and H100 — M, and then the yearly data were
analyzed to check when the significant differences
of salinity and 6'®0 value appear by repeated
measures ANOVA.

REsuLTS

After the 10-year simulation, a clear boundary
emerged between mangrove and hammock species
in our model landscape (Figure 3A). We also ob-
served that most of H25 — M cells tended to pass
the threshold or tipping point in the 5th and 6th
years (Figure 3B). They shifted faster than most of
H50 — M cells, which shifted in the 7th years, and
H75 — M cells, which shifted in the 7th and 8th
years (Figure 3B). Compared with slow shifting
H50 > M and H75 - M cells, fast shifting
H25 - M cells were more landward with less
salinity variation of the vadose zone. It is coun-
terintuitive for the landward cells to shift to man-
groves at a faster rate than seaward cells, but this is
due to the requirement for sampling noted above

that the selected cells had to remain stable in their
new state after the tipping. The tidal influence
caused the more seaward cells to flip back and forth
more frequently, delaying the time at which we
declared the cells to have shifted. The lower salinity
variation in these plants made plant distribution of
the landward area more stable (that is, less flipping
back and forth between hammocks and man-
groves) allowing for a faster stabilization. Our sta-
bilization criterion is reasonable because the tree
shift may not occur in such a short time in nature,
and mangroves usually achieve maturity in 20-30
years (Lugo and others 1976).

Dynamics of Salinities and 5'°0 Values
of Vadose Zone and Water Table

Salinity

In our simulations, a gradient emerged in the
salinity of the vadose zone from around 30 ppt
seaward to about 2 ppt landward, whereas the
water table developed a gradient of salinity from
about 20 ppt seaward to about 8 ppt landward. The
salinity gradient corresponded with the distinct
distribution of hammocks and mangroves (Fig-
ure 3A). The comparison between hammocks and
mangroves showed that under hammock forest,
the salinity in the water table was higher than that
in the vadose zone, but under the mangrove forest,
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A Salinity of Vadose Zone and Water Table
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the salinity in the vadose zone was higher than that
of the water table (Figure 4A). We also found that
there was greater variance in the salinity of the
mangrove soil than that of the hardwood hammock
soil in figure 4A.

During the dry season, the average salinities of the
vadose zone (27.8 ppt = 5.1 below mangroves, 2.2
ppt £ 0.1 below hammocks) were close to those of
the wet season (26.5 ppt £ 4.5 below mangroves,
2.2 ppt & 0.01 below hammocks). However, the
Mann-Whitney-Wilcoxon test showed that the va-
dose zone in the dry season had significantly higher
salinity than that in the wet season (3> = 3136.49,
P < 0.0001 for mangroves, »>=516.97, P <
0.0001 for hammocks). The water table had signif-
icantly higher salinity in the dry season (16.9
ppt £ 2.7 under mangroves, 8.5 ppt £ 0.2 under
hammocks) compared to the wet season (13.2
ppt £ 2.6 under mangroves, 8.0 ppt & 0.1 under

hammocks) (7> = 20639.62, P < 0.0001 for man-
groves, y> = 49199.25, P < 0.0001 for hammocks).
Comparing the water table with the vadose zone,
we found that the water table had a greater seasonal
variation of salinity (Figure 4A).

580 Values

In the 10th year, the 6'20 values of vadose zone pore
water developed a gradient from about +3.69,, to
about —29%, with the distance from the ocean. The
gradient ranged from about +19%, to about —19%, for
the water table. The average §'°0 values of the
vadose zone in the dry season (+1 9, £ 1.5 below
mangroves, —1.9 9, £ 0.02 below hammocks)
were significantly different from those of the wet
season (+1.7 9/, £ 1.7 below mangroves, —1.8 %, +
0.01 below hammocks) (3> = 4569.56, P < 0.0001
for mangroves, Xz =49199.25, P < 0.0001 for
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Figure 5. The relationship between §'20 values versus salinities of water in the vadose zone (A) and water table (B) for
all the cells in the landscape in the 10th year. In A, the straight line represents ideal linear relationship between 6'%0 and
salinity expected if salinity was only determined by the mixing of freshwater and ocean water. The vertical arrow means the
increase of salinity without change of §'%0 value in vadose zone caused by salt exclusion by mangrove roots. C This is the
relationship between §'%0 values of the plant stem water and salinities of the water available for uptake in the 10th year
from cell types with the different shifting probabilities (HO — H, HI00 — M, H50 — H, and H50 — M). The HO — H cells

showed less variation in the bottomleft of C.

