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Description of the region

The Indian River Lagoon (IRL) system extends 156
mi (250 km) along Florida’s east coast from the Ponce de
Leon Inlet in Volusia County to the Jupiter Inlet in Palm
Beach County. The large latitudinal extent of the IRL
contributes to its high level of biodiversity, as the estuary
straddles warm-temperate and equatorial climate zones
(Swain et al. 1995, Kottek 2006, FDEP 2016). The IRL
system consists of a series of connected coastal lagoons
(Mosquito Lagoon, Banana River Lagoon, and Indian
River Lagoon, Figure 12.1) bounded by barrier islands,
and the St. Lucie River Estuary at the southern end (Fig-
ure 12.2). Watershed and resource management in the re-
gion is split at the boundary of Indian River and St. Lucie
counties between the jurisdictions of the St. Johns River
Water Management District (SJRWMD) and the South
Florida Water Management District (SFWMD) (Figure
12.2). There are also five Florida Department of Environ-
mental Protection (FDEP) aquatic preserves in the IRL
system: Mosquito Lagoon, Banana River, Indian River—
Malabar to Vero Beach, Indian River—Vero Beach to Fort
Pierce, and Jensen Beach to Jupiter Inlet. The region also
includes the Merritt Island National Wildlife Refuge, Ca-
naveral National Seashore, Pelican Island National Wild-
life Refuge, and multiple state parks.

Sandy barrier islands, dunes, and paleoshorelines run
parallel to the shore, and large shell middens from indig-
enous people provide some local elevation (FDEP 2016).
Historically, the region was in a state of natural flux due
to ephemeral inlets and seasonally variable freshwater
runoff. Periodic tropical cyclones reshaped barrier islands

and caused inlets to open, close, or migrate (FDEP 2016).
Humans have attempted to restrict and stabilize this vari-
ability with the construction of seawalls, dikes, canals,
and fill. Constructed hydrologic alterations include 16
causeways, the Atlantic Intracoastal Waterway, many
drainage canals, and five permanent inlets (Ponce, Sebas-
tian, Fort Pierce, St. Lucie, and Jupiter inlets). Additional-
ly, the Canaveral Lock connects the Banana River Lagoon
with the Atlantic Ocean, and the lock-restricted C-44 ca-
nal connects the St. Lucie River with Lake Okeechobee
(Figures 12.1 and 12.2).

Human population in the region grew rapidly from
the 1950s through the 1970s with the expansion of tour-
ism, the space industry, and agriculture (FDEP 2016).
From 2010 to 2020, the populations of Indian River and
St. Lucie counties grew by 15.8% and 18.5%, respectively,
exceeding the statewide average of 14.6%. Volusia, Bre-
vard, and Martin counties grew by 8.3-11.9% (U.S. Cen-
sus 2022).

Coastal wetlands

Black needlerush (Juncus roemerianus) and smooth
cordgrass (Spartina alterniflora) dominate the salt
marshes found in the northern IRL (Figure 12.1), al-
though mangroves are becoming increasingly common
and less ephemeral than in the past. Mangroves and
marsh succulents (Salicornia bigelovii, Sarcocornia am-
bigua, and Batis maritima) dominate coastal wetlands
in the southern IRL (Figure 12.2, Lewis et al. 1985). Red
mangrove (Rhizophora mangle), black mangrove (Avi-
cennia germinans), and white mangrove (Laguncularia
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Figure 12.1. Mangrove and salt marsh extent in the northern Indian River Lagoon. Data source: STRWMD 2014
land-use/land-cover data, based on FLUCCS classifications (FDOT 1999, SJRWMD 2019).
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Figure 12.2. Mangrove and salt marsh extent in the southern Indian River Lagoon. Data sources: SJRWMD 2014
and SEWMD 2017-2019 land use/land cover data, based on FLUCCS classifications (FDOT 1999, SEFEWMD 2019,
SJRWMD 2019).
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Figure 12.3. Red mangrove forest at Jensen Beach in the southern Indian River Lagoon. Photo credit: Loraé Simpson.

racemosa) generally intermix rather than forming spe-
cies-specific elevation zones due to the microtidal na-
ture of much of the estuary (FDEP 2016). Buttonwood
(Conocarpus erectus), a mangrove associate, is found at
higher elevations. Mangrove species prevalence changes
along the IRL latitudinal gradient, with R. mangle more
prevalent in the southern IRL (Figure 12.3) and A. ger-
minans more prevalent in the northern IRL (Simpson
et al. 2017). Neighboring IRL habitats include seagrass
beds and oyster reefs.

