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Abstract

Asian swamp eels (Monopterus albus/javanensis) were first reported as introduced to
Florida waterbodies in 1997 near Tampa and Miami; a third population was record-
ed by 1999 in Homestead. Initial assessments, published soon after swamp eels in
southern Florida were first recorded in wetlands beyond canals and ponds (in 2007),
concluded there was little threat to Florida’s aquatic ecosystems. Long-term data now
suggest they precipitated population crashes of crayfishes and small fishes in the east-
ern Everglades. We used records from continuous long-term monitoring programs,
sporadic monitoring studies, and online databases to reconstruct swamp eel presence
across Florida. Monitoring studies provided wetland hydrologic variables to assess
limits for swamp eels. From 1997-2007, populations in southern Florida remained
restricted to canals; initial spread from 2007-2017 across southern Everglades Na-
tional Park proceeded slowly and the two populations covered ~1500 km? of southern
Florida. From 2017-2022, the rate of spread increased as they spread west and north
(5800 km? range). Through 2014, the Tampa population occurred only along south-
ern/eastern Tampa Bay (-60 km?) but has since spread south along the Gulf Coast,
east into central Florida, and south along the Lake Wales Ridge (-11,000 km?). We
found evidence of two potentially new introductions, in Palm Beach County and
Orlando. There was no clear evidence of limitation of wetland drying on swamp eel
occurrence in the Everglades; they were captured in marshes that dried for 1-5 months
during the previous dry season, but short-hydroperiod wetlands may have slowed
spread. In the Everglades, evidence suggests swamp eels may have been inadvertently
spread into marshes from canals used to deliver water for flood control and hydrologic
restoration. Swamp eels are currently spreading unchecked across Florida, and there
should be great concern about continued spread in this region and their establishment
and spread elsewhere.
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Introduction

Swamp eels (family Synbranchidae) are found primarily throughout tropical and
subtropical ecosystems, but range into temperate areas in eastern Asia (Rosen and
Greenwood 1976; Perdices et al. 2005; Fricke et al. 2022). Synbranchids have a
long history of being introduced to new regions, which has been primarily asso-
ciated with their use in Asian cuisine, Buddhist prayer rituals, and food markets
(Nico et al. 2011, 2019). The first known introductions are from the 1800s (i.e.,
movements of swamp eels around east Asia), and the most recently introduced
populations have been documented after 2010 in the south central United States;
an overview of their global introduction history can be found in Nico et al. (2019).

Native synbranchids are found in southern Mexico and Cuba, but no species
are native to the Nearctic, including subtropical Florida. The first introduced pop-
ulation of synbranchids in the Nearctic was established by a population belonging
to the Monopterus albusljavanensis complex and was detected in 1994 in wetlands
along the Chattahoochee River near Atlanta, Georgia, United States (Starnes et
al. 1998; USGS 2023). Two other populations from this species complex were
detected in 1997, one near Tampa, Florida and the other in northern Miami-Dade
County, Florida (‘North Miami’ population); a fourth population was detected in
1999 in southern Miami-Dade County (‘Homestead” population; Collins et al.
2002). Additionally, two established populations of Ophichthys cuchia (formerly
Monopterus cuchia) have been recorded in the United States, one in New Orleans,
Louisiana and the other in Houston, Texas (Jordan and Nico 2020; Best et al.
2022). The Atlanta population and all three Florida populations have generally
been referred to as M. albus, but there are at least two species in Florida (some
referred to as M. javanensis) and likely another in Georgia (Collins et al. 2002).
Given the recent description of new synbranchid species (see Britz et al. 2018),
taxonomic changes to the family and potential application of the name M. albus to
the Neotropical species Synbranchus marmoratus (Britz et al. 2021), and the need
for further taxonomic revision (Perdices et al. 2005) and subsequent determination
of the phylogenetic position of introduced populations (Collins et al. 2002), we
use the generic term ‘swamp eels’ to refer to any individuals/populations while
maintaining the prevailing standard that the Florida introductions are represented
by the M. albusljavanensis species complex.

