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Description of the region

The ecology and health of the Everglades are main-
tained by the quantity, quality, timing, and distribution of
freshwater input. Historically, the Everglades was tight-
ly linked to a large watershed that encompassed much
of central and southern Florida (Figure 8.1). Water me-
andered down the circuitous Kissimmee River to Lake
Okeechobee, where it spilled over the southern edge of
the lake into an expansive sawgrass marsh. The sheet of
surface water then slowly made its way south, support-
ing a variety of freshwater marshes in the interior and
mangroves and salt marshes along the coast. The Ever-
glades is bordered on the northwest by the Big Cypress
Swamp and on the east by the Atlantic Coastal Ridge,
which functions as a natural barrier to surface water flow.
The interior ridge-and-slough landscape consists of dense
stands of sawgrass (Cladium jamaicense) growing on
ridges with a slightly higher elevation than the adjacent
parallel sloughs. The sawgrass marsh is interspersed with
bayhead and tropical hardwood hammock forests, or
tree islands, that grow atop elevated limestone or woody
peat outcrops (Armentano et al. 2002). Major hydrologic
pathways through the Everglades include Taylor Slough,
which flows into Florida Bay, and Shark River Slough,
which flows into the Harney, Shark, and Broad rivers (Ol-
msted and Armentano 1997), which discharge to the Gulf
of Mexico (Figure 8.2).

The low elevation and gentle topography of South
Florida supports broad swaths of coastal wetlands (Fig-
ure 8.3). Mangroves line almost the entire coast of the
Everglades, although in some locations they occur far-
ther inland due to natural landscape patterns created
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Figure 8.1. Historical flow of surface water in the South
Florida watershed. Figure credit: Chris Anderson.

by a complex of small streams. Salt marshes dominated
by black needlerush (Juncus roemerianus) and smooth
cordgrass (Spartina alterniflora) are found inland of these
mangroves (Lodge 2010).

Small changes in elevation determine the distribution
of vegetative communities. For instance, tropical hard-
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Figure 8.2. Major features of the South Florida watershed today.

wood forests grow on intermittent ridges that provide an
additional 1-1.5 m (3.3—4.9 ft) of elevation above the inun-
dated wetland surface (Armentano et al. 2002). Similarly,
the 237 islands in Florida Bay, which are made of marl,
mangrove peat, siliceous sand, and limestone outcrops,
are vegetated by tropical hardwood trees, mangroves, or
algal flats separated by slight differences in elevation (Ar-
mentano et al. 2002).

Because the Everglades is naturally limited in phos-
phorus, the ocean provides the main source of nutrients

for coastal plant growth (Childers et al. 2005, Davis et al.
2005, Castafieda-Moya et al. 2013). Seawater incursions
during the dry season provide phosphorus to plants in the
oligohaline marsh, and storm surges produced by trop-
ical cyclones provide important intermittent pulses of
nutrients (Castafieda-Moya et al. 2010, 2020). Mangrove
productivity, basal area, and aboveground biomass in-
crease toward the coast, likely due to increasing phospho-
rus availability near the ocean (Chen and Twilley 1999,
Childers et al. 2005, Davis et al. 2005). In the Shark River
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Figure 8.3. Salt marsh and mangrove extent in the Everglades. Data source: SFWMD 2014-2016 land-use/land-
cover data, based on FLUCCS classifications (FDOT 1999, SEWMD 2018).
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estuary, the high-nutrient mangrove
forests along the coast are composed
of mixed mangrove species dominated
slightly by white mangroves (Laguncu-

1943 Vegetation in South Florida

laria racemosa), while red mangroves
(Rhizophora mangle) are predomi-
nant in the lower-nutrient forests 5—10
km (3—6 mi) upstream (Chen and
Twilley 1999).