The salt marsh-mangrove ecotonal boundary is
shifting northward in response to changing environ-
mental conditions. The range and extent of man-
grove forests in the region have increased significantly
since the 1990s (Cavanaugh et al. 2014, Giri and Long
2014, Brockmeyer et al. 2021), which correlates with
the reduction in the frequency of cold events with air
temperatures less than —4°C (Cavanaugh et al. 2014).
Cold-sensitive mangroves die back during freeze events
or continue to expand their range if freeze events do
not occur, creating a temporally and spatially dynam-

ic ecosystem (Cavanaugh et al. 2019). In the northern
IRL, salt marsh is transitioning to a mangrove-domi-
nated plant community. Mangroves are the most com-
mon vegetation type on shorelines that lack hard-ar-
moring in the northern IRL, particularly on gently
sloped shorelines with low wave energy (Cannon et al.
2020). In addition to spreading into salt marsh habitat,
mangroves have expanded onto oyster reefs in Mosqui-
to Lagoon (McClenachan et al. 2021).

In the 1950s through the 1970s, 75-90% of the salt
marshes and mangroves along the IRL were lost to de-
velopment, impounded, or ditched in attempts to con-
trol the salt marsh mosquito population (Taylor 2012,
Brockmeyer et al. 2021). These impoundments were
generally created using dragline excavators (Figure 12.4).
During this process, sediment was removed from an
adjacent parallel ditch and used to create an impound-
ment, effectively isolating coastal wetlands from neigh-
boring marshes and tidal flow. Approximately 16,200 ha
(40,000 ac) of coastal wetland were impounded in the
IRL (Brockmeyer et al. 1997). Dragline ditches (Figure
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Figure 12.4. Construction of the last impoundment along the IRL in 1974 for the control of salt marsh mosquitoes
using the typical dragline excavator. The Gumbo Limbo Island impoundment was the first and only impoundment
along the IRL built purposefully for rotational impoundment management. Photo courtesy of the Florida Medical

Entomology Laboratory Archives.

12.4), networks of deep ditches and spoil piles, were also
used to combat mosquitoes. These ditches were open to
tidal flushing, but the higher elevation of the adjacent
spoil piles facilitated the establishment of invasive vege-
tation such as Brazilian pepper (Schinus terebinthifolia)
and Australian pine (Casuarina equisetifolia). Approx-
imately 810 ha (2,000 ac) of coastal wetlands were im-
pacted by ditching with draglines (Rey et al. 2012). The
impoundment and ditching of salt marshes and the ac-
companying hydrologic alteration likely promoted man-
groves at the expense of the historically abundant marsh
succulents in many areas.

Recent and ongoing efforts by SEFWMD, SJRWMD,
the Merritt Island National Wildlife Refuge, and coun-
ty mosquito control districts to mitigate and restore
impoundment hydrology focus on installing culverts
through the impoundments. Rotational impoundment
management is now used in much of the region, allow-
ing seasonal connection to the estuary while continu-
ing to control mosquito populations (Clements and
Rogers 1964, Brockmeyer et al. 1997, Taylor 2012). In

this process, the wetlands are isolated and flooded via
pumps during the mosquitoes’ summer breeding sea-
son (approximately May—October) and are left open
to the estuary the remainder of the year. This manage-
ment option has been found to improve water quali-
ty, plant diversity, and fish movement (Rey et al. 1990,
Brockmeyer et al. 1997).

Approximately 80% of the impounded wetlands
have been reconnected either seasonally or permanently
(FDEP 2016). Approximately 17% of impounded wet-
lands still need some level of rehabilitation, but around
2% of impounded wetlands remain isolated because they
are surrounded by rocket-launch facilities, power plants,
or other developed areas, making them incompatible with
reconnection (IRLNEP 2019). Wetland reconnection and
restoration are a major part of the Surface Water Im-
provement and Management Plan (SWIM) for the IRL
(SJRWMD and SFWMD 2002). Other efforts include
preserving wetlands through land acquisition, planting
native species, and removing invasive species (SJRWMD
and SFWMD 2002).
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Figure 12.5. Vegetation along the St. Lucie River includes red mangroves (Rhizophora mangle) and smooth
cordgrass (Spartina alterniflora) (top). Red mangrove is found mixed with a variety of other vegetation (bottom),
including the red maple (Acer rubrum, in the middle of the image) and the giant leather fern (Acrostichum
danaeifolium, at far right). Photo credits: Julie Mitchell (top) and Holly Sweat.
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Hydrology and water quality

