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Abstract In Florida, mangrove-dominated wetlands
have been manipulated and managed largely for
control of mosquitoes or to make way for human
development since the late 1800s. More recently,
many wetlands have been rehabilitated as their
contributions to estuarine ecosystems became appar-
ent and techniques that restored valuable contributions
without compromising control of mosquitoes became
available. This paper documents the history of
manipulations largely used to control mosquito pro-
duction in wetlands on the east coast of Florida, which
have included ditching, filling, and impounding. It

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s11273-021-09843-3.

R. E. Brockmeyer Jr. (<)

St. Johns River Water Management District,
PO Box 1429, Palatka, FL 32178, USA
e-mail: rbrockmeyer @sjrwmd.com

M. Donnelly
Department of Biology, University of Central Florida,
Orlando, FL 32816, USA

J. R. Rey

University of Florida, Florida Medical Entomology
Laboratory, 200 9th Street S.E., Vero Beach,

FL 32962, USA

D. B. Carlson
Indian River Mosquito Control District, 5655 41st Street,
Vero Beach, FL 32967, USA

describes the management of these environmentally
sensitive habitats since World War II and approxi-
mately 40 years of effort to rehabilitate these systems
and improve their management. Improvements have
been accomplished via adaptive management,
science-based decision making and engagement of
diverse groups of resource managers and stakeholders.
Interagency efforts to provide balanced management
of these wetlands are discussed, and work is presented
to demonstrate the outcomes from rehabilitating
impoundments in the Indian River Lagoon. These
strategies for management and rehabilitation should
provide guidance for restoring and conserving critical
ecosystem services delivered by mangrove-dominated
wetlands elsewhere, including survival in the face of
future environmental changes.

Keywords Wetland management - Coastal wetland -
Restoration - Hydrological restoration - Resilience -
Adaptive management - Salt marsh - Mangrove
expansion

Introduction

Mangrove systems along Florida’s east coast have
been adversely impacted by human activities since
navigational dredging in the late 1800s created the first
widespread structural changes to wetlands (see time-
line in Table 1). Many subsequent impacts arose from
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Table 1 Overview of anthropogenic impacts and management actions related to mosquito control and management of mangrove-
dominated wetlands in Florida over the past century

Timeframe Actions related to mangrove-mosquito management

1880-1960s Dredging for navigation and construction of Atlantic Intracoastal Waterway

1920-1930 Early attempts at control of mosquitoes involved ditching of coastal wetlands

1940-1950 Chemical control of mosquitos was common until resistance and widespread ecological problems were identified
1950-1960 Ditching, dredge and fill, and impounding of wetlands replaced the use of pesticides for management of mosquitoes
1955-1970 192 impoundments (~ 40,000 acres) were constructed in 5 counties along IRL (Volusia, Brevard, Indian River, St.

Lucie and Martin counties)
1950-present

1972 Water Resource Act passed by the state legislature

Late 1970s

Dredge and fill for development increased with increasing populations in coastal communities in Florida

First impoundment breached in MINWR to restore habitat for dusky seaside sparrow

1983 Creation of the Governor’s Working Group on Mosquito Control and Technical Subcommittee on Mosquito

Impoundments by Governor Bob Graham

1983-1992 Coastal Zone Management funding for research on management of impoundments (Federal funds managed by the
FDEP)

1986 FCCMC and SOMM established in Florida law

1987 SWIM Act approved

Mid-1980s- Begin reconnecting impoundments with culverts and using the RIM management for control of mosquitoes

1990s

1991 IRL designated as Estuary of National Significance and the IRL National Estuary Program established

1998 USFWS, SIRWMD, and VCMC began full impoundment restoration in MINWR

1999 National Park Service, VCMC and SJRWMD began restoration of dragline-impacted wetland in the Canaveral
National Seashore

1999-2004 Wetland Initiative in MINWR guided research into impoundment management

20002011 Full restoration of mosquito impoundments underway in Canaveral National Seashore and MINWR

2000-2019 Restoration of dragline impacted wetlands throughout east coast of Florida

2003-present Removal of dredge spoil and wetland restoration throughout the east coast of Florida

2005-2012 Post-restoration monitoring of fully restored mosquito impoundments

2010 NERT was established, leading to the development of additional restoration teams across Florida

2015-2017 Post-restoration monitoring of a full set of restored impoundments

Acronyms are described in Table 2

attempts to manage prolific production of “saltmarsh”
mosquitoes from wetlands containing mangroves. But,
scientific recognition of the value of ecological
services delivered by mangroves has led to robust
efforts to restore these systems. Restoration must still
address management of mosquitoes, along with new
issues related to climate change. Our experiences and
the lessons learned in Florida may be of value to
others.

The term “mangrove” describes a diverse ecolog-
ical, rather than taxonomic, assemblage of plants that
are adapted to coastal saline environments and occur
worldwide along tropical and subtropical coasts.

@ Springer

Mangroves prosper on protected coasts with fine-
grained sediments where the average temperature
during the coldest month is greater than 20 °C
(Saintilan et al. 2009). Three species of mangroves
occur in North America: the red mangrove (Rhi-
zophora mangle), the black mangrove (Avicennia
germinans), and the white mangrove (Laguncularia
racemosa; Lugo and Snedaker 1974; Tomlinson
1994). These species occur primarily in Florida, but
they also can be found along the Gulf Coast of
Louisiana and Texas and in other scattered locations,
usually as stunted, small shrubs (Saintilan et al. 2009).
Mangroves create structurally complex, biogenic,
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Table 2 Complete list of acronyms used in the text

Brevard County Mosquito Control BCMC
Fla. Coordinating Council on Mosquito Control ~ FCCMC
Fla. Dept. of Environmental Protection FDEP
Fla. Fish and Wildlife Conservation Commission FWC
Indian River Lagoon IRL
Merritt Island National Wildlife Refuge MINWR
National Oceanic and Atmospheric NOAA
Administration
Nationwide Permits NWP
North Peninsula State Park NPSP
Northeast Florida Estuarine Restoration Team NERT
Northern Coastal Basin NCB
Open Marsh Water Management OMWM
Rotational Impoundment Management RIM
South Florida Water Management District SFWMD
St. Johns River Water Management District SIRWMD
Subcommittee on Managed Marshes SOMM

Surface Water Improvement and Management Act SWIM
United States Fish and Wildlife Service USFWS
Volusia County Mosquito Control VCMC

There was no funding provided for the development of the
manuscript  entitled,  “Manipulating, managing and
rehabilitating mangrove-dominated wetlands along Florida’s
east coast (USA): Balancing mosquito control and ecological
values”

coastal habitats that are utilized by a diverse assem-
blage of species from terrestrial and aquatic environ-
ments, and they provide many additional ecosystem
services (Alongi 2009; Barbier 2016; Howard et al.
2017; Friess et al. 2019). In particular, mangrove
forests:

1. Provide critical habitats for many plant and animal
species, some of which are important ecologically,
commercially or recreationally.

2. Fuel important coastal, detritus-based food webs

with their high primary productivity.

Filter water flowing from uplands effectively.

Stabilize sediment and protect against erosion.

Store water thus providing protection from floods.

Sequester a large amount of carbon making them

an important blue carbon resource in mitigation of

climate change.

AW

In addition to these services, significant numbers of
mosquitoes can be produced in mangrove forests

(Carlson and Vigliano 1985). In many areas of Florida,
a large proportion of any mangrove forest is suit-
able for production of mosquitoes (Provost
1973, 1976). In North America, the principal pest
species reproducing in mangrove forests is the black
saltmarsh mosquito Aedes taeniorhynchus (Wiede-
mann), which is an aggressive biter capable of flying
relatively long distances (Rey et al. 2012a).

This paper examines impacts to mangrove systems
in Florida, with a focus on the overlap with attempts to
control mosquito production. We discuss these
impacts and the consequences of that interaction from
the late 1800s to the present, before giving a detailed
account of the evolution of mosquito management in
mangroves, as it shifted from a singular focus on
mosquito eradication to a broader integration of
wetland rehabilitation and management. The paper
concludes with a brief discussion of two future issues,
sea level rise and changes in mangrove distribution
due to climate change.

History of impacts to Florida mangroves

There have been a wide variety of direct anthro-
pogenic impacts to coastal wetlands, including man-
groves, since the late 1800s in Florida (see Table 1).
Many of these impacts resulted from attempts to
control the production of the mosquitoes. All impacts
influenced the ecological services provided by
mangroves.

Navigational dredging

From the 1880s through at least the 1960s, numerous
navigation channels were dredged and many are still
maintained as part of the Atlantic Intracoastal Water-
way (Parkman 1983; Crawford 2006). In some areas,
the channels were cut through pristine wetlands and
large amounts of dredge spoil were deposited on
adjacent wetlands. For example, in an area on the
northeast coast of Florida running from Ponce de Leon
Inlet to just south of the mouth of the St. Johns River,
over 565 ha of essential estuarine habitat were filled
by spoil from dredging (Brockmeyer, unpublished
data), with additional acreage lost to the channel.
Losses of this scale may be present throughout coastal
areas adjacent to the intracoastal or other navigational
channels.
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Fig. 1 A map of the Indian River Lagoon region along the east
central coast of Florida, USA. Mosquito impoundments and
dragline-impacted wetlands are shown. Merritt Island National
Wildlife Refuge and the C-8 impoundment are labeled for
convenience

Mosquito control
Ditching

Beginning in the 1920s in Florida, parallel ditches dug
by hand or with dynamite were among the first
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attempts to control populations of coastal mosquitoes
(Rey et al. 2012b). Thousands of miles of ditches were
dug throughout Florida up until World War II, in order
to interrupt the life cycle of mosquitoes by removing
water from the surface of the wetlands as was done in
the northern coastal states of the USA. The effective-
ness of ditches declined as connections to the estuary
eroded and frequently closed.