Legend

I Mangrove swamp
I Mangrove swamp and salt-water marshes

- Salt-water marshes

Hydrologic alterations

Massive hydrologic changes have
drastically altered hydrologic condi-
tions in the Everglades (Figure 8.2). Al-
though hydrologic adjustments began
in the late 1800s, the U.S. Army Corps
of Engineers’ Central and South-
ern Florida Project completed major
changes to hydrology in the 1950s
and 1960s. The goals of the Central
and Southern Florida Project were to
prevent floods and to drain lands for
agriculture and development through
construction of a series of levees, im-
poundments, pumps, and canals. Ul-
timately, these efforts resulted in the
diversion of natural surface water into
constructed channels that ushered
water out to sea (Huber et al. 2007).
The Herbert Hoover Dike prevented
water from seeping over the southern
edge of Lake Okeechobee. Instead,
water was released through a network
of canals to the east coast of Florida
and to the Caloosahatchee River (Figure 8.2). The result-
ing drainage of land south of Lake Okeechobee enabled
the development of the expansive Everglades Agricultural
Area. Water continued to flow south from the Everglades
Agricultural Area, and high-nutrient agricultural runoff
resulted in the proliferation of cattails (Typha spp.) in the
historically oligotrophic ecosystem (Chimney and Go-
forth 2001, Huber et al. 2007). The spread of agriculture
and urbanization has reduced the natural area of the Ev-
erglades by 50%, and a large proportion of the remain-
ing undeveloped area is reserved for water conservation
(Figure 8.2; Chimney and Goforth 2001). The coastal
Everglades has also been notably impacted by altered
hydrology and reduced surface-water flow. One of the
most noticeable differences is the expansion of mangrove
swamps at the expense of salt marshes. This ecological
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Figure 8.4. Extent of mangrove swamps and salt marshes in 1943, before
the hydrologic changes of the Central and South Florida Project. Data
source: Davis 1943.

shift is clearly visible in the comparison of vegetation ex-
tent between 1943 (Figure 8.4) and 2016 (Figure 8.3).
Ecological disturbances due to human alterations of
natural hydrology were first reported in the Everglades
as early as 1938 (Chimney and Goforth 2001). Extensive
drying of the Everglades resulted in soil loss via oxidation,
fires, degradation of tree islands, invasion of nonnative
species, and widespread changes in the Florida Bay eco-
system (Mclvor et al. 1994, Chimney and Goforth 2001,
Huber et al. 2007). Awareness of the extensive environ-
mental damage caused by human activity has led current
and planned endeavors focused on conservation and res-
toration (Chimney and Goforth 2001, Huber et al. 2007).
In 2000, the Comprehensive Everglades Restoration Plan
(CERP) was authorized to correct piecemeal attempts
at water management in the Everglades during the pre-
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vious 30 years (Perry 2004). Major CERP goals include
improving water availability during the dry season and
reducing flooding of urban and agricultural areas during
the wet season (CERP 2015, 2019). While most of CERP
has focused on water storage and nutrient removal, eco-
logical management of Lake Okeechobee and increasing
the freshwater sheet flow to the Everglades and adjacent
estuaries are major goals that directly impact Everglades
coastal wetlands (CERP 2015, 2019).

A large portion of the Everglades is encompassed by
Everglades National Park, including most of the coast-
al Everglades in Monroe County. Although authorized
by Congress in 1934, Everglades National Park was not
officially established until 1947 (USNPS 1979). In the
1970s and 1980s, Everglades National Park was recog-
nized as a Biosphere Reserve, UNESCO World Heritage
Site, and Wetland of International Importance; it is one
of only three sites in the world to have been placed on all
three lists (USFWS 1999). Coastal wetlands in the north-
western Everglades (Collier County) are included in the
boundaries of the Ten Thousand Islands National Wild-
life Refuge and a network of Florida’s Aquatic Preserves
(see Chapter 7).

Unique ecosystems

Several regions in and around the Everglades have
unique ecosystems as a result of their hydrology and loca-
tion. These regions include Florida Bay, Cape Sable, and
the Southeast Saline Everglades.