Historically, the IRL drainage basin was much small-
er, and its boundary followed the Atlantic Coastal Ridge.
Numerous canals were constructed from 1916 through
the 1950s to drain much of the adjacent wetlands for agri-
culture (primarily for cattle ranging and citrus orchards).
These canals greatly increased both the size of the IRL
watershed and the rate at which water was delivered to the
lagoon. The canals increased freshwater flow in the rainy
season, concentrating stormwater runoff and dumping
large quantities of freshwater and associated land pollut-
ants into the lagoon (FDEP 2016). In the SJRWMD, the
original Upper St. Johns River Basin, the C-1 Rediversion
and other projects have moved substantial freshwater
flows away from the IRL and back to the St. Johns River
(https://www.sjrwmd.com/waterways/st-johns-river/up-

per/). Overall flow in the dry season has decreased due to
agricultural and urban consumption. The lagoons receive
freshwater input from surface runoff and groundwater
seepage, as well as minor inputs from precipitation and
natural tributaries. In the 1960s and 1970s, poorly treated
wastewater was discharged into the IRL, resulting in poor
water quality in the system, particularly near urban cen-
ters (FDEP 2016). These discharges were mostly removed
under the Indian River Lagoon System and Basin Act of
1990 (Chapter 90-262, Laws of Florida), though issues re-
main. Septic systems are still widely used in much of the
area, and seepage of bacteria, phosphorus, and nitrogen
from old systems that are not properly maintained are of
particular concern (FDEP 2009a).

Groundwater sources in the region include the Flor-
idan Aquifer, intermediate aquifer, and surficial aquifer.
The Floridan Aquifer and the surficial aquifer are used for
agricultural and public water supplies, although the Flor-
idan Aquifer becomes brackish in the southern IRL. The
SJRWMD and SFWMD have reduced permitted with-
drawals from the surficial aquifer in an attempt to protect
wetlands and prevent saltwater intrusion (FDEP 2016).

The barrier islands that border the east side of Mos-
quito Lagoon, Banana River Lagoon, and IRL have few
and widely spaced inlets. This restricts tidal flushing and
currents, resulting in high water-residence times and mak-
ing the region susceptible to impaired water quality (FDEP
2009a, 2009b, 2016). Water-level changes in the Mosquito
Lagoon are generally driven by wind more than by tid-
al currents or rainfall (FDEP 2009a). The Banana River
Lagoon requires two years for complete flushing, while
flushing in the southern IRL is 10-15 times more rapid
than in the northern lagoons (FDEP 2009b, FDEP 2013,
FDEP 2016). In extreme summer drought conditions,
evaporation, limited freshwater input, and limited flush-

ing have caused salinity values as high as 45 on the practi-
cal salinity scale in the Banana River Lagoon and parts of
the northern IRL and southern Mosquito Lagoon (FDEP
2016). The average depth of the IRL is 4 ft (1.2 m); the
water quickly warms in the summer, decreasing dissolved
oxygen and facilitating the development of hypoxic or an-
oxic conditions (FDEP 2016). In 20102013, phytoplank-
ton blooms resulted in extensive losses of seagrass in the
IRL (SJRWMD et al. 2012, Morris et al. 2022). The region
also had unusual mortality events in July 2012 and April
2013, with extensive deaths of dolphins, manatees, and
brown pelicans (FDEP 2016). More recently, seagrass loss
was determined to be a primary driver of the 2021-2022
manatee unusual mortality event. Research into the eco-
system-wide relationships that led to these algal blooms,
seagrass losses, and mortality events are at the forefront
of scientific and management efforts in the region (SJRW-
MD et al. 2012; Morris et al. 2022).

St. Lucie Estuary

The St. Lucie Estuary (SLE), which connects to the
southern IRL, was a freshwater river until the St. Lucie In-
let was dug in 1892, resulting in saltwater intrusion up to
26 km (16 mi) away at Midway Road in Fort Pierce (FDEP
2009¢). Construction of the St. Lucie Canal (C-44 Canal;
Figure 12.2) was completed in the 1920s, draining large
areas west of the SLE and connecting water flow from
Lake Okeechobee to the south fork of the SLE (FDEP
2016). These freshwater inputs drastically increased the
sediment and nutrient load to the SLE. Depending on
the duration and magnitude of freshwater releases from
Lake Okeechobee, the estuarine salinity may become
oligohaline, stressing or killing estuarine plants and an-
imals (FDEP 2016). The Lake Okeechobee Watershed
Project and IRL South Feasibility Plan components of
the Comprehensive Everglades Restoration Plan (CERP)
emphasize decreasing the number and volume of large
freshwater discharges from Lake Okeechobee into the
SLE (Bartell et al. 2004, CERP 2013, RECOVER 2020a,
2020b). The SWIM plan for the IRL, including the SLE,
is also focused on improving the quality of water entering
the system (SJRWMD and SEWMD 2002).