The distribution of the Atlanta swamp eel population originally detected at the
Chattahoochee Nature Center has apparently remained restricted to within a few
kilometers of the introduction site, although monitoring efforts are limited and
a potential second population was recently detected in a tributary ~18 km to the
southwest (Johnson et al. 2021; USGS 2023). In contrast, the swamp eel pop-
ulations in southern Florida spread rapidly through the canals of Miami-Dade
and Broward counties (Shafland et al. 2010), but were not detected outside of
canals until 2007, when they were reported from marshes of the C-111 Panhandle
region of the southeastern Everglades (Kline et al. 2014). From 2006 to 2010,
limited efforts were made to remove swamp eels from the canals along the border
of the Everglades using boat electrofishing in an attempt to restrict their distribu-
tion, reduce their populations, and slow their spread to the wetlands of the Ever-
glades (Galvez et al. 2011). Most recently (data through 2012) in an assessment
focused on Everglades National Park, Kline et al. (2014) reported swamp eels from
throughout the C-111 Panhandle region, as well as around the northern end of
Taylor Slough near where the slough receives water from the L-31W Canal. How-
ever, it is recognized that swamp eels are cryptic invaders and can be difficult to
detect (Taylor et al. 2021) and are not often captured by methods readily accessible
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to the public (Shafland et al. 2010; Ame and Mayor 2021). Many of the obser-
vations documented by the public are of various larger egrets or herons capturing
swamp eels (Taylor et al. 2018).

Early studies on swamp eels in the United States mentioned some concern
for their potential to disrupt native ecosystems (Starnes et al. 1998; Collins et al.
2002), while preliminary effects of swamp eels in Georgia (Starnes et al. 1998)
were later repudiated (Straight et al. 2005). Although concerns for potential effects
of swamp eels continued to be mentioned in the literature (e.g., Nico et al. 2019;
Sakaris et al. 2019), the few studies looking at potential swamp eel effects did not
provide evidence that they may noticeably damage aquatic communities. In Flor-
ida in particular, an initial dietary study in aquaculture ponds (Hill and Watson
2007) and overall assessment of swamp eels in the state (Shafland et al. 2010)
concluded that swamp eels had minimal ability to disrupt aquatic communities.
These conclusions were premature (Pintar et al. 2023a, b). At the time Shafland et
al. (2010) published their study, swamp eels had only been documented outside of
anthropogenic canals in southern Florida native wetlands on one occasion (Kline
et al. 2014), and no studies had been conducted on effects in natural habitats in
the region.

The shallow (typically 10-80 cm deep) subtropical wetlands of the Everglades
include temporary (<12 months) and near-permanent (multi-annual) hydroperi-
ods. The wetlands within Everglades National Park were invaded from the adja-
cent canals near Homestead, FL sometime between 2000, when first found in the
C-111 Canal (a canal open to Everglades National Park) and 2007, when they
were first collected in wetlands downstream of the canal. Pintar et al. (2023a)
assessed the current state and potential effects of the 10+ year swamp eel establish-
ment in Taylor Slough (400 km* drainage; Fig. 1) on the eastern side of Everglades
National Park. In that drainage, swamp eels have not only persisted since they were
first detected, but have become more common than all other large fishes (>8 cm
standard length) combined (Pintar et al. 2023a). Their invasion has been associ-
ated with the near-complete loss (>99%) of both species of procambarid crayfish,
and declines or crashes (46-99%) of four out of the six previously most common
small fish species. These effects of swamp eels have been partly tied to their drought
resistance (Pintar et al. 2023a), due to the physiological capacity to withstand sur-
face water loss (Rosen and Greenwood 1976; Liem 1987; Tay et al. 2003; Chew et
al. 2005), unlike any other large fishes in the Everglades. This characteristic enables
them to prey on species like crayfish and small fishes that are reliant on the short
predator-free time periods at the start of the wet season for breeding and popula-
tion growth (Trexler et al. 2005; Dorn and Cook 2015). The drought tolerance of
the species has not been explored directly, but swamp eel populations have recently
expanded beyond Taylor Slough (Pintar et al. 2023a, b).

In this paper we collated all available data to document the current and historic
distributions of swamp eels in Florida, examine the range of hydrologic conditions
where they have been captured within the wetlands of southern Florida, examine
the detection capacity of two coordinated sample methods, and then discuss their
potential future spread and its potential consequences.

Materials and methods

List of location abbreviations

ENP  Everglades National Park;
LOX Arthur R. Marshall Loxahatchee National Wildlife Refuge (WCA 1);
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SRS  Shark River Slough, ENP;
STA  Stormwater Treatment Area;
TSL  Taylor Slough, ENP;

WCA Water Conservation Area.