Impounding

A mosquito control impoundment is a salt marsh or
mangrove forest that has been surrounded by a dike to
allow control of water levels. The effectiveness of
impoundments relies on the fact that saltmarsh
mosquitoes will not oviposit on standing water. Thus,
mosquito production was prevented by keeping the
substrate flooded with even just a few centimeters of
water during the warm spring/summer seasons (Carl-
son et al. 1999). In the Indian River Lagoon system
(IRL; Fig. 1) in east central Florida, the complexity of
mangrove habitats made ditching problematic while
the low tidal amplitudes would limit the circulation of
water through Open Marsh Water Management sys-
tems (OMWM; Ferrigno and Jobbins 1968; Lesser and
Shisler 1979; Meredith et al. 1985). As a result, source
reduction efforts depended heavily on impoundments
constructed from the 1950s through the early 1970s to
control production of mosquitoes in the large expanses
of salt marsh and mangroves in the IRL (Table 1; Rey
et al. 1991a; Brockmeyer et al. 1997).

Dragline ditching

From the 1950s through the early 1970s (Fig. 1 and
Table 1), draglines were used to dig ditches through
wetlands throughout Florida (Rey et al. 2012b). The
draglines worked from mats or were mounted on small
barges, and material excavated from the wetlands was
piled on either side of the newly created ditch.
Extensive networks of deep, wide ditches and adjacent
piles of spoil severely reduced functional acres of
wetland. The purpose of the ditches and piles of spoil
was to interrupt the life cycle of saltmarsh mosquitoes
by eliminating suitable sites for egg-laying (oviposi-
tion) and by allowing larvivorous fish access to
mosquito larvae. On average, half of any wetland
ended up as ditch and spoil (Rey et al. 2012b), which
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subsequently reduced the ecological services pro-
duced by the impacted area.

Dredge and fill

During the 1950s and 1960s, estuarine sediments were
dredged and deposited onto adjacent coastal wetlands
to reduce habitats that produce mosquitoes along
Florida’s east-central coast. This technique to control
mosquitoes proved to be too slow and costly, which
led to its abandonment in the late 1960s (Rey et al.
2012b). In addition, cracks in the surface of the filled
areas proved to be excellent ovipositional sites for
saltmarsh mosquitoes, thus worsening the problem.
Environmental regulations now restrict the filling of
wetlands (Carlson and O’Meara 2009). Although
constructed to control mosquitoes, some of these
newly filled waterfront areas were subsequently used
for urban development.

Development

Similar to the dredge and fill approach to controlling
mosquitoes, wetlands were filled with spoil to create
dry areas for commercial and residential development
separated by deep channels for docks and boats. These
“finger canal” developments typically have bulk-
headed shorelines, and poor water circulation in dead-
end canals can create poor water quality. In addition to
loss of wetlands and reduced water quality, increases

in human populations near prolific mosquito produc-
ing areas necessitates additional mosquito control
activities that may further impact the lagoon and
associated wetlands. Areas filled for development can
be identified easily in aerial imagery due to parallel
canals or prominent, regular geometric shapes that
protrude into the estuary (Fig. 2). Though this type of
development occurred throughout Florida, the rate of
filling for development around the IRL increased
rapidly beginning in the 1950s (Table 1). Much of the
increase was due to the expanding presence of the
National Aeronautical and Space Administration at
Cape Canaveral. This coastal development combined
with alterations to manage mosquitoes resulted in
significant loss of mangrove habitat throughout the
Lagoon.

Recovering functions of impacted wetlands

The value of coastal wetlands was recognized in the
1950s and 1960s (Provost 1968, 1969; Odum and
Heald 1972), but the first efforts in east-central Florida
to address lost functions occurred in the early 1970s. In
this section, we will describe research from the 1960s
through the 1980s that documented impacts from
impounding and isolating wetlands but also revealed
the benefits from even minimal reconnection via
culverts. With interagency coordination, efforts began
to rehabilitate the 16,200 ha of impounded wetlands in

Fig. 2 Aerial imagery from 1943 (left) and 2009 (right) illustrating the impact of development in Indian River County, FL. Note the

numerous mangroves scattered in the wetlands in 1943
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the IRL (Rey et al. 1991a; Brockmeyer et al. 1997).
Full restoration of impoundments and of a variety of
other impacted wetlands followed. Other key issues
include evaluating restoration and management to
confirm their success, expanded coordination to
advance restoration and concerns surrounding
permitting.

Impoundment research

Impounding was effective at controlling mosquitoes
and reducing the use of pesticides, but it had many
negative consequences for the ecological function of
these systems (Carlson et al. 1989; Rey et al. 1992;
Brockmeyer et al. 1997). Impacts included decreased
dissolved oxygen, wildly fluctuating salinities, high
sulfide concentrations, high water temperatures, and
uncharacteristically high levels of compounds con-
taining nitrogen and phosphorous. Deep flooding
eliminated wetland vegetation in some impoundments
resulting in barren and usually hypersaline flats. In
other high marshes, the natural vegetation of black
mangroves mixed with herbaceous halophytes was
replaced by red mangrove monocultures because their
arching prop roots helped them cope with high water
levels (Lahmann 1988). In some impoundments
flooded by artesian wells or upland drainage, vegeta-
tion shifted to freshwater systems usually dominated
by cattails (Typha spp.; Clements and Rogers 1964;
Brockmeyer et al. 1997). Impounding interfered with
the exchange of organisms and materials between the
wetland and the estuary, and the isolation drastically
reduced the diversity of fish utilizing these wetlands
(Harrington and Harrington 1961, 1982). Invertebrates
also were affected, with research documenting
impacts to zooplankton and other aquatic and terres-
trial invertebrates (Gilmore et al. 1982; Rey et al.
1991b; Tunberg 2009).

One of the first efforts to address the negative
effects of impounding occurred in Brevard County in
the early 1970s with the construction of one of the last
impoundments. The impoundment included water
control structures and spillways to allow effective
management of water levels during initial construction
(Provost 1977; Brockmeyer et al. 1997). Subsequent
work focused on identifying and quantifying delete-
rious effects of impoundments upon marsh and
estuarine systems, and on developing strategies to
mitigate these effects. Studies addressed fish (Gilmore
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et al. 1982; Rey et al. 1990a, b), zooplankton (Rey
et al. 1991b), other invertebrates (Tunberg 2009),
mangroves and other halophytic vegetation (Lahmann
1988; Rey et al. 1990c, d; Rey 1994), water quality
(Rey et al. 1992), soil chemistry (Parkinson et al.
1993; Rey and Kain 1993), and birds (Schikorr and
Swain 1995; Smith and Breininger 1995). A common
finding was that isolating the wetland from the
adjoining estuary was a major driver for adverse
impacts. This research provided the framework for
several management techniques currently used in
Florida (described below) that emphasize re-estab-
lishment of marsh-estuary tidal connections while
maintaining the ability to control mosquitoes with
minimal use of pesticides. During the mid-1990s,
research priorities shifted away from mosquito control
issues. Federal funding became difficult to obtain
because impounded wetlands were considered a
“local” problem. Most scientific data resulted from
ecological monitoring and evaluation of wetland
rehabilitation or restoration projects, primarily con-
ducted by local universities (Lin and Beal 1995;
Taylor et al. 1998; Faunce and Paperno 1999; Faunce
2000; Poulakis et al. 2002; Donnelly 2014; Donnelly
and Walters 2014).

Beginning in the late 1990s, conflicts between
management priorities (e.g., aquatic ecosystem func-
tions vs migratory bird management) at Merritt Island
National Wildlife Refuge (MINWR) led to a multi-
year, multi-disciplinary study entitled the Wetlands
Initiative, which examined the benefits and impacts
associated with managing impoundments in the
Refuge (Brockmeyer et al. 2005). The work identified
many issues related to use of impounded wetlands by
fish and wildlife and the critical role that stable emer-
gent vegetation played in the survival of these same
wetlands. Publications resulting from this work dealt
with shorebird habitats (Collazo et al. 2002), historical
rate of sediment accretion (Parkinson et al. 2006), the
ecology of waterfowl/lesser scaup (Herring and Col-
lazo 2004, 2005, 2006, 2009), habitat selection by
wading birds (Stolen et al. 2007) and associations
between fish and vegetation (Stolen et al. 2009). The
wide-ranging ecological results of this initiative were
integral in developing the Comprehensive Conserva-
tion Plan for MINWR (USFWS 2008), which also
identified the impoundments designated for full
restoration (see below).
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Coordination

Watershed management has a long history in Florida.
With the passage of the Water Resources Act by the
Florida Legislature in 1972 (Table 1), the state was
divided into 5 watershed-based water management
districts. Within those districts, smaller surface water
basins were identified as management units. Some of
these basins were identified for special planning and
management through the Surface Water Improvement
and Management (SWIM) Act (1987) under which,
the IRL was included to receive special protection and
restoration. In 1991, the IRL was designated as an
Estuary of National Significance and became part of
the National Estuary Program managed by the United
States Environmental Protection Agency. Both pro-
grams generated basin-specific plans to address a wide
array of issues that included restoration of coastal
wetlands.