hammocks) (Figure 4B). In the water table, the
average 6'®0 value was higher during the dry season
(+0.8 9, £ 0.4 under mangroves, —0.5 9, & 0.03
under hammocks) relative to the wet season
(+0.1 9%, = 0.4 under mangroves, —0.6 9, £ 0.01
under hammocks) and this seasonal difference was

significant in both cases (y* = 31642.4, P < 0.0001
for mangroves, y*>=11375.04, P < 0.0001 for
hammocks). During most of the wet season, whereas
the monthly 0'®0 values of the water table were
decreasing, the values in the vadose zone were rela-

tively stable (Figure 4B).
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The Relationship Between Water
Salinities and 620 Values

The range of vadose zone salinities and 0'®0 values
was from 1.8 to 30 ppt to —2 to +3.59%,, respectively
(Figure 5A), whereas the ranges of salinities and
0'%0 values in the water table were from 7.5 to
18.4 ppt and from —0.8 to 19/, respectively (Fig-
ure 5B). The simulation results showed that salin-
ities of the vadose zone and water table are highly
correlated with 6'®0 values of the water, with the
trend that water with higher salinity has a higher
6'%0 value. However, the pattern of this positive
correlation differed between the water table and
the vadose zone. In the water table, there was a
clear linear relationship between 6'®0 value and
salinity (Figure 5B). The relationship between
salinity and 6'®0 values tends to be curvilinear in
the vadose zone (Figure 5A). This relationship is
composed of two parts: the first part (below
0'%0 = 0) is linear, whereas in the second part
(above 6'®0 = 0), the slope asymptotes toward a
maximum salinity of about 30 ppt. In the HO — H,
H50 - H, H50 - M, and H100 - M cells, from
the linear relationship, it is very clear that ham-
mock trees with higher replacement probabilities
absorbed water with higher salinities and therefore
higher 6'®0 values (Figure 5C).

Prediction of Hammock Replacement by
Mangroves

There were significant differences in the average
0'%0 values of stem water from hammock trees
with different replacement probabilities (HO — H,
H25 - M, H50 - M, and H100 — M) 2 years be-
fore the tipping point for the replacement occurred
(Figure 6A). The HO — H cells, that is, no proba-
bility of shifting to mangroves, had the lowest 50
values, whereas the H100 —» M cells, that is, a
certainty of shifting, had the highest values. There
were significant differences in the average 6'*0
values of stem water in these five types of cells in
the 5th year (F = 1355, P < 0.0001).

We also tracked yearly average salinities of the
vadose zone used by individual trees (Figure 6B)
and 6'%0 values of their stem water (Figure 6C) in
HO - H, H50 - H, H50 - M, and H100 > M
cells. Stem water of trees in HO - H and
H100 - M cells generally had the lowest and
highest values, respectively. Trees in H50 — H and
H50 — M cells are from the same hammock pop-
ulation having a 50% replacement probability. The
clear salinity difference between the two types of
cells in H50 - M and H50 — H appeared in the

4th year (F = 4.9325, P = 0.0290), 3 years before
the replacement happened (7th year) (Figure 6B).
Moreover, the '®0 values of plant stem water had
similar trends as the salinity of the water available
to the plants. Trees in HO — H and H100 — M cells
generally had uptake of water with the lowest and
highest 6'®0 values, respectively. There was a sig-
nificant difference of around 0.1%, in the '%0
value of stem water between H50 - M and
H50 > H cells in the 4th vyear (F=6.7213,
P =0.0535). In the 7th year, when the tipping
point occurred, the difference increased to about
0.2%,.

DiscussioN

The comparisons of salinities and §'*0 dynamics
between the two vegetation types and the two
seasons demonstrate the effects of plant transpira-
tion, precipitation, and tidal flooding on the coastal
ecosystem. Differences in plant transpiration be-
tween the halophytic and freshwater vegetation
influence the salinities of the vadose zone and
water table, and this influence is indicated by the
contrast of vertical salinity heterogeneity in the soil
between the mangrove forest (where vadose zone
> water table) and the hardwood hammock forest
(where vadose zone < water table) (Figure 4A).
Our results are consistent with field observations of
southern Florida where the upper soil (vadose
zone) of mangrove forest has higher salinity than
that in the water table (Ewe and Sternberg 2005).
This salt accumulation in the vadose zone under
mangrove forests is caused by salt exclusion in
mangrove roots during water uptake (Passioura
and others 1992; Tomlinson 1994). The high
salinity resulting from upward flow of saline
groundwater by plant transpiration is also recorded
in a salt marsh ecosystem in Georgia (Wilson and
others 2011). On the other hand, in hammocks of
southern Florida, field study of Ish-Shalom and
others (1992) found that salinities of soil samples
(from 0 to 10 cm and 20 to 30 cm depths) are lower
than those of groundwater in both the wet and dry
seasons. However, there is a limitation in our
model assumption on plant transpiration that the
water uptake rate is only dependent on salinity for
one specific vegetation type. This rate may actually
be variable through differences in energy balance,
photosynthetic metabolism, and water use effi-
ciency (Moffett and others 2012), which may be
caused by changes of biotic and abiotic factors (for
example, temperature, nutrient, light), affecting
soil salinity.
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The effect of precipitation can be detected by the
significant seasonal differences of salinities in the
water table under each of the vegetation types
(Figure 4A). The seasonal difference is corrobo-
rated by the field study of Ewe and Sternberg
(2005) in southern Florida, indicating that salinity
at 50 cm belowground was lower during the end of
the wet season than that during the dry season.
This seasonal difference in salinities was mainly
caused by the dilution effect of wet season precip-