e Florida Bay: A broad, shallow bay south of the Ever-
glades, Florida Bay was historically characterized by
clear waters and extensive seagrass beds. Today, Taylor
Slough and the C-111 canal are the primary freshwater
sources for Florida Bay (Figures 8.2 and 8.3). Freshwa-
ter input is much less than historical levels (Smith et
al. 1989), and models reveal that salinity is higher in
the euryhaline marshes bordering Florida Bay than it
was before human development (Marshall et al. 2009).
While historical average salinity in Florida Bay is esti-
mated to have ranged from 3 to 30 on the practical sa-
linity scale (Marshall et al. 2009), from 1998 through
2004 the average salinity ranged from 23 to 39 (Kelble et
al. 2007). In the late 1980s and early 1990s, large-scale
ecological regime shifts toward hypersaline waters, hy-
poxia, increased heat stress, and decreased water clar-
ity resulted in widespread algal blooms and mortality
of mangroves, seagrass beds, sponges, lobsters, and
shrimp (Mclvor et al. 1994, Fourqurean and Robblee
1999). A similar Florida Bay seagrass mortality event
in 2015 has also been linked to hypersalinity, stratifica-

tion, and anoxia (Hall et al. 2016, CERP 2019). In 2016,
a plan was adopted as part of CERP to mitigate the
impact of droughts by increasing freshwater input to
Florida Bay (CERP 2019).

While inland mangrove expansion is common
throughout Florida, mangroves on islands in Florida
Bay have been noted to expand both inland and into
adjacent shallow waters (Zhai et al. 2019). The area
of these islands increased between 1984 and 2012 as a
result of outward mangrove expansion during a time
when relative sea level was also rising. Following Hur-
ricane Irma, however, the extent and elevation of man-
grove berms on many islands in Florida Bay declined
(Wingard et al. 2020).

Cape Sable: Cape Sable (Figure 8.3) is the area of the
Everglades least affected by urbanization and mainland
hydrologic alterations because it is separated from the
Florida mainland by Whitewater Bay (Wanless and
Vlaswinkel 2005, Wingard and Lorenz 2013). Cape Sa-
ble includes extensive mangrove forests, many of which
are dwarf mangroves (Zhang 2011, Wingard and Lo-
renz 2013). The region has not entirely escaped modi-
fication; in the 1920s, ditches were dug through coast-
al berms to connect the interior lakes, which enabled
saltwater intrusion (Wanless and Vlaswinkel 2005).
Increased tidal current strength due to sea-level rise has
caused coastal erosion, redistributed sediment, created
new tidal creeks, and increased tidal reach. As a result
of saltwater inundation, the underlying peat in the for-
merly freshwater marshes is decaying, further lowering
substrate elevations on the interior of the cape (Wanless
and Vlaswinkel 2005). Forested wetlands surrounding
lagoons in and around Cape Sable experienced signifi-
cant damage after Hurricane Irma (Zhang et al. 2019),
with many areas showing minimal recovery 15 months
after the storm (Lagomasino et al. 2020).

The Southeast Saline Everglades (the white zone):
The land northeast of Florida Bay is known as the
Southeast Saline Everglades (Egler 1952, Ross et al.
2000). Before development and hydrologic alterations
in South Florida, mangrove shrubs grew on the coast
in a thin band that gradually transitioned to a sparse
mangrove—graminoid marsh, and sawgrass dominated
freshwater marshes several kilometers inland (Ross et
al. 2002). Restricted freshwater flow and highly variable
soil salinity constrain plant growth in this region. From
an aerial view, most of the Southeast Saline Everglades
appears white due to the low vegetative cover and the
highly reflective nature of the marl substrate; hence,
the area is often referred to as the white zone (Figure
8.3; Ross et al. 2000, Browder et al. 2005, Bricefio et
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Figure 8.5. The Southeast Saline Everglades (the white
zone), is an ecotone characterized by widely spaced
dwarf or scrub mangrove trees and large expanses of
shallow open water (a). Hurricane Betsy resulted in the
presence of dead cypress (Taxodium spp.) in the inland
Southeast Saline Everglades (b). Note the red mangrove
(Rhizophora mangle) seedlings within the mixed marsh
of sawgrass (Cladium jamaicense) and Gulf coast
spikerush (Eleocharis cellulosa). Photo credits: South
Florida/Caribbean Network staff.

al. 2011). The vegetation in the white zone consists of
dwarf or scrub mangroves, with few grasses (Figure
8.5a). The mangroves are generally not tall or dense
enough to be categorized as mangrove forest under
most land-cover classification systems. Between 1940
and 1994, the white zone expanded inland by approx-
imately 1.5 km (0.9 mi) as a result of reduced surface
freshwater flow and sea-level rise (Ross et al. 2000). The
edge of the white zone shifted least at sites where sur-
face freshwater flow was not restricted by roads or le-
vees, demonstrating that freshwater flow can lessen the
landward transgression of the white zone (Ross et al.
2000). Though freshwater flow can mitigate encroach-

ment of the white zone and saltwater intrusion, sea-lev-
el rise is the primary cause of saltwater encroachment
(Meeder et al. 2017).