Improved management of coastal wetlands in
Florida benefitted greatly from increased interaction
and cooperation among regulatory agencies, mosquito
control programs, stakeholders, and researchers.
These improvements were fostered by 2 committees
codified by the Florida Legislature in 1986, the Florida
Coordinating Council on Mosquito Control (FCCMC)
and its Subcommittee on Managed Marshes (SOMM,;
Carlson 1987). The FCCMC’s role is to foster efficient
use of resources, advise and assist arthropod control
agencies in implementing best management practices,
capitalize on sources of research funding, and enhance
interagency communication. SOMM’s role is to
provide technical review and guidance on manage-
ment plans for coastal wetlands and serve as a source
of information on issues surrounding coastal wetland
management (Carlson et al. 1991). In the mid-1980s,
SOMM compiled research-based recommendations
for managing coastal impoundments into a set of
guidelines know as Rotational Impoundment Man-
agement (RIM). RIM provides adequate control of
saltmarsh mosquitoes via flooding during the
spring/summer months and open access to the adjacent
estuary through culverts during the remainder of the
year. Water levels are controlled during the summer to
prevent damage to marsh vegetation (Brockmeyer
et al. 1997; Rey et al. 2012b).

Impoundment rehabilitation

Following the guidance outlined by SOMM, structural
features that would facilitate RIM in existing
impoundments (e.g., culverts, pumps, weirs and
spillways) began to be added. The major focus of this
rehabilitation effort was re-establishing and enhancing
hydrological connections between wetlands and the
estuary (Brockmeyer et al. 1997). In the mid-1980s,
local funding was used to reconnect impoundments
via culverts with state and regional funding following.
The IRL SWIM Plan, developed jointly by the St.
Johns River and South Florida Water Management
Districts (SJRWMD and SFWMD), set natural pro-
ductivity and biodiversity as primary objectives for
impounded coastal wetlands (Steward et al.
1994, 2003; Brockmeyer et al. 1997). The SIRWMD
implemented work through contracts with local enti-
ties responsible for control of mosquitoes and regional
land managers. Later, some of this work was funded
through state and federal grants (Brockmeyer et al.
1997; Rey et al. 2012b). To date, 11,165 ha of
impounded wetland have been reconnected via cul-
verts to the adjacent IRL by ongoing efforts.
Research along with increased management expe-
rience, resulted in the development and application of
new strategies for managing impounded wetlands that
took advantage of the enhanced control of hydrology
provided by new structural features. Guidelines were
developed for culverts (e.g., invert elevation, size,
number per linear feet of dike, etc.), as well as
alternatives for management of water based upon RIM
principles (Brockmeyer et al. 1997; Rey et al. 2012b).
These techniques included bottom water release,
enhancement of circulation, opening/closing of cul-
verts, and permanent pumps (Rey et al. 2012b).

Impoundment restoration

During the mid to late 1990s, a partnership developed
to restore impounded wetlands more fully by grading
impoundment dikes to elevations near those of natural
wetlands and partially filling the adjacent borrow ditch
to maximize the area at natural marsh elevation. In
1998, the United States Fish and Wildlife Service
(USFWS), SJRWMD, and Volusia County Mosquito
Control (VCMC) entered into a cooperative agree-
ment to restore/rehabilitate six impoundments in the
Volusia County portion of MINWR (Table 1; Rey
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et al. 2012b). Since this first project, the partnership
has removed nearly 69 km of dike to restore natural
hydrology to 940 ha of coastal wetland in areas where
mosquito control is handled by other means or is not a
primary concern with funding from a variety of
sources (Rey et al. 2012b). The most ambitious effort
was a large-scale implementation (~ 32 km of dike)
at MINWR funded by the National Oceanic and
Atmospheric Administration’s (NOAA) American
Recovery and Reinvestment Act restoration program.
Because the work had been ongoing and the partner-
ship had state and federal permits in hand, it was
deemed “shovel ready.” This large effort allowed the
contractors implementing the project to refine their
techniques over time to increase efficiency, and to
improve the quality of the finished product (Brock-
meyer, unpublished data). Dikes also have been
removed around more than 360 ha of wetland as part
of regulatory mitigation. (Rey et al. 2012b; Brock-
meyer, unpublished data). Based on the evaluation of
recovery at restored impoundments as outlined below,
planning for additional projects that would use these
methods is underway, including more work at
MINWR.

Evaluation and validation of methods

Agency partners used an adaptive management frame-
work to establish goals, implement restoration, eval-
uate the effectiveness of methods, disseminate the
results of monitoring to partners and stakeholders, and
adjust methods to increase the quality of restored
habitat. Evaluations of projects over time are critical to
determine if long-term objectives are achieved, to
provide guidance that improves the outcomes of future
restoration, and to ensure accountability for use of
resources (Zedler 2017; Saunders et al 2020). Below,
we present monitoring protocols, general results, and
management applications from the evaluation and
validation of methods to restore mosquito impound-
ments in the northern IRL system, Brevard and
Volusia counties, FL (Donnelly 2014; Donnelly,
unpublished data). This work provides a good example
of how evaluations of restoration methods can
improve outcomes.

Hydrology is a critical determinant of wetland
diversity, community structure and ecosystem func-
tion (Alongi 2009), and restoring hydrology in human-
altered wetlands is the first step in restoration of the
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system (Lewis 2005). The goals of restoring impound-
ments were to return the dikes to wetland elevations,
reestablish natural hydrological conditions and initiate
natural regeneration of wetland communities (Lewis
2005; Rey et al. 2012b). Initial monitoring began in
2005 at three restored impoundments and two refer-
ence marshes and monitoring protocols were estab-
lished to evaluate response variables directly tied to
the project’s goals (Table 1). Effects of dike removal
on abiotic characteristics of natural wetland hydrology
was evaluated by establishing a permanent transect
and measuring relative changes in elevation (refer-
enced to lowest observed mean water level) using a
laser level and stadia rod and by measurement of soil
salinity and soil moisture. Biotic characteristics were
evaluated in twenty 0.25-m? quadrats arranged in a
grid pattern in the restored area and five 0.25-m”
quadrats placed in the interior marsh. Within each
quadrat, diversity, density, and percent cover of plants
were recorded, along with numbers of fiddler crab
burrows. This same monitoring protocol was utilized
for impoundments restored between 2007 and 2010,
with monitoring continuing through 2012. Another
phase of monitoring to evaluate long-term effects of
dike removal was undertaken from 2015 to 2017 at 20
impoundments that had been restored 5 to 18 years
earlier (Table 1).

Initial results documented the need for hydrological
restoration to recover ecological structure and func-
tion of these wetlands that had been altered for
mosquito management. Before restoration, tidal inun-
dation was rare at the highest elevations on the dike,
with soil moisture and soil salinity at least 50% less
than at reference marshes. Impoundment dikes had a
mix of terrestrial and wetland plants, including
mangroves at low elevations and exotic Schinus
terebinthifolius in the higher and drier elevations. In
comparison, removal of dikes created elevations
similar to reference marshes and allowed for complete
submersion during high tides. Hydrological restora-
tion led to subsequent increases in soil moisture and
soil salinity and colonization of restored area by
wetland plants within one month of dike removal.

Results from the first phase of monitoring
(2005-2006) identified extensive halophytic vegeta-
tion along the shoreline of the dike that could be
conserved during leveling and target elevations that
limited recruitment of non-native species. These
management recommendations were implemented
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Fig. 3 Aerial images of the C-8 impoundment shortly after restoration (2009) and 10 + years post restoration. Note how the restored

dike surface revegetates in the period between images
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Fig. 4 Mean percent cover of vegetation (% =+ SE) at the C-8 impoundment from one month before restoration in September 2007 to
10 years post-restoration (2017). The target for percent cover of vegetation (100%) was based on data collected at the reference marsh

by VCMC during the next phase of impoundment
restoration in 2007, starting with the C-8 impound-
ment (Fig. 3; Mosquito Lagoon, Volusia County, FL).
Pre- and post-restoration monitoring at the C-8
impoundment documented an increased recovery for
plant communities where conserved vegetation along
the shoreline acted as a source of native wetland plants
directly adjacent to restored habitat (Figs. 4 and 5).
Because natural regeneration relies on recruitment

from nearby areas (Field 1999; Lewis 2005), the
conservation of reproductively mature mangroves and
other halophytic vegetation along the shoreline and in
the interior marsh provided a readily available source
of propagules, vegetative fragments, and seeds.
Recruitment of native vegetation is the initial phase
of restoration for this biogenic habitat (McKee and
Faulkner 2000; Alongi 2009) and recovery of
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Fig. 5 Recovery of vegetation after restoration at the C-8 impoundment after one month of dike leveling (a), one year post-restoration

(b), three years post-restoration (¢) and ten years post-restoration (d)

vegetative cover and structure will directly affect the
quality of restored areas.