The North Fork St. Lucie River was dredged and
bermed for flood control and agriculture from the 1920s
to the 1940s (FDEP 2009¢). This dredging straightened the
river and isolated much of the flood plain and the oxbows
from the main river channel, resulting in a faster-flowing
river channel, with regions of stagnation and sedimenta-
tion in the former oxbows (FDEP 2009¢). The North Fork
was connected to the C-23/C-24 canal system in the 1950s
as a part of the Central and Southern Florida Project, fur-
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ther increasing the amount of freshwater diverted into the
SLE (SFWMD 2009a). Tidal wetlands and mangrove for-
ests along the SLE are dominated by red mangrove (Figure
12.5), with minor contributions from giant leather fern
(Acrostichum danaeifolium) and coastal plain willow
(Salix caroliniana) (FDEP 2009c¢). Brazilian pepper and
Australian pine have overtaken much of the mangrove
habitat on the North Fork St. Lucie River, in part due to
the straightening of the river channel (FDEP 2009¢). A
portion of the IRL South Feasibility Plan includes recon-
necting isolated oxbows along the North Fork to improve
water filtration and habitat utilization in the remnant
floodplain communities (Bartell et al. 2004).

Threats to coastal wetlands

¢ Hydrologic alteration: The hydrology of the IRL sys-
tem has been significantly altered by the construction
of drainage canals and connection of the SLE to Lake
Okeechobee, increasing both the size of the watershed
and the rate of surface water delivery. Remaining im-
poundments and dragline ditching also decreased the
functionality of coastal wetlands, hindering their abili-
ty to improve the quality of surface water.

¢ Nutrient loading and poor water quality: The combi-
nation of altered watershed hydrology, increased fresh-
water inflow, polluted runoff, loss of wetlands, and low
flushing make the IRL highly susceptible to impaired
water quality. The buildup of pollutants, strong tem-
perature changes, hypoxic conditions, and algal blooms
have ecosystem-wide impacts on the estuary. Nutrient
loading can alter mangrove growth and function, which
can reduce resilience and recoverability of mangroves
impacted by environmental stressors (e.g., droughts
and hurricanes) (Lovelock et al. 2009, Feller et al. 2015).

e Urban development: The rate of urban development
and the draining of wetlands surrounding the IRL have
slowed since their peak in the 1950s to the 1970s, but
the population continues to grow, and some of the re-
maining impounded coastal wetlands remain in private
ownership. This limits restoration efforts, and these wet-
lands are still vulnerable to development (IRLNEP 2008).
Additionally, developed land cannot accommodate land-
ward migration of coastal wetlands under sea-level-rise
scenarios, resulting in the reduction or disappearance of
these important coastal habitats (e.g., Rogers 2021).

o Sea-level rise and climate change: Sea-level rise has
been established as a threat to coastal zones for decades
(Nicholls and Cazenave 2010). To persist, wetland
ecosystems must adjust to rising sea level by building

substrate vertically or migrating landward, or they
face becoming submerged. Wetland extent will likely
decline in regions of urban development that lack ap-
propriate buffer-zone habitat (IRLNEP 2008). Due to
the decrease in frequency and severity of major freeze
events, mangroves have expanded into salt marsh and
other adjacent habitats (Cavanaugh et al. 2014). If cold
events continue to be infrequent, this pattern will like-
ly result in continued expansion of mangroves into salt
marsh habitat (Cavanaugh et al. 2019).

e Invasive vegetation: Invasive vegetation, most notably
Brazilian pepper and Australian pine, encroaches on
the edges of coastal wetland habitat, particularly on
impoundments or on spoil islands (FDEP 2016) and
outcompetes the native vegetation. Brazilian pepper is
particularly prevalent along dragline ditches and on the
bermed and straightened portions of the North Fork St.
Lucie Estuary (FDEP 2009¢). Also, native species such
as red cedar (Juniperus virginiana) and saltwater false
willow (Baccharis angustifolia) have colonized these
areas of high ground, and thus woody species now in-
habit regions of the marshes historically dominated by
herbaceous vegetation.

Mapping and monitoring efforts

Water management district mapping

Since 1990 SJRWMD has conducted regular land-use/
land-cover (LULC) sampling using aerial orthophotogra-
phy. These mapping efforts also used wetland assessments
from the late 1980s with the assumption that regions
identified as wetlands were still wetlands if they had not
been developed. Exceptions occurred in areas in which
wetlands had been drained or experienced prolonged dry
conditions. Updates were made to the 2009 LULC maps
using 2013-2016 digital orthophotography to create the
2014 LULC map shown in Figures 12.1 and 12.2 (SJRW-
MD 2019). The minimum mapping unit for wetlands was
0.2 ha (0.5 ac). Land features were categorized according
to the Florida Land Use and Cover Classification System
(FLUCCS) (FDOT 1999) and outlined in the SJRWMD
photointerpretation key (SJRWMD 2018). Salt marsh and
mangrove extent in the IRL region according to past and
present SJRWMD and SFWMD LULC maps is shown in
Figure 12.6 and Table 12.1. Land cover extent published
in 1990 and 1995 is excluded from Figure 12.6, because
mapped changes in land cover are largely due to variable
mapping methods (e.g., classification of ponds or marsh-
es with cattails has changed over time) rather than true
changes in land cover.
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Figure 12.6. Extent of salt marsh and mangrove swamp in land-use/land-cover maps from the two water
management districts in the Indian River Lagoon region (SJRWMD 2019, SEFEWMD 2019). Data from 1990 and