Impact of tropical storms and hurricanes

Tropical storms and hurricanes continually shape
South Florida coastal wetlands. The 1935 Category 5 La-
bor Day hurricane caused extensive mortality to the coast-
al mangrove forest. The great girth and height of South
Florida mangroves before the hurricane indicated that
the region had likely not suffered such a severe storm for
many decades (Craighead and Gilbert 1962, Armentano
et al. 2002). In some areas, the 1935 hurricane induced an
ecological regime shift from mangrove to intertidal mud-
flats which have remained unvegetated even 85 years later
(Smith et al. 2009, Osland et al. 2020). Hurricane Donna in
1960 severely damaged the mangrove belt between Flamin-
go and Lostman’s River; with few exceptions all mangrove
trees greater than 5 cm (2 in.) in diameter were sheared off
at 2-3 m (6-10 ft) above the ground (Craighead and Gil-
bert 1962). In 1965, Hurricane Betsy crossed the southern
tip of Florida with winds of 160 to 225 km hr (100 to 140
mph; ESSA 1965). A tidal surge increased soil chloride lev-
els to as high as 19,000 ppm, and chloride levels remained
elevated for several months (Alexander 1967). While many
trees died as a direct result of wind damage, the elevated
soil chloride levels had the greatest impact on the vege-
tation of the region, particularly in the marsh. Extensive
areas of sawgrass were killed and were quickly replaced
by Gulf coast spikerush (Eleocharis cellulosa) (Alexander
1967). The effects of Hurricane Betsy are still evident in
the landscape, with dead cypress (Taxodium spp.) snags a
common sight in the landscape (Figure 8.5b).

In 1992, Hurricane Andrew passed over the Ever-
glades, destroying more than 28,000 ha (70,000 ac) of
mangroves and causing extensive defoliation (Wanless et
al. 1994, Armentano et al. 2002). Near the coastline, more
than 90% of trees were uprooted or snapped (Smith et al.
1994, Wanless et al. 1994). Many buttonwood (Conocar-
pus erectus) forests were converted to mangrove swamps
or halophytic prairie due to the saltwater inundation and
substrate changes (Armentano et al. 2002). The abun-
dance of palms and hardwoods in the coastal Everglades
has also declined due to transition into mangrove swamps
and salt flats.

Hurricane Wilma made landfall north of Everglades
National Park in October 2005 as a Category 3 hurricane
with maximum sustained winds of approximately 195
km hr? (121 mph; Pasch et al. 2006). A 5-m (16.4 ft) storm
surge occurred on the Harney River (Sodergvist and By-
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Figure 8.6. Mangrove and upland damage and partial recovery following Hurricane Irma in Everglades National
Park on the north shoreline of Little Madeira Bay in March 2019 (a, b) and north of Christian Point Trailhead in
October 2018 (c). Photo credits: Kevin Whelan (a, b) and Pablo Ruiz (c).

rne 2007). Smith et al. (2009) estimated 1,250 ha (3,090 ac)
of mangroves were severely damaged by Hurricane Wilma
in a 50-km (30 mi) band adjacent to the Gulf of Mexico.
Most recently, Hurricane Irma made landfall north of
Everglades National Park near Marco Island as a Catego-
ry 3 hurricane in September 2017. Maximum sustained
wind speeds were 179 km hr™! (112 mph) with gusts up
to 207 km hr™" (129 mph; Canglialosi et al. 2018). Storm
surge water levels reached at least 1.8 m (6 ft) above
ground level in the Everglades National Park (Canglia-
losi et al. 2018). The storm surge and high winds from
Hurricane Irma caused widespread damage to the coast-
al Everglades (Figure 8.6; Taillie et al. 2019, Zhang et al.
2019). The extent of closed-canopy forest was reduced by
86 %, which caused a 15% reduction in mangrove canopy
volume in the months after the storm (Lagomasino et al.
2020). Mangroves taller than 10 m sustained the greatest
amount of wind damage, but many recovered in the year
after the storm. The storm surge from Hurricane Irma
deposited a layer of marine-origin carbonate mud (Wing-
ard et al. 2020) and flooded mangrove basin forests for
prolonged periods (Lagomasino et al. 2020). Areas with

thick storm surge deposits or prolonged flooding had
high mangrove mortality (Radabaugh et al. 2020). Black
mangrove basin forests were most vulnerable to Hur-
ricane Irma, comprising over two-thirds of the area of
mangrove mortality (Lagomasino et al. 2020).