Plant communities after restoration were comprised
of only obligate and facultative wetland species
similar to reference marshes. Dominant species in
restored areas were black mangroves (A. germinans),
saltwort (Batis maritima), perennial glasswort (Sal-
icornia ambigua), sea purslane (Sesuvium portulacas-
tum), and saltgrass (Distichlis spicata; taxonomic
names based on Wunderlin et al. 2021). These five
species were initial colonizers of restored areas
following removal of dikes through recruitment of
seeds and propagules and vegetative propagation from
plants conserved along the shoreline and interior
marsh. Over the first year, percent cover of vegetation
increased to 10% and included recruitment of addi-
tional species of mangroves (R. mangle and L.
racemosa; Fig. 5b). Three years after restoration
percent cover of vegetation had increased to over
45% (Figs. 4 and 5c), and, after ten years, vegetative
cover was approaching 100%. All three mangrove
species increased in abundance, and densities of
halophytic shrubs and grasses decreased as mangroves
became dominant in restored areas. Mangroves have
been increasing in wetlands throughout Mosquito
Lagoon during this timeframe, with similar decreases
in abundance of shrubs and grasses also observed at
reference sites.
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Hydrological restoration of mosquito impound-
ments has resulted in the development of functional
wetlands in the IRL and reversed some of the
extensive habitat loss caused by construction of
impoundments. This work also identified several
important influences on recovery of restored habitat
and provided recommendations to guide future
restoration of coastal wetlands, including: (1) target
elevations for promoting natural hydrological proper-
ties, (2) effectiveness of natural regeneration follow-
ing removal of a dike, (3) benefits of conserving
shoreline wetland vegetation to enhance the rate of
recovery, and (4) importance of abiotic conditions for
preventing recruitment of non-native plants. For
example, achieving optimal elevations restricted the
diversity of plants to mangroves and halophytic
wetland species. We observed complete removal of
the non-native S. ferebinthifolius after hydrological
restoration, which highlights the importance of natural
environmental barriers in reducing invasion by non-
native plants that had exploited the altered conditions
on dikes. Methods for hydrological restoration vali-
dated for impoundments were applied to other
impacted and degraded wetlands in Florida with the
common goal of balancing management of mosqui-
toes with ecological function of mangrove wetlands.
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Development and implementation of other
restoration methods

As reconnecting and restoring of impoundments
continued, a review of other impacted wetlands
demonstrated the need for additional efforts (Steward
et al. 2003). Collaboration between mosquito control
entities and restoration practitioners was critical to
addressing issues as planning and implementation of
projects progressed. Here, we will discuss three
examples of methods developed to deal with specific
impacts to wetlands in east central Florida, with notes
on progress in implementing them and lessons learned.

Dragline-impacted wetlands

In 1999, a partnership that included the National Park
Service, VCMC and SJIRWMD developed a pilot
project to restore an area of dragline-impacted wetland
in the Canaveral National Seashore (Table 1). A 22.5-
ha area that included Porkchop Island and parts of
Orange Island were targeted with the objective of
maximizing the amount of area returned to the
elevation of adjacent wetland by placing spoil back
into the ditches (Rey et al. 2012b). With implemen-
tation by VCMC, remnant ditches continue to control
mosquitoes, eliminating the need for alternative
methods. The success of this pilot project led to
expanded efforts with subsequent work addressing a
total of over 350 ha of dragline-impacted wetland and
returning well over 100 ha to wetland elevation to
date. With most of this work being implemented by
just a few equipment operators employed by VCMC, a
consistent quality was maintained. These efforts were
supported by variety of funding sources including,
SIRWMD, Florida Fish and Wildlife Conservation
Commission (FWC), VCMC, and USFWS’s National
Coastal Wetland Conservation Grants Program.

Subsided wetland

As part of the Wetlands Initiative at MINWR, areas of
historical coastal wetlands that had eroded or subsided
below the elevation where wetland vegetation can
survive were identified. After repeated efforts to
transplant vegetation failed, a pilot project to raise
the elevation of the substrate was considered. A
partnership of MINWR, Brevard County Mosquito
Control (BCMC) and SJRWMD developed and

implemented a plan to address this issue. Two phases
of work were funded through a NOAA grant.

Phase 1 compared containment materials and
various sources of fill in small test plots. This first
phase pointed out shortcomings in the several types of
wattles used as containment when receiving pumped
fill. As test plots were filled, containment was
breached when the slurry flowed under or between
wattles. A coconut-fiber “block” with a rectangular
cross-section (BioD-Block™ 16-300; RoLanka Inter-
national, Inc.) was selected for subsequent work
because it had a larger surface in contact with the
substrate and a panel of woven coir fabric attached on
three sides. The ends of the fabric panels were buried
in a trench paralleling the containment line. These
features greatly reduced undermining when fill mate-
rial was pumped into a contained area.

Phase 2 used a small dredge to move eroded soils
that had settled in a pond within an impoundment at
MINWR into a larger containment cell (~ 5 ha)
surrounded by blocks on the subsided surface of the
wetland. This phase successfully pumped and con-
tained fill, and it raised the elevation in most of the
containment cell (Brockmeyer, unpublished data). It,
however, had limited success in raising large areas of
the wetland surface high enough to support wetland
vegetation. Factors limiting success included opti-
mistic sizing of the containment cell, underestimating
the water content of the organic fill material, and
underestimating the cost of the dredging operation.
The project has provided valuable information for the
design and implementation of future work. BCMC
participation insured that their concerns were consid-
ered in the planning and execution of the project. This
method could be valuable in addressing sea level rise
(Cornwell et al. 2020; Howard et al. 2020), and
planning for similar projects is underway.

Removal of dredge spoil

The SIRWMD’s Northern Coastal Basins (NCB)
SWIM Program, with assistance and endorsement
from managers of local estuarine resources, developed
a document to identify the need for estuarine restora-
tion and guide cooperative efforts in the NCB
watersheds. In the North Peninsula State Park (NPSP)
in Volusia County, the SJRWMD and Florida Depart-
ment of Environmental Protection’s (FDEP) State
Parks District 3 identified an initial area of historical
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wetland that was covered with spoil and suitable for
restoration and enhancement. While similar work had
been done at Pine Island Conservation Area in Brevard
County (25.4 ha; Taylor 2012), this effort was the first
grant-funded restoration of its kind within a Florida
state park. Restoration at the initial site included
clearing a 1.7 ha restoration site, removing spoil,
leveling of the site to target elevation based on
adjacent undisturbed wetlands, and planting according
to an approved restoration plan. After several subse-
quent projects at NPSP demonstrated that successful
restoration was feasible, over 35.7 ha have been
completed. Most sections of the work were designed
to include a “creek” feature that was graded to allow
tidal exchange. The Floridan Resource Conservation
and Development Council, a Florida non-profit cor-
poration, has worked to implement these restoration
projects under an agreement with NPSP. This consis-
tent oversight increased efficiency and the quality of
the final product. At present, the last 2.7 ha of
accessible dredge spoil at NPSP are being removed.
Several similar projects are under consideration. This
method can be used to restore areas filled for
development when they become available. As with
all the previous efforts, future projects should be
coordinated with mosquito control professionals and
consider sea level rise in the design and grading of the
project.

Continued and expanded coordination

The SOMM has continued to address issues related to
mosquito control and protection of wetlands while
considering impacts or benefits to salt marsh and
mangroves throughout Florida. Subjects for meetings
have included pesticide use on conservation lands,
impacts on wetlands related to development, impacts
to wetland management related to changes in sea level,
and the effects of climate change on the distribution of
mosquito-borne tropical diseases. These subjects
inform decisions related to mosquito control while
planning methods and projects to restore wetlands.
After years of successful rehabilitation and restora-
tion in northeast and east central Florida, some of the
agencies and groups working on restoration developed
a framework to facilitate and enhance implementation
of rehabilitation and restoration projects. These efforts
began in 2010, and they were, in part, designed to
enhance the competitiveness of projects submitted to
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national funding programs. The first of these efforts
resulted in the Northeast Florida Estuarine Restoration
Team (NERT) whose mission is “To create healthy,
thriving estuarine habitats of sufficient quantity and
quality throughout northeast Florida.” This team
developed a NE Florida Estuarine Restoration Plan
and a planning guide to assist similar teams throughout
Florida (Frazel 2013). This latter document identified
numerous references related to planning and outlined
consultations needed as planning progressed. One of
these recommendations specifically calls for the
inclusion of local/regional mosquito control entities.
At this point, similar groups have formed in at least
five regions along Florida’s coasts.