itation. Our results showed that the maximum
salinity of the water table occurred in April, near
the end of the dry season, and the minimum
salinity was in October, near the end of the wet
season. The timings of the two maximum and
minimum salinities match salinity measurements
of a coastal hardwood hammock water table in the
Everglades (Saha and others 2014). With respect to
the §'%0 values of the vadose zone, under the
hammocks, the similarities in 6'®0 dynamics
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Figure 6. A The average 6'20 values and their standard deviations of plant stem water for hammocks in the HO — H,
H25 - M, H50 > M, H75 > M, and H100 - M cells. Isotope ratios of stem water were recorded 2 years before
replacement occurred (the 7th year). Shifting subclasses having the same letter are not significantly different at the 5%
level of confidence from Tukey’s Post Hoc Test. B The yearly average and standard deviation of vadose zone salinities in
the identified cell and its four neighboring cells during the data-sampling simulation. C The yearly average and standard
deviation of §'®0 values of plant stem water in the identified cells during the data-sampling simulation. Error bars
represent the standard deviation. The dash line indicates the year when hammocks were replaced by mangroves.
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between the vadose zone water (Figure 4B) and
that of rain water (Figure 2A) indicate that the
vadose zone is recharged by rain water and not by
groundwater during the wet season. A field study
in southern Florida also found that 6'®0 values of
the vadose zone water in hammocks follow tem-
poral and seasonal patterns of rainwater 6'*0 (Saha
and others 2009). Rainfall can change soil salinity
by water input to groundwater and fresh surface
water input. Therefore, in Moreton Bay of Aus-
tralia, Eslami-Andargoli and others (2009) found
that precipitation is the driving factor on the
landward mangrove expansion by comparing the
rainfall pattern and mangrove expansion from
1972 to 2004, and Snedaker (1995) also argued
that changes in regional rainfall may have great
influence on mangrove distribution in the short
term.

We also noticed that there was greater variance
in salinity and 6'®0 values of the mangrove soil in
the model simulations (Figure 4), which might be
caused by a sudden increases in the salinity and
0'%0 values in the area near the ocean which is
under the influence of the tidal flooding. This tidal
flooding effect on soil salinity was also noticed by
Jiang and others (2014), who found that salinity
variance of soil pore water at the mangrove site was
higher than that at the freshwater marsh site. The
flooding effect on 620 is supported by Greaver and
Sternberg (2006), who found that variance of stem
water 6'®0 was negatively related to distance from
the ocean. In the simulation study of a salt marsh
creek ecosystem, Xin and others (2009) showed
that there was a significant water table fluctuation
in the near-creek zone. From the increased salinity
variance, it can be inferred that there is a significant
tidal influence on the coastal ecosystem. In some
specific ecosystems, tidal flooding is the only de-
tected factor affecting vegetation dynamics. For
example, at Elkhorn Slough in California, Wasson
and others (2013) found that only increased tidal
flooding had a strong relationship with upward
migration of salt marsh—upland boundaries com-
pared with other factors, including mean sea level
and precipitation. At Baja California, Mexico, Lo-
pez-Medellin and others (2011) found that inland
mangrove colonization requires extraordinary tidal
flooding, which is a main factor in establishment of
the viviparous propagules of mangroves (Rabi-
nowitz 1978). The flooding frequency and strength
can be increased by SLR (Ezer and Atkinson 2014;
Kriebel and others 2015); therefore, the influence
of tidal flooding may be enhanced in the future.
The enhanced influence will tend to raise vadose
zone’s salinity and favor the growth of halophytic

vegetation, pushing the vegetation boundary far-
ther landward. Thus, there is a need to forecast this
vegetation shift in coastal ecosystems, and take
management steps where possible.