Threats to coastal wetlands

¢ Hydrologic alteration: Although the coastal wetlands
in Everglades National Park are protected from direct
impacts of urbanization, they are highly vulnerable to
hydrologic changes and natural disturbances. Accord-
ing to hydrologic models, water levels in the major
sloughs of the Everglades are 0.15 m (0.5 ft) lower than
historical levels; likewise, freshwater delivery to coastal
wetlands and estuaries is 2.5—4 times less than predrain-
age volume (Marshall et al. 2009). The relationship be-
tween freshwater levels in Everglades National Park
and sea level along the coast is critical in understanding
the encroachment of seawater and nutrients into his-
torically freshwater regions. The even distribution of
freshwater inflow throughout the year is more effec-
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tive at reducing saltwater intrusion than high annual
volumes as freshwater input is particularly important
during the dry season (Dessu et al. 2018). Additionally,
freshwater flow decreases water residence time in the
sloughs, flushing out salt and nutrients (Sandoval et al.
2016). Many tidal creeks along the lower Everglades
have been filled in by vegetation and sediment as a re-
sult of low freshwater flow and nutrients provided by
rising sea levels (Davis et al. 2005). Choked waterways
and reduced flushing are detrimental to wetlands as
flushing is important for the resiliency and long-term
viability of wetlands (Davis et al. 2005, Wanless and
Vlaswinkel 2005).

Climate change and sea-level rise: The impact of re-
duced freshwater flow is exacerbated by saltwater in-
trusion due to storm surges and sea-level rise. Saltwater
intrusion has already extended into formerly oligoha-
line and freshwater marshes in the coastal Everglades,
and mangrove extent has expanded inland (Ross et al.
2000, Davis et al. 2005, Smith et al. 2013). Groundwa-
ter resources are also at risk of being contaminated by
salt water (Wanless et al. 1994). Models indicate that
inundation due to sea-level rise will be gradual at first
but then will accelerate in some regions due to topogra-
phy (Zhang 2011). Much of South Florida is a natural
depression with moderate elevation, so inundation pro-
gresses rapidly once sea level reaches a threshold (1.25
m/4.1 ft is the threshold in Miami-Dade County; Zhang
2011). If natural barriers such as the Atlantic Coastal
Ridge or the Big Cypress Swamp Ridge are breached,
saltwater inundation would flood large portions of the
Everglades (Wanless et al. 1994). Even a conservatively
estimated sea-level rise of 0.5 m (1.6 ft) would inundate
much of Everglades National Park (Zhang 2011).

If peat accumulation cannot keep pace with sea-lev-
el rise, coastal mangroves will not be able to maintain
their present locations and the shoreline will erode (Da-
vis et al. 2005). Increased wave activity would increase
erosion and exposure of mangrove peat, making the or-
ganic matter more vulnerable to oxidation. Oxidation
may be avoided if storm surge transports such organic
carbon inland and reburies it as new deposits (Smoak
et al. 2013). Recent research has found that the rate of
carbon burial has increased over the past 100 years in
southwest Florida mangroves (Breithaupt et al. 2020b),
and forest elevation is being increased further by hur-
ricane deposits (Whelan et al. 2009, Smith et al. 2009,
Castaiieda-Moya et al. 2010, Feher et al. 2019). Storm-
surge deposits also stand to enhance preservation of
peat by providing a covering that reduces oxidation
(Breithaupt et al. 2020a).