Permitting

Permitting is one of the initial steps in implementing
restoration. In Florida, permitting for these types of
projects has fallen mainly within the jurisdiction of the
FDEP (or by delegation to water management dis-
tricts) and the U.S. Army Corps of Engineers
(Sect. 404 of the Clean Water Act). Recently, respon-
sibility for Sect. 404 permits was delegated to the
State of Florida (FDEP 2021a). In addition, some local
jurisdictions (cities or counties) may have wetland
protection programs that require permits. Regardless
of the type of permit being sought for the project, early
consultation with regulatory staff is critical. Consul-
tation is especially valuable when proposed methods
have not been used widely in the past. There are two
primary paths to permitting a restoration project in the
state of Florida. The first and simplest is the direct
permitting of a project to restore or enhance natural
resource values in an area of disturbed coastal
wetland. Historically, this process could be long and
complicated as these projects were reviewed with the
same criteria as those for urban development. More
recently, state and federal regulatory agencies have
simplified the permitting process for such projects.
The state agencies have general permits with simpli-
fied applications and standard conditions. On the
federal side, the Army Corps of Engineers has a series
of Nationwide Permits (NWP) that can be accessed for
specific types of restoration, with the most applicable
being the NWP #27 for Aquatic Habitat Restoration.
When securing these permits for restoration activities,
our experience suggests that you permit more area
than you have funding to complete as it is typically
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easier to secure additional funding for an ongoing
effort.

The second path is one that may be used for large-
scale restoration projects whose investors are reim-
bursed from clients that need mitigation. In Florida,
this process is called mitigation banking. This more
complex method requires the project to meet prede-
termined success criteria before release of mar-
ketable mitigation credits. In the field of
compensatory mitigation, these banking projects with
their predetermined success criteria are seen as being
beneficial because of the mixed success of smaller-
scale, on-site mitigation (Crewz and Lewis 1991;
Allen and Feddema 1996). Florida Statutes
Sect. 373.4136 (State of Florida 2021) requires mit-
igation banks to have provisions for perpetual man-
agement and maintenance. However, meeting success
criteria in a permit does not always mean achieving
full functional equivalence (e.g., Reiss et al. 2009).

Current and future issues

Our review of past changes to mangrove-dominated
wetlands in Florida has focused primarily on direct
anthropogenic impacts and related management of
mosquito. Moving forward, restoration and conserva-
tion of wetlands and mosquito control will need to
incorporate synergistic effects of changes in climate
into management plans. It will require support from all
levels of government.

Sea level rise and resilience

Resilience, in the context of this paper, refers to
resistance to loss of habitat (including mangroves) and
the adaptation of these habitats to changing conditions.
To a lesser extent, it includes the ability of infrastruc-
ture that controls mosquitoes to withstand these
changes. In addition to direct anthropogenic changes
discussed above, one of the most significant threats to
coastal wetlands over the next century is increased
rates of sea level rise (Gilman et al. 2008). Erosion of
shorelines and loss of intertidal habitat is expected to
worsen with continued sea level rise and increased
extreme weather events (Pachauri et al. 2014). Man-
groves and other coastal wetland vegetation can
mediate the effects of rising sea levels through direct
and indirect biotic processes that maintain sediments

at elevations that support survival and growth of plants
(Morris et al. 2002; Cahoon et al. 2006, 2021; McKee
et al. 2007; Krauss et al. 2014). Wetlands also increase
resilience of coastal communities and infrastructure
through protection from flooding and waves from
severe storms (Hochard et al. 2019; Menendez et al.
2020). This connection highlights the importance of
developing suitable plant communities following
restoration to support long-term sustainability of
restored wetlands as well as the importance of
conserving existing wetlands to protect critical
ecosystem functions in the future. In Florida, a
program sponsored by the FWC called the “Coastal
Habitat Integrated Mapping and Monitoring Program”
(CHIMMP; FWC 2021) has been organized to com-
pile relevant information. Through a series of work-
shops and other collaborations, CHIMMP has
produced maps and a regularly updated, statewide
technical report that supports management and con-
servation goals by documenting the status of saltmarsh
and mangrove habitats in regions around Florida.
These efforts will be critical in identifying losses of
coastal wetland due to inundation. Areas of drowning
may be suitable for restoration through placement of
material that raises their elevation (e.g., Subsided
Wetland, above or thin layer placement; Cornwell
et al. 2020; Howard et al. 2020).

If rates of sea level rise are greater than natural
processes, coastal wetlands can adapt by migrating
landward to maintain optimal elevations, if suit-
able habitat is available and barriers to migration are
absent (i.e., bulkheads or steep slopes). These new
wetland areas may require efforts to control mosqui-
toes. However, alterations to wetlands, such as those
described here, have changed the structure of natural
communities, and such changes threaten the ability of
coastal wetlands to adapt to future changes in sea level
(Romanach et al. 2018). This situation highlights the
crucial need for science-based restoration, manage-
ment, and conservation of mangroves and salt marsh to
increase resilience in these critical habitats and
preserve ecosystem function. To address this need,
future environmental conditions must be considered
during planning for restoration, so the outcome
maximizes the long-term effectiveness of the restored
systems. For example, hydrological restoration can
include a range of elevation targets to support current
wetland plant communities and support migration to
higher elevations under future environmental
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conditions. In areas where full wetland restoration is
not possible, implementation of living shorelines that
incorporate mangroves to stabilize sediments has been
used as an alternative to hard-armoring, such as riprap
or bulkheads. Living shorelines effectively reduce
erosion in addition to providing additional ecosystem
services and maintaining an ability to adjust to future
sea level rise (Gittman et al. 2016; Donnelly et al.
2017; Kibler et al. 2019; McClenachan et al. 2020).

Recently, all levels of government have recognized
the issues that climate change, and particularly sea
level rise, generate with regard to the resilience of
infrastructure, habitats, and communities. For exam-
ple, NOAA has been funding coastal community
projects that address resilience to sea level rise and
other climate related changes (NOAA 2018). In
Florida, the state’s Aquatic Preserves are now part of
FDEP’s Office of Resilience and Coastal Protection
(FDEP 2021b), and regional and local governments
are hiring staff and developing resilience programs
(SJRWMD 2020). At this time, most efforts focus on
accommodation to the changing conditions.

In estuarine wetlands, an often-raised question is
how climate change, and in particular rising water
levels, might impact populations of saltmarsh mos-
quitoes (Ae. taeniorhynchus and Ae. sollicitans
(Walker)). Saltmarsh mosquitoes lay their eggs on
moist soil and not on standing water. The eggs then
hatch when flooded by high tides or rainfall. Conse-
quently, with rising water levels due to climate
change, it is likely that wetlands that are currently
intertidal, at some point will become constantly
inundated so they will not produce these mosquitoes.
Correspondingly, upland habitats that are adjacent to
wetlands but currently not flooded by tides likely will
be inundated more regularly in the future thus
becoming locations that produce mosquitoes. Fortu-
nately, significant effects on human health are unlikely
because Ae. taeniorhynchus in our area is not a vector
of pathogens to humans, but they are capable of
transmitting dog heartworm.

Northward migration/expansion of mangroves

Assemblages of plants in coastal wetlands vary with
climate on a global scale, exhibiting a latitudinal
gradient from the temperate coastlines at higher
latitudes to the tropical coastlines around the equator
(Pennings and Bertness 2001). Mangroves dominate in
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tropical climates, with the extent of mangroves largely
controlled at any given time by the frequency of
freezing events (Odum and Mclvor 1990; Tomlinson
1994; Cavanaugh et al. 2019). Coastal wetlands at the
temperate-subtropical climate boundary often have a
mix of both temperate and tropical plants (Odum and
Mclvor 1990; Cavanaugh et al. 2019). In the last few
decades, mangroves have progressed northward along
the southeast coast of the US (Cavanaugh et al. 2019).
There are also indications that mangroves are expand-
ing their presence and extent on oyster reefs in
Mosquito Lagoon (McClenachan et al. 2021). To
evaluate these situations, it will be valuable to have
some historical context for such movement. This
context can be provided by a comparison to the citrus
industry (Stevens et al. 2006) and, more recently,
historical aerial imagery.

From a Florida perspective, parallels between
mangroves and the citrus industry are hard to miss.
Citrus and mangroves both appear to be more sensitive
to extreme cold events than to average temperatures.
In Florida, citrus industry altering or “impact” freeze
events had occurred infrequently from 1835 through
1962 (3 events with circa a 60-year return frequency),
with each event pushing the industry further to the
south on the Florida peninsula (Attaway 1997).
However, the 13-year period from 1977 through
1989 contained a snow fall event (1977; Brockmeyer,
pers obs.) and 2 “impact” freezes among the 5 freeze
events. The event in 1989 completely changed the
landscape of coastal wetlands in the IRL system, with
many areas completely devoid of large mangroves
well into south Florida (Brockmeyer, Rey, Carlson;
pers obs.). The importance of this period also was
identified by Stevens et al. (2006); Cavanaugh et al.
(2019) and McClenachan et al. (2020). No similarly
severe freeze events have occurred in subsequent
years.

The effects of some of these freeze events can be
illustrated by examining a fixed location within the
transition zone between mangroves and saltmarsh.
The typical vegetation on coastal wetland islands in
Mosquito Lagoon consists of saltwort (B. maritima)
and glassworts (S. ambigua and Salicornia bigelovii)
mixed with some saltgrass (D. spicata). Smooth
cordgrass (Spartina alterniflora) may be present at
the edges of the marsh islands. Black mangroves (A.
germinans) are an ephemeral component of this
wetland community, becoming more prominent as



Wetlands Ecol Manage (2022) 30:987-1005

1001

Fig. 6 Selected images from numerous sources showing relatively unimpacted islands near the C-8 impoundment in Mosquito Lagoon,
Volusia County, Florida, USA. The darker textured areas around the perimeter of the larger central island are mangroves

the period between freeze events increases. Figure 6
depicts a group of wetland islands in Mosquito Lagoon
in 6 different years beginning in 1943. Note the dark
textured areas around the periphery representing the
extent of mangrove cover in the imagery. These
images were selected from 21 separate years from
1943 to 2019 (presented with freeze information in
Online Resource 1). The 1958 image may have the
largest cover of mangroves. Note the extent of
mangroves in the pre-freeze period represented by
the 1976 image and the change depicted in the image
from 1992 that shows a much-reduced footprint for
mangroves. The 2019 image shows increased man-
grove cover; however, they have not reached the
extent seen in the pre-1977 imagery. Thus, severe
freezes alter the distribution of mangroves for multiple
years.