1995 are excluded due to variable mapping methods.

The SFWMD has updated its LULC mapping every
3-5 years since 1995. Land-cover classifications are based
upon SFWMD’s modifications to FLUCCS (FDOT 1999,
SEWMD 2009b). Figure 12.2 presents data from 2017—
2019 surveys (SFWMD 2019). Minimum mapping units
were 0.2 ha (0.5 ac) for wetlands. Maps were made by
interpreting aerial photography and updating 2014-2016
LULC maps. Some changes in land-cover area, such as the
increase in salt marsh area in 2008-2009 (Figure 12.6, Ta-
ble 12.1), may reflect changes in mapping methods.

Shoreline characterization in northern Indian
River Lagoon

The University of Central Florida (UCF) mapped
shoreline characteristics of Mosquito Lagoon, Banana
River, and northern Indian River Lagoon in Brevard
County using methods developed by SJRWMD for north
Florida. Beginning in 2015, UCF evaluated a total of 375
miles of shoreline in the northern IRL, from Ponce Inlet
(Volusia County) to Sebastian Inlet (Brevard County),
with support from the City of Titusville, Brevard Coun-
ty Natural Resources, and the Florida Fish and Wildlife
Conservation Commission (FWC). Shoreline evaluations
were completed at transects located every 30 m in devel-
oped areas and every 100 m of shoreline in undeveloped
areas, with transect spacing based on frequency of transi-
tions to different habitats or armoring type. Data collect-
ed on each transect included presence and type of hard
structure, adjacent property use, slope, width of each
habitat type and the intertidal zone, plant species in each
habitat type, presence of oysters and seagrass, and sever-
ity of erosion.

Table 12.1. Extent of mangrove swamps (FLUCCS
6120) and salt marshes (FLUCCS 6420) in the Indian
River Lagoon region. Data sources SJRWMD (2019)
and SEWMD (2019).

District/year ~ Salt marsh Salt marsh Mangrove Mangrove
of LULC map (ha) (ac) (ha) (ac)
SJRWMD
1990* 7,743 19,133 3,602 8,902
1995* 4,301 10,628 2,153 5,321
2000 9,766 24,132 4,621 11,418
2004 9,071 22,414 4,586 11,332
2009 8,166 20,179 5,678 14,030
2014 7,467 18,452 5,939 14,677
SFWMD
1995* 4 10 3,516 8,688
1999 20 49 3,182 7,863
20042005 17 42 3,142 7,765
2008-2009* 235 581 3,159 7,806
20142016 34 85 3,353 8,286
2017-2019 33 80 3,370 8,328

* Changes in land cover are also affected by variable mapping
methods.

Data and analyses have been used to identify loca-
tions needing restoration and to guide decision-making
for shoreline management. Results indicated extensive
hard-armoring in Brevard County, with 67 % of shorelines
hard-armored (Donnelly et al. 2018). In comparison, only
11% of Mosquito Lagoon shorelines were hard-armored
because the majority of property is located in the Canav-
eral National Seashore, Merritt Island National Wildlife
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Figure 12.7. Restored salt marsh at New Smyrna Beach, on property belonging to the Florida Fish and Wildlife
Conservation Commission. The image at left is immediately following restoration in 2013; the image at right shows
vegetation growth in 2021. Photo credits: SJRWMD.

Refuge, or the Mosquito Lagoon Aquatic Preserve (Kibler
et al. 2020). Shoreline characterization was used to devel-
op hydrodynamic thresholds for mangroves and to pri-
oritize shorelines for stabilization and restoration efforts
(Cannon et al. 2020). Shoreline profile data are publicly
available through the UCF repository: https://stars.library.
ucf.edu/ceelab-researchdata/l/ and https://stars.library.
ucf.edu/shorelines/1/. Funding was received to expand

shoreline characterization into the southern Indian River
Lagoon beginning in 2022.