e Storm events: The strong winds and storm surge from
hurricanes and tropical storms shape the structure of
mangrove forests by snapping trunks, uprooting trees,
defoliating the canopy, and leaving a deposit of ma-
rine-origin mud on the forest floor. While many forests
can rebound in the months after a storm, delayed mor-
tality caused by storm-surge deposits and prolonged
flooding can delay recovery in low-lying areas and
interior basins (Lagomasino et al. 2020, Radabaugh
et al. 2020). Hurricane-induced mangrove mortality
and subsequent oxidation and peat collapse have been
linked with elevation loss and the conversion of man-
grove forests to mud flats in southwest Florida (Smith
et al. 2009, Osland et al. 2020). Ensemble climate mod-
els continue to project that the number of tropical cy-
clones in the North Atlantic will decrease under future
warming scenarios (IPCC 2014), as will the number of
tropical cyclones that make landfall in the United States
(Stansfield et al. 2020). The same models project, how-
ever, that the average intensity of these storms will in-
crease, resulting in higher wind speeds and greater rain-
fall intensities (Stansfield et al. 2020). Thus, despite a
decrease in the number of storms, greater damage and
longer-lasting impacts to coastal wetlands in Florida
remain likely and will probably increase as land-falling
storms grow more intense.

e Invasive vegetation: As in much of Florida, invasive
plants, such as Brazilian pepper (Schinus terebinthifo-
lia), latherleaf (Colubrina asiatica), Old World climbing
fern (Lygodium microphyllum), and melaleuca (Mela-
leuca quinquenervia) continue to expand their extent
and outcompete native plants on the edges of coastal
wetlands in southern Florida (USFWS 1999, Davis et al.
2005, Wingard and Lorenz 2013). For example, Brazil-
ian pepper in the interior marshes and shrublands of
the coastal Everglades occupies about 12,000 ha (30,000
ac; Figure 8.7). When present, its infestation density is
generally less than 50%, but monotypic stands can have
an infestation density of more than 89% (Figure 8.7).
Invasive vegetation is particularly threatening after a
disturbance, as it can outpace the regrowth of native
vegetation.

Mapping and monitoring efforts

Water management district mapping

The South Florida Water Management District (SFW-
MD) conducts regular land-use/land-cover (LULC) sur-
veys every 3—5 vears in the district. Figure 8.3 shows the
20142016 LULC map, the most recent SFEWMD LULC
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Figure 8.7. Distribution and density of Brazilian pepper (Schinus terebinthifolia) at the mangrove—freshwater
marsh ecotone in southern Florida, Everglades National Park. Data compiled from Ruiz et al. 2017, 2018, 2020.

map of the Everglades available at publication. Land-cov-
er classifications are based on an SFWMD-modified Flor-
ida Land Use and Cover Classification System (FLUCCS)
(FDOT 1999, SFWMD 2009). Minimum mapping units
were 2 ha (5 ac) for uplands and 0.2 ha (0.5 ac) for wet-
lands. The 2014-2016 LULC maps were made by inter-
preting aerial photography and updating 2008—2009 vec-
tor data.

Comprehensive Everglades Restoration Plan
monitoring
Project reports, monitoring information, and feasibil-

ity studies produced under CERP are available from the

CERP website https://www.evergladesrestoration.gov/,
including the 2019 System Status Report (CERP 2019).

Long-term Ecological Research mapping and
monitoring

The National Science Foundation’s Long-term Eco-
logical Research (LTER) network includes a section in
the Florida Coastal Everglades. This program, based at
Florida International University, was established in 2000
and involves the collaboration of many governmental,
academic, and independent organizations. A variety of
vegetation, land-cover, and mangrove biomass maps are
available from the Florida Coastal Everglades LTER web-
site (https:/fce-lter.fiu.edu/data/GIS/).