Conclusion

Over the past century, mangrove-dominated wetlands
have undergone tremendous changes in Florida largely
due to anthropogenic influences, with mosquito con-
trol and development being primary factors. As
described in this paper, these influences have included
ditching through densely vegetated wetlands, filling
these habitats when they were considered ‘“waste-
lands,” impounding them to control saltmarsh mos-
quitoes and manage waterfowl, and later, working to
better manage and rehabilitate degraded wetlands as
their ecological significance became apparent.
Improved management largely has occurred over the
past 40 years, with continued focus on balancing
integrity of mangrove wetlands with the need for
mosquito control. Management strategies have been
supported through on-going research, with results
providing science-based information to guide deci-
sion-making and support adaptive strategies to
improve ecological outcomes and maintain mosquito
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control. The restoration work in Florida contributes to
the growing knowledge of mangrove rehabilitation
globally and supports the use of proven techniques to
increase success of projects (Friess et al. 2020). Some
key lessons learned from these rehabilitation and
restoration efforts include: work with land own-
ers/managers, stakeholders, and partners to plan
restoration projects; consult regulatory staff early
and permit more area than you currently have funds to
restore; find and repeatedly use professional construc-
tion contractors or implementation partners that can
execute your restoration plan effectively and effi-
ciently; and monitor and correct issues that arise
during and after completion of your project. Intera-
gency cooperation at the federal, state, and local levels
can address the diverse interests in wetland manage-
ment and integrate the needs of diverse stakeholders.
Creation of interagency working groups can facilitate
the dissemination of knowledge generated through
research and experience. The future of these efforts
undoubtedly will have to consider climatological
factors along with continued efforts to make certain
these mangrove systems are performing their impor-
tant ecological functions.

Acknowledgements The authors would like to acknowledge
the large number of individuals, research institutions and
agencies along Florida’s east coast (as evidenced in the
Citations) that over the past 40+ years have studied and
implemented management methods which take into account
mosquito control and ecological considerations in these
mangrove-dominated wetlands. Input from Charles Jacoby and
2 anonymous reviewers have greatly improved this manuscript.

Authors’ contributions All authors contributed to conception
and design of the manuscript. Collection and analysis of data
under evaluation and monitoring was performed by MD. All
authors revised previous versions of the manuscript, they have
read and approved the final manuscript.

Funding No funding was received to assist with the
preparation of this manuscript.

Data availability Data are available upon request.
Declarations

Conflict of interest The authors declare that they have no
conflict of interest/competing interest.

Code availability Not applicable.

@ Springer

Ethical approval The information presented in this manu-
script is in compliance with ethical standards and does not
involve human participants or animals.

Consent to participate Not applicable.

Consent for publications Not applicable.

References

Allen AO, Feddema JJ (1996) Wetland loss and substitution by
the Section 404 permit program in southern California,
USA. Environ Manage 20:263-274

Alongi DM (2009) The energetics of Mangrove Forests.
Springer Science and Business Media, Townsville,
Queensland

Attaway JA (1997) History of Florida citrus freezes. Florida
Science Source Inc, Lake Alfred, Florida

Barbier EB (2016) The protective service of mangrove
ecosystems: a review of valuation methods. Mar Pollut
Bull 109(2):676-681

Brockmeyer RE, Rey JR, Virnstein RW, Gilmore RG, Ernest L
(1997) Rehabilitation of impounded estuarine wetlands by
hydrologic reconnection to the Indian River Lagoon,
Florida. Wetlands Ecol and Mgmt 4:93-109

Brockmeyer RE, Hinkle CR, Collazo JA, Blum LK, Cahoon
DR, Scheidt DM (2005) Wetlands initiative at Merritt
Island National Wildlife Refuge: recommendations for
wetland management and restoration. Tech Bull Florida
Mosquito Control Assoc 6:16

Cahoon DR, McKee KL, Morris JT (2021) How plants influence
resilience of salt marsh and mangrove wetlands to sea-level
rise. Estuaries Coasts 44(4):883-898

Cahoon DR, Hensel PF, Spencer T, Reed DJ, McKee KL,
Saintilan N. (2006) Coastal wetland vulnerability to rela-
tive sea-level rise: wetland elevation trends and process
controls. In: Wetlands and natural resource management.
Springer, Berlin, Heidelberg, pp 271-292

Carlson DB, Vigliano RR (1985) The effects of two different
water management regimes on marsh flooding and mos-
quito production. ] Am Mosq Control Assoc 1:203-211

Carlson P, Sargent B, Arnold H, Yarbro L, David J (1989) The
effects of water management practice on impoundment
water quality. Journal of the Florida Anti-Mosquito Assoc
1:13-14

Carlson DB, O’Bryan PD, Rey JR (1991) A review of current
salt marsh management issues in Florida. J Am Mosq
Control Assoc 7:83-88

Carlson DB, O’Bryan PD, Rey JR (1999) Florida salt-marsh
management issues: 1991-98. J Am Mosq Control Assoc
15:186-193

Carlson DB, O’Meara GF (2009) Mosquito control through
source reduction. In: Connelly CR, Carlson DB (eds)
Florida Coordinating Council on Mosquito Control. Flor-
ida mosquito control: The state of the mission as defined by
mosquito controllers, regulators, and environmental man-
agers. Univ. of Florida, Institute of Food and Agricultural



Wetlands Ecol Manage (2022) 30:987-1005

1003

Sciences, Florida Medical Entomology Laboratory, Vero
Beach, pp 38-64

Carlson DB (1987) Salt marsh impoundment management along
Florida’s Indian River Lagoon: historical perspectives and
current implementation trends. In: Proceedings of the
Symposium on Waterfowl and Wetland Management in
the Coastal Zone of the Atlantic Flyway. Delaware Coastal
Management Program, Delaware Department of Natural
Resources and Environmental Control, Dover, Delaware,
pp 358-369

Cavanaugh KC, Dangremond EM, Doughty CL, Williams AP,
Parker JD, Hayes MA, Rodriguez W, Feller IC (2019)
Climate-driven regime shifts in a mangrove—salt marsh
ecotone over the past 250 years. Proc Natl Acad Sci
116(43):21602-21608

Clements BW, Rogers AJ (1964) Studies of impounding for
control of salt-marsh mosquitoes in Florida, 1958-1963.
Mosq News 24:265-276

Collazo JA, O’Harra DA, Kelly CA (2002) Accessible habitat
for shorebirds: factors influencing its availability and
conservation implications. Waterbirds 25:13-24

Cornwell JC, Owens MS, Staver LW (2020) Tidal marsh
restoration at Poplar Island I: transformation of estuarine
sediments into marsh soils. Wetlands 40:1673-1686

Crawford WG (2006) Florida’s big dig: the Atlantic Intracoastal
Waterway form Jacksonville to Miami, 1881 to 1935.
Florida Historical Society Press, Cocoa, FL

Crewz DW, Lewis RR (1991) An evaluation of historical
attempts to establish emergent vegetation in marine wet-
lands in Florida. Technical Paper No. 60, Florida Sea Grant
College, Gainesville, FL

Donnelly M, Walters L (2014) Trapping of Rhizophora mangle
propagules by coexisting early successional species.
Estuaries Coasts 37(6):1562—-1571

Donnelly M, Shaffer M, Connor S, Sacks P, Walters L (2017)
Using mangroves to stabilize coastal historic sites:
deployment success versus natural recruitment. Hydrobi-
ologia 803(1):389-401

Donnelly M (2014) Effects of biotic interactions on coastal
wetland communities with applications for restoration.
Dissertation, University of Central Florida. https://stars.
library.ucf.edu/etd/4607

Faunce CH (2000) Reproduction of blackchin tilapia, Sar-
otherodon melanotheron, within an impounded mangrove
ecosystem in east-central Florida. Environ Biol Fishes
57(4):353-361

Faunce CH, Paperno R (1999) Tilapia-dominated fish assem-
blages within an impounded mangrove ecosystem in east-
central Florida. Wetlands 19(1):126-138

FDEP (2021a) State 404 Program. https://floridadep.gov/water/
submerged-lands-environmental-resources-coordination/
content/404-assumption. Accessed 21 July 2021

FDEP (2021b) Office of Resilience and Coastal Protection.
https://floridadep.gov/RCP. Accessed 21 July 2021

Ferrigno F, Jobbins DM (1968) Open marsh water management.
Proceed New Jersey Mosquito Exterminat Assoc
55:104-115

Field CD (1999) Mangrove rehabilitation: choice and necessity.
Hydrobiologia 413:47-52

Frazel D (2013) Estuarine Habitat Restoration Planning Guide
for Florida. St. Johns River Water Management District,