Habitat restoration, rehabilitation, and
monitoring in northern IRL

e Salt marsh restoration at New Smyrna Beach: In
2014, the FWC and SJRWMD partnered with NOAA
and the Marine Discovery Center, a nonprofit educa-
tion and research facility, in New Smyrna Beach to re-
store 2 ha (5 ac) of salt marsh adjacent to the center.
Restoration activities included excavation and removal
of dredged spoil and subsequent marsh planting, as
well as creation of a living shoreline for demonstrating
alternative shoreline stabilization techniques (Figure
12.7). The site serves as a hub for regional restoration,
supporting numerous programs for monitoring and re-
search in conjunction with the Marine Discovery Cen-

ter and serving as a donor marsh, which supplies plants
for restoration projects throughout the region.

¢ Hydrologic restoration of coastal wetland altered
for mosquito management: Beginning in the 1990s,
the US. Fish and Wildlife Service, SJRWMD, and
Volusia County Mosquito Control worked to restore
and rehabilitate salt marsh in the northern IRL that
had been impacted by the mosquito control methods
of impounding and ditching (Brockmeyer et al. 2021).
Restoration involved leveling impoundment dikes or
spoil piles created by mosquito ditching and partly fill-
ing adjacent borrow ditches to return habitat to natural
marsh elevations (Figure 12.8), re-establishing hydro-
logical conditions, and initiating natural regeneration
of wetland communities. Initial monitoring efforts to
evaluate the effectiveness of impoundment restoration
methods began in 2005 at three restored impoundments
and two reference marshes. Monitored parameters in-
cluded abiotic characteristics related to natural wetland
hydrology (elevation, soil moisture, soil salinity) and
changes in biotic characteristics (plants, fiddler crabs).
Results of the first phase of monitoring identified halo-
phytic vegetation along dike shorelines that could be
conserved during leveling and target elevations to lim-
it nonnative species recruitment postrestoration; these
recommendations were applied to dike removal begin-
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Figure 12.8. Coastal wetlands in Mosquito Lagoon that were ditched with a dragline in the late 1960s to control
mosquitoes. The foreground shows the results of the original ditching; restoration is under way in the center of the
image. Photo credit: Linda Walters, University of Central Florida.

ning in 2007. Postrestoration monitoring through 2012
documented how the conservation of shoreline vege-
tation increased the rate of plant community recovery
by providing a source of native wetland plants directly
adjacent to restored habitat and prevented recruitment
of nonnative plants, including Brazilian pepper (Brock-
meyer et al. 2021). Additional monitoring was complet-
ed between 2015 and 2017 at 20 impoundments, rang-
ing from 35 to 18 years postrestoration, and at restored
dragline-impacted wetlands in 2019 and 2020, 9 to 10
years postrestoration, to evaluate long-term changes in
abiotic and biotic characteristics. Results showed that
hydrological restoration of mosquito impoundments
supported the development of functional wetland eco-
systems and reversed some of the extensive habitat loss
caused by alterations for mosquito management.

Living shoreline stabilization in Canaveral National
Seashore: Living shoreline stabilization and monitoring
in Mosquito Lagoon began in 2011 through a partner-
ship between UCEF, the Southeast Archeological Center
(US. National Park Service), and Canaveral National
Seashore (Donnelly et al. 2017). The purpose of this

project was to develop living shoreline methods for pro-
tecting historical structures (e.g., shell middens, houses)
threatened by shoreline erosion and sea-level rise. After
experimental testing, stabilization methods mimicked
natural shorelines and included a combination of oys-
ter materials (shell mats or bags for recruiting oysters),
smooth cordgrass, and juvenile mangroves. Since 2011,
a total of 4.2 km (2.6 mi) of shoreline has been stabi-
lized in Mosquito Lagoon at 13 historically significant
shell midden locations using living shoreline methods.
This project combined science-based restoration with
education and outreach components for students from
preschool through college and thousands of commu-
nity volunteers. Funding and in-kind support were
provided by the Indian River Lagoon National Estu-
ary Program, the FWC, the Marine Discovery Center’s
Shuck-and-Share program, and the Coastal Conserva-
tion Association.