National Park Service’s South Florida/Caribbean
Network mapping

The South Florida/Caribbean Network, the U.S. Army
Corps of Engineers, and the SFWMD are collaborating to
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create vegetation maps of Everglades National Park and
Big Cypress National Preserve. This project covers an area
of 7,400 km? (2,900 mi*) and provides information on pre-
CERP baseline reference conditions, documenting the
spatial extent and pattern of vegetation communities as
they were before CERP was implemented. This mapping
has species-level vegetation characterization at a spatial
resolution of 0.25 ha (0.6 ac; Ruiz et al. 2017). The proj-
ect includes four mapping regions in Everglades National
Park (regions 1-4) and three in Big Cypress National Pre-
serve (regions 5—7). Detailed vegetation maps are available
for the Southeast Saline Everglades (region 2; Ruiz et al.
2017), Southwest Coastal Everglades (region 3; Ruiz et al.
2018), Eastern Big Cypress (regions 5 and 6; Ruiz et al.
2019), the Northwest Coastal Everglades (region 4; Ruiz
et al. 2020), and Western Big Cypress (region 7; Whelan
et al. 2020). The report for Shark River Slough/Long Pine
Key is available (region 1; Schall et al. 2020), and the map
will be made available when completed from https:/irma.
nps.gov/DataStore/.

Mangrove-marsh ecotone mapping and
monitoring

e Smith et al. (2013) created detailed maps documenting
changes in mangrove swamp and marsh extent in three
locations in the Everglades from 1928 through 2004.
In two of the three sites, the area of mangrove forests
expanded, and marsh area declined. This expansion in
mangrove forest has been attributed to sea-level rise.
Fires did not prevent landward mangrove expansion
and may have assisted mangrove encroachment into
some marshes.

e Han et al. (2018) used remote-sensing data to map
changes in mangrove extent in Everglades National
Park from 1985 to 2017. The study found that hurri-
cane damage changed the spectral signature of the
mangroves; thus, a smaller mangrove area was mapped
in years following major storms. Within 3—4 years,
enough canopy recovered to restore the spectral signa-
ture of mangrove forests and their mapped coverage.
Mangrove extent in the outer coastal zone generally
decreased, but these losses were exceeded by the inland
expansion of mangroves into marshes.

e The National Park Service has established an ecotone
monitoring program to track the transition from man-
grove forest to marsh (Moser et al. 2019). Aerial imagery
is being used to delineate the location of the mangrove
ecotonal boundary at fourteen 3-km (1.9 mi) segments
that are systematically located along the inland man-

grove boundaries in Everglades National Park and Big
Cypress National Preserve. Every third 3-km segment is
digitized and ground-truthed at four locations along the
segment. Ground truthing includes documentation of
species composition, percent cover, and canopy height
of herbaceous and forest vegetation. The pilot project
was completed in 2010-2011. Monitoring will be re-
peated approximately every 10 years (Moser et al. 2019).

Everglades vegetation model

Everglades Landscape Vegetation Succession (ELVeS)
is an open-source model written in Java that simulates
changes in vegetation in response to varying abiotic con-
ditions. Led by the South Florida Natural Resources Cen-
ter of Everglades National Park, this modeling effort is
based on vegetation niches, replacement probabilities,
and time lags for transition periods. The model is avail-
able for download and use from https://wwwjem.gov/
Modeling/GetView/ELVeS.

Mangrove height mapping

In 2006, mangrove height was mapped in Everglades
National Park using data from the National Aeronautics
and Space Administration’s (NASA) Shuttle Radar To-
pography Mission (Simard et al. 2006). These data were
calibrated with airborne light detection and ranging (Li-
DAR) data and a U.S. Geological Survey (USGS) digital
elevation model. Field data were then used to extrapolate
mangrove biomass from tree height. Average tree height
was found to be around § m (26 ft).

Mangrove canopy height was remapped with inter-
ferometric synthetic aperture radar (In-SAR) data from
the German Space Agency’s TanDEM-X twinned satel-
lite constellation (Feliciano et al. 2017). This study found
mangrove growth and expansion into new regions caused
an increase in mangrove stature and biomass. More re-
cently, a 1-m (3.3 ft) resolution mangrove canopy height
map was created using stereo imagery collected by com-
mercial satellite, WorldView-2, through the NextView
License Agreement (Neigh et al. 2013; Lagomasino et
al. 2020). The high-resolution mangrove canopy height
information was used to model wind damage after Hur-
ricane Irma. Mangrove forests lost an average of 1.16 m
(3.8 ft) of canopy height and canopy volume decreased by
15% (Lagomasino et al. 2020).