Palatka, FL, p 66. https://docs.google.com/viewer?a=
v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnxuZXJ0a
W5mb3xneDozNTESNGNIYzecwMmY3N;jl4. Accessed 1
Oct 2021

Friess DA, Rogers K, Lovelock CE, Krauss KW, Hamilton SE,
Lee SY, Lucas R, Primavera J, Rajkaran A, Shi S (2019)
The state of the world’s mangrove forests: past, present,
and future. Annu Rev Environ Resour 44:89-115

Friess DA, Yando ES, Abuchahla GM, Adams JB, Cannicci S,
Canty SW, Cavanaugh KC, Connolly RM, Cormier N,
Dahdouh-Guebas F, Diele K (2020) Mangroves give cause
for conservation optimism, for now. Curr Biol 30(4):R153—
R154

FWC (2021) Coastal Habitat Integrated Mapping and Moni-
toring  Program.  https://myfwc.com/research/habitat/
coastal-wetlands/projects/chimmp/. Accessed 1 Oct 2021

Gilman EL, Ellison J, Duke NC, Field C (2008) Threats to
mangroves from climate change and adaptation options: a
review. Aquat Bot 8§9(2):237-250

Gilmore RG, Cooke DW, Donohoe CJ (1982) A comparison of
the fish populations and habitat in open and closed salt
marsh impoundments in east-central Florida. NE Gulf Sci
5:25-37

Gittman R, Peterson C, Currin C, Fodrie F, Piehler M, Bruno J
(2016) Living shorelines can enhance the nursery role of
threatened estuarine habitats. Ecol Appl 26(1):249-263.
https://doi.org/10.1890/14-0716

Harrington RW, Harrington ES (1961) Food selection among
fishes invading a high subtropical salt marsh: from onset of
flooding through the progress of a mosquito brood. Ecol-
ogy 42:646-665

Harrington RW, Harrington ES (1982) Effects on fishes and
their forage organisms of impounding a Florida salt marsh
to prevent breeding by salt marsh mosquitoes. Bull Mar Sci
32:523-531

Herring G, Collazo JA (2004) Winter survival of lesser scaup in
east-central Florida. J Wildl Manag 68:1082—1087

Herring G, Collazo JA (2005) Habitat use, movements and
home range of wintering lesser scaup in Florida. Water-
birds 28:71-78

Herring G, Collazo JA (2006) Lesser Scaup winter foraging and
nutrient reserve acquisition in East-Central Florida. J Wildl
Manag 70:1682—-1689

Herring G, Collazo JA (2009) Site characteristics and prey
abundance at foraging sites used by Lesser Scaup (Aythya
affinis) wintering in Florida. Southeast Nat 8:363-374

Hochard JP, Hamilton S, Barbier EB (2019) Mangroves shelter
coastal economic activity from cyclones. Proc Natl Acad
Sci 116(25):12232-12237

Howard J, Sutton-Grier A, Herr D, Kleypas J, Landis E, Mcleod
E, Pidgeon E, Simpson S (2017) Clarifying the role of
coastal and marine systems in climate mitigation. Front
Ecol Environ 15(1):42-50

Howard RJ, Rafferty PS, Johnson DJ (2020) Plant community
establishment in a coastal marsh restored using sediment
additions. Wetlands 40:877-892

Kibler K, Kitsikoudis V, Donnelly M, Spiering DW, Walters L
(2019) Flow-vegetation interaction in a living shoreline
restoration and potential effect to mangrove recruitment.
Sustainability 11(11):3215

@ Springer


https://stars.library.ucf.edu/etd/4607
https://stars.library.ucf.edu/etd/4607
https://floridadep.gov/water/submerged-lands-environmental-resources-coordination/content/404-assumption
https://floridadep.gov/water/submerged-lands-environmental-resources-coordination/content/404-assumption
https://floridadep.gov/water/submerged-lands-environmental-resources-coordination/content/404-assumption
https://floridadep.gov/RCP
https://docs.google.com/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnxuZXJ0aW5mb3xneDozNTE5NGNlYzcwMmY3NjI4
https://docs.google.com/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnxuZXJ0aW5mb3xneDozNTE5NGNlYzcwMmY3NjI4
https://docs.google.com/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnxuZXJ0aW5mb3xneDozNTE5NGNlYzcwMmY3NjI4
https://myfwc.com/research/habitat/coastal-wetlands/projects/chimmp/
https://myfwc.com/research/habitat/coastal-wetlands/projects/chimmp/
https://doi.org/10.1890/14-0716

1004

Wetlands Ecol Manage (2022) 30:987-1005

Krauss KW, McKee KL, Lovelock CE, Cahoon DR, Saintilan
N, Reef R, Chen L (2014) How mangrove forests adjust to
rising sea level. New Phytol 202(1):19-34

Lahmann E (1988) Effects of different hydrological regimes on
the productivity of Rhizophora mangle L. A case study of
mosquito control impoundments at Hutchinson Island, St.
Lucie County, Florida. Dissertation, University of Miami,
Coral Gables, FL

Lesser F, Shisler JK (1979) Historical development of OMWM
in New Jersey: equipment and technique. Proceed Utah
Mosquito Abatement Assoc 25:40-44

Lewis RR (2005) Ecological engineering for successful man-
agement and restoration of mangrove forests. Ecol Eng
24:403-418

Lin J, Beal JL (1995) Effects of mangrove marsh management
on fish and decapod communities. Bull Mar Sci
57(1):193-201

Lugo AE, Snedaker SC (1974) The ecology of mangroves. Annu
Rev Ecol Syst 5(1):39-64

McClenachan GM, Donnelly MJ, Shaffer MN, Sacks PE,
Walters LJ (2020) Does size matter? Quantifying the
cumulative impact of small-scale living shoreline and
oyster reef restoration projects on shoreline erosion. Restor
Ecol 28(6):1365-1371

McClenachan G, Witt M, Walters LJ (2021) Replacement of
oyster reefs by mangroves: unexpected climate-driven
ecosystem shifts. Glob Change Biol 27(6):1226-1238.
https://doi.org/10.1111/gcb.15494

McKee KL, Faulkner PL (2000) Restoration of biogeochemical
function in mangrove forests. Restor Ecol 8:247-259

McKee KL, Cahoon DR, Feller IC (2007) Caribbean mangroves
adjust to rising sea level through biotic controls on change
in soil elevation. Glob Ecol Biogeogr 16(5):545-556

Menendez P, Losada 1J, Torres-Ortega S, Narayan S, Beck MW
(2020) The global flood protection benefits of mangroves.
Sci Rep 10(1):1-11. https://doi.org/10.1038/s41598-020-
61136-6

Meredith WH, Saveikis DE, Stachecki CJ (1985) Guidelines for
“open marsh water management” in Delaware’s salt
marshes—objectives, system designs, and installation
procedures. Wetlands 5(1):119-133

Morris JT, Sundareshwar PV, Nietch CT, Kjerfve B, Cahoon
DR (2002) Responses of coastal wetlands to rising sea
level. Ecology 83(10):2869-2877

NOAA (2018) Current and past resilience projects. https://www.
fisheries.noaa.gov/national/habitat-conservation/current-
and-past-resilience-projects. Accessed 21 July 2021

Odum WE, Heald EJ (1972) Trophic analyses of an estuarine
mangrove community. Bull Mar Sci 22(3):671-738

Odum WE, Mclvor CC (1990) Mangroves. In: Myers RL, Ewel
JJ (eds) Ecosystems of Florida. University of Central
Florida Press, Orlando, pp 517-548

Pachauri RK, Allen MR, Barros VR, Broome J, Cramer W,
Christ R, Church JA, Clarke L, Dahe Q, Dasgupta P,
Dubash NK (2014) Climate change 2014: synthesis report.
contribution of working groups I, II and III to the fifth
assessment report of the Intergovernmental Panel on Cli-
mate Change, p 151

Parkinson RW, Wang TC, White JR, David JR, Hoffman ME
(1993) Distribution and migration of pesticide residues in

@ Springer

mosquito control impoundments, St. Lucie County, Flor-
ida. Env Geol 22:26-32

Parkinson RW, DeLaune R, Hutcherson CT, Stewart JB (2006)
Tuning surface-water management and wetland restoration
programs using historic sediment accumulation rates:
Merritt Island National Wildlife Refuge, East-Central
Florida USA. J Coast Res 22:1268-1277

Parkman A (1983) History of the waterways of the Atlantic
Coast of the United States. US army engineer water
resources support center, Institute for Water Resources,
Alexandria, Virginia, Navigation History NWS-83-10,
p 147

Pennings SC, Bertness MD (2001) Salt Marsh communities. In:
Bertness MD, Gaines SD, Hay ME (eds) Marine commu-
nity ecology. Sinaur Associates Inc, Sunderland,
pp 289-316

Poulakis GR, Shenker JM, Taylor DS (2002) Habitat use by
fishes after tidal reconnection of an impounded estuarine
wetland in the Indian River Lagoon, Florida (USA). Wet-
lands Ecol Manage 10(1):51-69

Provost MW (1969) Ecological control of salt marsh mosquitoes
with side benefits to birds. Proc Tall Timbers Conf Ecol
Anim Control Habitat Manag 1968:193-206