Pre- and poststabilization monitoring protocols
evaluated severity of erosion, characterized habitat
structure, and documented diversity and abundance
of plants and mobile and sessile marine invertebrates.
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Permanent monitoring transects were established at
living shorelines and nearby eroding and noneroding
shorelines as experimental controls. All locations were
monitored seasonally during the first year poststabi-
lization and then annually to document long-term
changes following stabilization. By 2021, all sites com-
pleted in 2019 or earlier had reached at least 90% cover
of vegetation in the intertidal areas planted with man-
groves and smooth cordgrass. The first shell midden
shoreline stabilized at Turtle Mound was fully vege-
tated with mature mangroves up to 4 m in height after
10 years. Oysters have recruited to breakwater struc-
tures at all locations. Stabilization has also support-
ed seagrass in adjacent subtidal areas, and increased
seagrass density has been observed at 8 of 13 locations
where stabilization has occurred. Ongoing monitor-
ing at control shorelines has documented increased
density of mangroves at all locations since 2011. Liv-
ing shoreline sites have been evaluated by additional
shorter-term monitoring efforts, documenting effects
of mangrove size and breakwaters for mangrove sur-
vival (Fillyaw et al. 2021), bird and mammal diversity
and behavior (Rifenberg et al. 2021), and changes in
fish communities (Loch et al. 2021). Living shorelines
installed in 2020-2021 focused on testing the use of
nonplastic materials for breakwater structures, and
monitoring is ongoing to evaluate integrity and effec-
tiveness of materials used in Mosquito Lagoon.

IRL mangrove permanent plot monitoring

In 2014, permanent mangrove monitoring plots were
established by the Smithsonian Environmental Research
Center along the Indian River Lagoon and Mosquito
Lagoon. Long-term monitoring at these sites includes
mangrove and salt marsh biomass and edaphic factors
(see Simpson et al. 2017 for methods). Additionally, the
sites have been used to monitor carbon storage, soil efflux
(Simpson et al. 2019), decomposition and epifaunal abun-
dance (Smith et al. 2019), and black mangrove genetic dif-
ferentiation (Kennedy et al. 2020). The permanent plots
were established as a baseline for future monitoring, espe-
cially considering disturbance and global climate change
drivers. Ongoing monitoring is conducted by the Florida
Oceanographic Society.

Jensen Beach restoration monitoring

In late 2021, the FWC and the Florida Oceanograph-
ic Society began a project designed to monitor tree mor-
tality and recovery in an impounded mangrove forest in

Jensen Beach. The Jensen Beach Impoundment is a 70-ha
(170 ac) impounded mangrove wetland that was created
for mosquito control. The forest was chronically stressed
by limited hydrologic flow, and after Hurricane Irma in
2017 it experienced massive vegetation mortality in 54
acres following acute stress caused by standing water.
This project is monitoring the water quality, hydrology,
forest elevation, vegetation, and soil in areas that show
signs of low, moderate, and severe stress within the im-
pounded wetland. Monitoring will continue after resto-
ration of the forest to evaluate forest recovery following
the addition of culverts (completed in 2022) and clearing
of ditches (scheduled for 2023) to improve water flow.

Southern IRL and St. Lucie Estuary infaunal and
environmental monitoring

As part of CERP, the Smithsonian Marine Station
has monitored benthic infaunal communities in relation
to changing water quality and sediment characteris-
tics at 15 sites in the southern IRL and SLE quarterly
since 2005 (Sweat et al. 2021). Infauna (e.g., burrowing
worms, mollusks, and crustaceans) perform important
ecosystem services, including consuming settled and sus-
pended organic matter (Word 1979, Tenore et al. 2006),
aerating and cycling nutrients in sediments (Rysgaard
et al. 1995, Mermillod-Blondin et al. 2004), and serving
as prey for higher-level organisms (Virnstein 1977, Seitz
et al. 2001). These communities are also excellent indi-
cators of habitat quality because they are relatively sta-
tionary and more sensitive to stressors than larger, more
mobile taxa. As such, infauna have been monitored as
benchmarks of environmental change in Florida estu-
aries for decades (e.g., Bloom et al. 1972, Lewis 1984,
Mason et al. 1994, McRae and Madley 2001, Walton et
al. 2013).

Four of the 13 sites are in mangrove habitat (Figure
12.9), representing different salinity regimes, sediment
characteristics, and impacts from inland runoff and
coastal tidal exchange. This habitat diversity is reflected
in the composition of the infauna. Sites in the north and
south forks of the St. Lucie River (M01, M02, and M14)
are characterized by muddy sediments and are impacted
by inland freshwater. The communities at these sites are
dominated by fresh and brackish taxa tolerant of envi-
ronmental disturbance. Located near the St. Lucie Inlet,
MOS8 is more saline, with sandier sediments and no mud.
This site hosts more diverse infaunal communities that
contain species sensitive to disturbance (e.g., the snail
Acteocina canaliculata, Figure 12.9, bottom right, middle
photograph).
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Figure 12.9. Map of 15 long-term infaunal monitoring sites in the southern IRL and SLE, 4 of them in mangroves
(green). Insets present salinity and bottom type and depict characteristic benthic taxa from the mangrove sites.
Photographs (left to right): MO1, Laeonereis sp., Rangia cuneata, tanaid crustacean; M02, harpacticoid copepod,
chironomid midge larva, sarsiellid ostracod; M14, Mulinia lateralis, Melanoides tuberculata, Corbicula sp.;
MO8: Mediomastus californiensis, Acteocina canaliculata, Streblospio benedicti.