Data sources

To create sequential maps of the presence of swamp eels over time in Florida,
we compiled as many records as possible of swamp eels in Florida from 1997 to
2022, though we may have missed some records as some of our inquiries went
unanswered. Because processing of 2023 samples was incomplete at the time of
publication, records from 2023 and January 2024 were only included when they
extended the known range or filled in spatial gaps between previous records. We
broadly classified data sources into three categories: (1) long-term (>5-year) mon-
itoring projects aimed at assessing responses of aquatic animal populations in the
Everglades ecosystem to restoration and hydro-management, (2) short-term (<5-
year) projects in canals of southern Florida, and (3) miscellaneous records posted
to online databases or provided to us personally. The long- and short-term data-
sets are focused on southern Florida and the Everglades ecosystem south of Lake
Okeechobee (Fig. 1) and miscellaneous records cover all of Florida. Long-term
sampling efforts were focused on ENP and WCA 3, with additional projects in
WCA 2, LOX, and the STAs. Among short- and long-term datasets, sampling
methods primarily used 1x1 m? throw traps (water depth <1m; Jordan et al. 1997)
or airboat electrofishing in wetlands and deeper (mostly <2.2 m) alligator holes
(Chick et al. 1999), along with minnow traps and drift fence arrays (set at depths
from 0.2-1.1 m in wetlands). Throw traps are active samplers that give density
estimates (point estimates) by using seines and dip nets to clear a 1-m? area of all
animals captured by a 1-mm mesh box (open on top and bottom) that is thrown
into the marsh. This process is repeated multiple times in a wetland to create densi-
ty estimates of small animals (e.g., Dorn and Trexler 2007). Electrofishing followed
methods described in Chick et al. (1999) and has been detailed in other studies
(e.g., Parkos et al. 2011; Pintar et al. 2023a). The datasets are described in brief
below. We contacted/explored additional data sources including the Conservancy
of Southwest Florida, Flickr, the Florida Fish and Wildlife Conservation Commis-
sion (FWC), and ecologists at Tribes and federal agencies (see Suppl. material 1).

Long-term datasets

Swamp eel records from long-term (>5-year) datasets across the Everglades pro-
vided the largest portion of records located outside of canals, representing 1,917
swamp eels captured from 2008 to 2023. These datasets are the most spatially
expansive across the Everglades (Suppl. material 2: figs S1, S2), have consistent
methodology for the duration of each project, and most have long periods of sam-
pling prior to swamp eel detection (Table 1).

CERP-MAP: This dataset consists of throw trap data collected as part of the Com-
prehensive Everglades Restoration Plan (CERP) Monitoring and Assessment Project
(MAP) from 2005-2022 (South Florida Ecosystem Restoration Task Force 2022).
Sampling occurred in 146 ‘principal sampling units’ (PSU) in wetlands across the
Everglades ecosystem, from southern ENP north through LOX. Three throw trap
samples (Jordan et al. 1997) were collected once per year in each PSU during the
wet season (typically late September through early November). Data were collected
by the Dorn/Trexler Aquatic Ecology Lab at Florida International University (FIU).
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Figure 1. Map of southern Florida showing major regions of the Everglades ecosystem, including Everglades National Park (ENP), Big
Cypress National Preserve, Loxahatchee Impoundment Landscape Assessment (LILA), Loxahatchee National Wildlife Refuge (LOX), the
Water Conservation Areas (WCA; WCA 1 = LOX), Stormwater Treatment Areas (STA), and the Everglades Agricultural Area.
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DECOMP: This dataset consists of throw traps (3 replicates per site), drift fenc-
es (3 replicates per site from 2019 until April 2020, then 1 replicate per site until
March 2021), and airboat electrofishing (1-3 five-minute transects per site) of
wetlands between the L-67A and L-67C canals of WCA 3B. Samples were taken
twice per year from 2010-2017 and 2019-2022. Extensive sampling of sloughs
began in 2019, with prior sampling primarily in the L-67C Canal. Data were col-
lected by the Dorn/Trexler Aquatic Ecology Lab at FIU.
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Table 1. Summary table of long-term datasets, their spatial and temporal scopes, the methods used to capture swamp eels, and the total

number of individual swamp eels included in the dataset. All electrofishing is airboat-mounted.

Dataset Spatial Scope Temporal Scope Methods # swamp eels
CERP-MAP All wetlands of ENP, WCA 2 & 2005-2022 1x/yr Throw trap 29
3,LOX
DECOMP WCA 3B near L-67 Canal 2010-2017,2019-2022 | Throw trap, Minnow trap 18 (throw trap),
2xlyr fence arrays, Electrofishing | 3 (minnow trap),
273 (electrofishing)
10P ENP eastern boundary & SRS 2004-2022 3-5x/yr Minnow trap fence arrays 21
LILA Loxahatchee Impoundment 2008-2013, 2018-2022, | Throw trap and Fyke nets 0
Landscape Assessment 2x/yr
MWD Sloughs & alligator ponds of SRS, | 1996-2023 5x/yr (throw | Throw trap, Electrofishing | 316 (throw trap),
TSL, C-111 PHD, WCA 3 trap), 4x/yr (electrofishing) 1167 (electrofishing)
Misc. WCA WCA 2 & 3, LOX 2007-2023 1-4x/yr Electrofishing 2
Parkwide All wetlands of ENP 2002-2019 1x/yr Minnow trap 14
Rocky Glades ENP Rocky Glades 1999-2019 monthly Minnow trap 47
STA STAs 1E, 1W, 2, 3/4 2016-2021 1-2x/yr Throw trap in STA 2, 3 (electrofishing)
Electrofishing in all four
UTS Upper Taylor Slough 2017-2021 6x/yr Throw trap 24