The positive linear relationship between salinity
and 6'®0 in the water table (Figure 5B) observed
here is corroborated in many field studies of
southern Florida; for example, Sternberg and oth-
ers (1991), Lin and Sternberg (1994), Ewe and
others (2007), which may result from mixing of
freshwater with low 6'%0 values and saline sea-
water with high 6'®0 values. In a tidal creek system
of Australia, Wei and others (2012) also found a
similar trend, in which the water table on the creek
side had higher salinities and §'®0 values than the
inland area. If the relationship between §'®0 values
and salinity of the vadose zone pore water is af-
fected only by the mixing of freshwater and sea-
water, one would also expect a linear relationship
in the vadose zone (straight line in Figure 5A).
However, the relationship between salinity and
6'8%0 values is curvilinear (Figure 5A) for the va-
dose zone, and this simulation result is consistent
with the field studies by Swart and others (1989)
and Sternberg and others (1991). Sternberg and
others (1991) observed a similar curvilinear rela-
tionship between the salinities and §'®0 values for
water samples at the surface of the water table in
southern Florida. The linear part of the §'%0 versus
salinity curve at the low salinity section (salinity <
20 ppt) might be caused purely by the mixing of
freshwater and saline seawater, but the asymptotic
part in the high salinity region (salinity > 20 ppt)
indicates that mangrove water uptake by excluding
salts might increase the salinity of the vadose zone,
without changing the §'%0 value of vadose zone
pore water. Despite the curvilinearity, the positive
correlation between the salinity and §'0 values of
the vadose zone suggests that we may be able to
use the 6'0 value of stem water to indicate the
salinity of the vadose zone water available for plant
uptake.

Our results indicate that the differences of vadose
zone's salinity among the four cell types (HO — H,
H50 - H, H50 > M, and HI100 —» M) diverge
gradually during the simulation (Figure 6B).
Therefore, although the vegetation tipping point
can be abrupt, it is really caused by the culmination
of incremental salinity shifts. However, because of
the previously stated reasons, salinity measure-
ments of the vadose zone or of the plant xylem
water in the field will not necessarily determine the
probability that a hammock species will be replaced
by a mangrove species. The oxygen isotope ratio of
the stem water, however, might be a good
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candidate as an indicator of the impending vege-
tation shift. The 680 value ranking of the five cell
types from Tukey’s post hoc test (Figure 6A) also
suggested that we can use 6'®0 values of stem
water to determine the probability of a hammock
tree being replaced by a mangrove tree, with the
exception for distinguishing the 25-50% probabil-
ities, which were not significantly different.

Currently, measurement of the isotopic compo-
sition of stem water has a precision of approxi-
mately £0.19%, (Vendramini and Sternberg 2007),
which is the difference observed for the §'%0 values
of stem water from H50 — M and H50 — H trees 3
years before hammocks in the group H50 - M
were replaced by mangroves (Figure 6C). Thus, we
may be able to analyze an appropriate number of
plant stem water samples from a given hammock
tree to detect the significant difference in '®0
values by repeated measures ANOVA. For example,
an 80% certainty of detecting the significant 0.19,
difference in 6'®0 values of plant stem water at the
5% level of significance requires 18 replicates of
stem water samples (Sokal and Rohlf 1995).

This forecasting method based on 6'®0 values
may be applied to other ecosystems in addition to
the coastal ecosystem in southern Florida, because
the similar salinity and 6'®0 relation and the plant
water use pattern can also be found in other areas.
For example, Wei and others (2012) recorded a
positive salinity and 6'®0 relation and slight dif-
ferences of 6'®0 between the vadose zone and stem
water of A. marina (mangrove species) in a sub-
tropical estuary in Australia. However, more re-
search is required to make our forecasting practical.
First, to capture the topographic, geologic, and
vegetative complexity of a natural site, it is
important to know how to apply a general model
study to specific field conditions (Moffett and oth-
ers 2012). For example, our current model used a
simplified structure of root and salinity distribution
in the vadose zone. In a specific field, the root
structure may vary by different plant species, par-
ticularly for hardwood hammock forest which may
comprise different neotropical evergreen broadleaf
trees (Saha and others 2009) with different root
structures, and the salinity distribution of a site
may be more complex than our current assump-
tion. The root structure determines the location of
the plant water resource, and this location will be
very important to our prediction in the site with a
complex salinity distribution in the vadose zone.
Second, there is a need for long-term field mea-
surements both on salinities and 6'0 of the water
components (vadose zone, water table, and plant
stem water), and on vegetation dynamics during

the same time period, as it is an appropriate way to
test, elaborate, and calibrate our model. Third, we
need to know how much time is required to de-
crease vadose zone’s salinity to values which pre-
vent replacement of hammock by mangroves
under current water management practices.

CONCLUSIONS

Our predictions will be useful for improving the
efficiency of current ecological restoration in
southern Florida. For example, the Comprehensive
Everglades Restoration Plan proposes to return
freshwater flow to the Everglades to historic con-
ditions (Perry 2004), and the implementation of
this plan will affect water salinity of the coastal
ecosystems in southern Florida (Herbert and others
2011). Our study shows that 6'%0 values of plant
stem water may be a promising predictor of
replacement of hammocks by mangroves 3 years
before it occurs. 3 years may be sufficient time to
introduce appropriate amounts of freshwater flow
to cease or slow the hammock replacement by
mangroves.
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