Provost MW (1976) Tidal datum planes circumscribing salt
marshes. Bull Mar Sci 26:558-563

Provost MW (1977) Source reduction in salt-marsh mosquito
control: past and future. Mosq News 37:689-698

Provost MW (1968) Managing impounded salt marsh for mos-
quito control and estuarine resource conservation. In: LSU
Marsh and Estuary Symposium, 1967, pp 163-171

Provost MW (1973) Mean high water mark and use of tidelands
in Florida. Florida Scientist 36:50-66

Reiss KC, Hernandez E, Brown MT (2009) Evaluation of permit
success in wetland mitigation banking: a Florida case
study. Wetlands 29(3):907-918

Rey JR (1994) Effects of neighbors on growth and mortality of
mangrove seedlings in Florida, USA. Wetlands
14:308-315

Rey JR, Kain T (1993) Chemical characteristics of soils in
natural and impounded wetlands along the Indian River
Lagoon, Florida, U.S.A. Bull Florida Mosq Control Assoc
64:53-62

Rey JR, Peterson MS, Kain TR, Vose FE, Crossman RA (1990a)
Fish populations and physical conditions in ditched and
impounded marshes in east-central Florida. NE Gulf Sci
11:163-170

Rey JR, Shaffer J, Tremain CRA, Kain T (1990b) Effects of re—
establishing tidal connections in 2 impounded tropical
marshes on fishes and physical conditions. Wetlands
10:27-47

Rey JR, Crossman RA, Kain TR (1990c) Vegetation dynamics
in impounded marshes along the Indian River Lagoon,
Florida, USA. J Environ Manag 14:397-409

Rey JR, Shaffer J, Crossman RA, Tremain D (1990d) Above—
ground primary production in impounded, ditched, and
natural marshes along the Indian River Lagoon. Wetlands
10:1-21

Rey JR, Kain T, Stahl R (1991a) Wetland impoundments of
east-central Florida. Florida Scientist 54:33—40


https://doi.org/10.1111/gcb.15494
https://doi.org/10.1038/s41598-020-61136-6
https://doi.org/10.1038/s41598-020-61136-6
https://www.fisheries.noaa.gov/national/habitat-conservation/current-and-past-resilience-projects
https://www.fisheries.noaa.gov/national/habitat-conservation/current-and-past-resilience-projects
https://www.fisheries.noaa.gov/national/habitat-conservation/current-and-past-resilience-projects

Wetlands Ecol Manage (2022) 30:987-1005

1005

Rey JR, Kain T, Crossman RA, Peterson MS, Shaffer J, Vose FE
(1991b) Zooplankton of impounded marshes and shallow
areas of a subtropical lagoon. Florida Sci 54:191-203

Rey JR, Shaffer J, Kain TE, Crossman RA (1992) Sulfide
variation in the pore and surface waters of artificial salt
marsh ditches and a natural tidal creek. Estuaries
15:257-269

Rey JR, Walton WE, Wolfe RJ, Connelly CR, O’Connell SM,
Berg J, Sakolsky-Hoopes GE, Laderman AD (2012a)
North American wetlands and mosquito control. Int J
Environ Res Public Health 9(12):4537-4605

Rey JR, Carlson DB, Brockmeyer RE (2012b) Coastal wetland
management in Florida: environmental concerns and
human health. Wetlands Ecol Manage 20(3):197-211

Romanach SS, DeAngelis DL, Koh HL, Li Y, Teh SY, Barizan
RS, Zhai L (2018) Conservation and restoration of man-
groves: global status, perspectives, and prognosis. Ocean
Coast Manag 154:72-82

Saintilan N, Rogers K, McKee K (2009) Salt marsh — mangrove
interactions in Australasia and the Americas. In: Perillo
GME, Wolanski E, Cahoon DR, Brinson MM (eds) Coastal
Wetlands: an integrated ecosystem approach. Elsevier,
Oxford, pp 855-883

Saunders MI, Doropoulos C, Bayraktarov E, Babcock RC,
Gorman D, Eger AM, Vozzo ML, Gillies CL, Vanderklift
MA, Steven AD, Bustamante RH (2020) Bright spots in
coastal marine ecosystem restoration. Curr Biol
30(24):R1500-1510

Schikorr KE, Swain HM (1995) Wading birds—barometer of
management strategies in the Indian River Lagoon. Bull
Mar Sci 57(1):215-229

SIRWMD (2020) Sea-level rise and resiliency. https://www.
sjrwmd.com/localgovernments/sea-level-rise/.  Accessed
21 July 2021

Smith RB, Breininger DR (1995) Wading bird populations of
the kennedy space center. Bull Mar Sci 57(1):230-236

State of Florida (2021) Florida Statutes Section 373.4136
Establishment and operation of mitigation banks. http://
www.leg.state.fl.us/Statutes/index.cfm?App_mode=
Display_Statute&Search_String=&URL=0300-0399/
0373/Sections/0373.4136.html. Access 30 Sep 2021

Stevens PW, Fox SL, Montague CL (2006) The interplay
between mangroves and saltmarshes at the transition
between temperate and subtropical climate in Florida.
Wetlands Ecol Manage 14(5):435-444

Steward J, Virnstein R, Haunert D, Lund F (1994) Surface water
improvement and management (SWIM) Plan for the Indian
River Lagoon. St. Johns River and South Florida Water
Management Districts, Palatka and West Palm Beach,
Florida. p 120. plus appendices

Steward JS, Brockmeyer RE, Virnstein R, Gostel P, Sime P, Van
Arman J (2003) Indian River Lagoon SWIM Plan, 2002
Update. St. Johns River and South Florida Water Man-
agement Districts. Palatka and West Palm Beach, FL, p 272

Stolen ED, Collazo JA, Percival HF (2007) Scale-dependent
habitat selection of nesting Great Egrets and Snowy Egrets.
Waterbirds 30:384-393

Stolen ED, Collazo JA, Percival HF (2009) Vegetation effects
on fish distribution in impounded salt marshes. Southeast
Nat 8:503-514

Taylor DS (2012) Removing the sands (sins?) of our past:
dredge spoil removal and saltmarsh restoration along the
Indian River Lagoon, Florida (USA). Wetlands Ecol
Manage 20(3):213-218

Taylor DS, Poulakis GR, Kupschus SR, Faunce CH (1998)
Estuarine reconnection of an impounded mangrove salt
marsh in the Indian River Lagoon, Florida: short-term
changes in fish fauna. Mangrove Salt Marshes 2(1):29-36

Tomlinson PB (1994) The botany of mangroves. University of
Cambridge Press, Cambridge

Tunberg BG (2009) Do Indian River Lagoon wetland
impoundments (Eastern Florida) negatively impact fiddler
crab (Genus Uca) populations? Smithsonian Contributions
to Marine Science 38:459-471

USFWS (2008) Comprehensive Conservation Plan for Merritt
Island National Wildlife Refuge. Southeast Region,
Atlanta, GA. https://www.fws.gov/uploadedFiles/
MIWR_%?20CCP(1).pdf. Accessed 21 July 2021

Waunderlin RP, Hansen BF, Franck AR, Essig FB (2021) Atlas
of Florida Plants (http://florida.plantatlas.usf.edu/).
[Landry S M, Campbell KN (application development),
USF Water Institute.] Institute for Systematic Botany,
University of South Florida, Tampa

Zedler J (2017) What’s new in adaptive management and
restoration of Coasts and estuaries? Estuaries Coasts
40:1-21

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://www.sjrwmd.com/localgovernments/sea-level-rise/
https://www.sjrwmd.com/localgovernments/sea-level-rise/
http://www.leg.state.fl.us/Statutes/index.cfm?App_mode=Display_Statute&Search_String=&URL=0300-0399/0373/Sections/0373.4136.html
http://www.leg.state.fl.us/Statutes/index.cfm?App_mode=Display_Statute&Search_String=&URL=0300-0399/0373/Sections/0373.4136.html
http://www.leg.state.fl.us/Statutes/index.cfm?App_mode=Display_Statute&Search_String=&URL=0300-0399/0373/Sections/0373.4136.html
http://www.leg.state.fl.us/Statutes/index.cfm?App_mode=Display_Statute&Search_String=&URL=0300-0399/0373/Sections/0373.4136.html
https://www.fws.gov/uploadedFiles/MIWR_%20CCP(1).pdf
https://www.fws.gov/uploadedFiles/MIWR_%20CCP(1).pdf
http://florida.plantatlas.usf.edu/

	Manipulating, managing and rehabilitating mangrove-dominated wetlands along Florida’s east coast (USA): balancing mosquito control and ecological values
	Abstract
	Introduction
	History of impacts to Florida mangroves
	Navigational dredging
	Mosquito control
	Ditching
	Impounding
	Dragline ditching
	Dredge and fill

	Development

	Recovering functions of impacted wetlands
	Impoundment research
	Coordination
	Impoundment rehabilitation
	Impoundment restoration
	Evaluation and validation of methods
	Development and implementation of other restoration methods
	Dragline-impacted wetlands
	Subsided wetland
	Removal of dredge spoil

	Continued and expanded coordination
	Permitting

	Current and future issues
	Sea level rise and resilience
	Northward migration/expansion of mangroves

	Conclusion
	Authors’ contributions
	Data availability
	References