North Fork St. Lucie River Floodplain
vegetation study

In 2009, four transects were established through veg-
etation in the North Fork St. Lucie River floodplain in a
study of canopy, shrub, and ground-cover communities
in conjunction with soil conductivity and soil moisture
(SFWMD 2015). This research was a cooperative effort
between the Coastal Ecosystems Section of SFWMD,
FDEP’s Florida Park Service at the Savannas Preserve State
Park, and the FDEP IRL Aquatic Preserve office. The re-
sults of the survey indicated that most of the remaining
floodplain consisted of hammock and bottomland hard-
wood communities (SFWMD 2015). Swamp communi-
ties had been limited by the placement of spoil material
along much of the shoreline and at the openings of sev-

eral oxbows. Most of what remains of the floodplain suf-
fers from reduced hydroperiods. Saltwater intrusion was
evidenced by the higher soil conductivity values down-
stream, in areas dominated by white mangroves. Water
managers are examining means of restoring upstream
freshwater inflow and enhancing the floodplain habitat
for fish and wildlife as CERP plans are implemented and
adaptive management decisions are made.

North Fork St. Lucie River mangrove mapping

St. Lucie County Environmental Resources Depart-
ment mapped the extent of mangroves along the North
Fork St. Lucie River from Port St. Lucie Boulevard north-
ward to the fork of Ten Mile Creek and Five Mile Creek
during January—February 2013 (Figure 12.10). Observa-
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tions were made on intensive shoreline scouting trips, pri-
marily by boat but also by land. Nearly all mangroves ob-
served were red mangroves, with a few black mangroves
at the southern end. Heights of some isolated trees were
also recorded.

Recommendations for protection,
management, and monitoring

e Continue efforts toward hydrologic reconnection by in-
stalling culverts through impoundment dikes (IRLNEP
2019). This improves hydrologic flow and enables aquat-
ic species to travel between lagoon and wetland habitats
(Brockmeyer et al. 1997, IRLNEP 2008). Where practi-
cal, fully restore impoundments by returning dike mate-
rial to the borrow ditch and grading to adjacent wetland
elevation (Rey et al. 2012, Brockmeyer et al. 2021). Like-
wise, continue restoration of areas with dragline ditches
and spoil piles to re-establish more natural wetland ele-
vations. Continue to monitor and evaluate restored wet-
lands to improve and increase ecosystem services.

e Encourage wetland protection, restoration, and man-
agement on private lands and minimize further loss of
wetlands through acquisition of privately owned wet-
lands and ordinances (IRLNEP 2008, 2019, Rey et al.
2012). Full implementation of the Indian River Lagoon
Blueway Florida Forever Project would be a major step
in this effort (FDEP 2020).

e Continue installation of living shorelines with native
plants, which helps prevent erosion, stabilize shores,
and improve water quality (FDEP 2016, IRLNEP 2019).
Nutrient reduction and improvement of water quality
are focus areas in many IRL management plans; coastal
wetlands serve as vegetative buffers and assist in achiev-
ing these goals (SJRWMD and SEWMD 2002, BMAP
2013, FDEP 2016).

e Support long-term monitoring of coastal wetland res-
toration and living-shoreline sites to guide future proj-
ects and provide data for better understanding trends in
ecosystem structure and function.

o The susceptibility of the IRL ecosystem to water qual-
ity issues, algal blooms, and subsequent unusual mor-
tality events highlights the need for further study to
more fully elucidate cause-and-effect relationships in
the ecosystem.

o The water quality of the SLE is tightly linked to fresh-
water releases from Lake Okeechobee. Freshwater re-
leases should be managed to reduce the frequency and
duration of extreme salinity events and high nutrient

Figure 12.10. Density of mangroves along the North
Fork St. Lucie River in 2013.
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and sediment loads into the SLE (SJRWMD and SFW-
MD 2002, RECOVER 2020a, 2020b).

e As a part of urban planning, establish or enhance up-

land buffers along coastal wetlands to enable shore-
ward migration of coastal vegetation in the face of
sea-level rise IRLNEP 2008). Where needed, restore a
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natural gradient by removing dikes or berms between
wetlands and adjacent uplands. Further research is also
recommended to determine best ecosystem-level man-
agement practices in the face of changing coastal con-
ditions (IRLNEP 2008).

o Continue efforts to remove invasive nonnative plants and
to encourage or plant native species. Restoration efforts
that re-establish proper wetland elevations facilitate re-
colonization by native coastal wetland plants. Educate
residents about invasive vegetation and continue efforts
to rapidly recognize and address new invasive species.
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