NASA G-LiIHT mapping

Remote-sensing monitoring of coastal areas in south-
west Florida was conducted by NASA Goddard’s LiDAR,
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veys (White et al. 2013), but be-
cause data acquisitions coincided
with Hurricane Irma, researchers

Gopher Ke
Region

ENP Boundary
— Roads/Trails

Resilience Class

. o
- Intermediate
[ | High

were able to use data from the
flight campaigns in South Flori-
da to estimate Irma’s damage to
mangrove forests (Lagomasino et
al. 2017, 2018, Chavez et al. 2019,
Taillie et al. 2020) and to forecast
damage under extreme cyclone
scenarios (Zhang et al. 2019). The
LiDAR data from G-LiHT surveys
and high-resolution aerial pho-
tos were combined with satellite

observations to estimate that 332
km? (128 mi?) of mangrove forests
across South Florida were severe-
ly damaged (Zhang et al. 2019).
Recent reports include multiple
satellite observations between De-
cember 2017 and December 2018
which enabled estimation of the

3 km
Flamingo Region —

extent of mortality and the change
in mangrove forest composition
caused by delayed mortality from
extended ponding (Lagomasino et
al. 2020). Resilience of the man-
grove forests was classified based
on post-Irma decline and recovery
of the normalized difference vege-
tation index (NDVI). Many of the

L2 A ’@ mangrove forests within 10 km (6

Figure 8.8. Resilience of mangrove forests in Everglades National Park,

as assessed 15 months following Hurricane Irma, which made landfall in
September 2017. High-resilience forests are expected to recover in § years,
intermediate-resilience forests in 5—15 years, and low-resilience forests in >15

years (Lagomasino et al. 2020).

Hyperspectral and Thermal (G-LiHT) airborne imager
(Cook et al. 2013, https:/gliht.gsfc.nasa.gov/). The air-
borne instrument makes coincident measurements from
each of five sensors, providing a unique view of the land-
scape that a single sensor could not provide. Pre-Irma
(March 2017) and post-Irma (November—December 2017
and March 2020) aerial photographs and LiDAR data
were collected by G-LiHT over much of southwest Flor-
ida. Approximately 130,000 ha (320,000 ac) of wetlands
were covered by the G-LiIHT campaign, with the majority
collected over Everglades National Park. This instrument
has been used primarily to augment forest inventory sur-

mi) of the coast, particularly black
mangrove basin forests, were found
to have low or intermediate resil-
ience following the hurricane (Fig-
ure 8.8; Lagomasino et al. 2020).

Recommendations for protection,
management, and monitoring

e Continue efforts to improve the quantity, quality, tim-
ing, and distribution of freshwater input to maintain es-
tuarine conditions in the coastal Everglades and Florida
Bay. Realistic projections of future sea-level rise, includ-
ing worst-case scenarios, should be taken into account
when assessing the increasing freshwater needs of Ev-
erglades mangroves and salt marshes. Coastal wetland
vegetation that is chronically stressed due to altered hy-
drology may prove less resilient following a disturbance
such as a hurricane or drought (Krauss et al. 2018).
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e Continue mapping and monitoring mangrove forests
heavily impacted by Hurricane Irma to determine the
characteristics of forests that successfully recover, ex-
perience changes in species composition, or become
tidal flats following hurricane damage (Smith et al.
2009, Feher et al. 2019, Lagomasino et al. 2020, Os-
land et al. 2020, Radabaugh et al. 2020). Systematic,
long-term monitoring also provides baseline data for
ecosystem conditions that will aid in evaluating future
disturbances.

e Monitor vegetation and water quality to identify
stressed areas, evaluate the success of restoration proj-
ects, and predict impacts of future restoration actions.
Interagency cooperation in the restoration of mangrove
forests along Florida’s southwest coast may also lead to
valuable insights that can be shared with other regions
of Florida and other countries in the global effort to
maintain and regain coastal mangrove forests.

e Monitor coastal ecosystems in Cape Sable, Florida Bay,
and the Southeast Saline Everglades, as these sites may
serve as sentinel indicators for the impacts of rising sea
level, providing information for adaptive management
and decision-making (Wanless and Vlaswinkel 2005).

e Conduct standardized monitoring to identify the
spread of invasive plant species and evaluate the ef-
fectiveness of removal efforts. Active restoration, in-
cluding the planting of native species, could further
increase the success of combating invasive vegetation
in high-priority areas.
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