IOP: This dataset consists of un-baited minnow traps (3-mm mesh) set within
larger fence arrays/funnels (4 traps per array) soaked for 24-hour periods at 12 sites
(50 total drift fences) along the eastern border of ENP near the C-111, L-31W,
and Aerojet canals; 5 sites (2 drift fences per site) in SRS of ENP; and at 3 sites (4
total drift fences) in ENP between SRS and the C-111 Canal. Samples were taken
3-5 times per year from 2004-2022. Data were collected by the Dorn/Trexler
Aquatic Ecology Lab at FIU.

LILA: The impounded wetlands (Loxahatchee Impoundment Landscape As-
sessment; LILA) on the eastern edge of LOX were sampled with throw traps (14
random samples collected per sample season per 8-ha wetland) and fyke nets (and
hoop nets) multiple sizes soaked for 24 hours for three consecutive nights twice
a year for a series of 9 years spanning 2008-2022. Data were collected by the
Dorn Aquatic Ecology lab at Florida Atlantic University until 2021 and then by
FIU in 2022.

MWD: This dataset consists of throw trap and airboat electrofishing collected
as part of the Modified Water Deliveries (MWD) to ENP project and ENP long-
term monitoring efforts (Jordan et al. 1997). Throw trap data (5 or 7 throw trap
samples per plot; 3 or 5 plots per site) were collected at 3 sites in TSL, 6 sites
in SRS, 2 sites in WCA 3B, and 8 sites in WCA 3A from 1996-2023. An addi-
tional site in WCA 3A was sampled from 1996-2006; four sites in the C-111
Panhandle were sampled from 2008-2023. Airboat electrofishing was conduct-
ed at 18 of these marsh sites (three 5-minute transects per plot) and at nearly
50 alligator ponds over the course of the study (Chick et al. 1999; Pintar et al.
2023a). Data were taken four (electrofishing) or five (throw trap) times per year
to monitor populations of small fishes, invertebrates, and large fishes in response
to changing water management to ENP. Data were collected by the Dorn/Trexler
Aquatic Ecology Lab at FIU and ENP.

Misc. WCA 2A, 3A, & LOX: This dataset consists of airboat electrofishing
(Chick et al. 1999) conducted at three marsh sites in the middle of LOX and at
three sites in central/southern WCA 2A. There were two plots per site with three
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transects per plot; three alligator ponds were also sampled in LOX. Data were
typically collected four times per year from 2006-2020 to monitor populations of
large fishes in these regions. Additional sampling efforts were performed in south-
ern WCA 2A during the dry season of 2022 and at two of the MWD project sites
north of Interstate 75 during January and November 2023. Data were collected by
the Dorn/Trexler Aquatic Ecology Lab at FIU.

Parkwide: Distribution study of aquatic animals across ENP from 2002-2019
using un-baited minnow traps once per year during the end of the wet season
(October—November). Data were collected at 104 total sites across the park (59—
87 sites sampled per year); there were six un-baited galvanized wire mesh minnow
traps (three 3.0 mm and three 6.4 mm with 2.2 cm openings) set for approximate-
ly 24 hours at each site. Data were collected by ENP.

Rocky Glades: Monthly distribution study using minnow traps at 17 sites in
the Rocky Glades of ENP from 1999-2019. From June 1999 to September 2000,
9 sites were sampled monthly in the Rocky Glades using six 6.4 mm galvanized
wire mesh minnow traps with 2.2 cm openings set for approximately 24 hours.
Collected individuals were identified, measured, and released alive; traps were reset
for a subsequent 24-hour sample and pulled the next day (-48 hours total effort).
From April 2001 to April 2019 this study was expanded to 17 sites sampled with
six un-baited galvanized wire mesh minnow traps (three 3.0 mm and three 6.4 mm
with 2.2 cm openings). Minnow traps were each baited with a 1.25 to 2.5 cm piece
of frozen bait shrimp. Data were collected by ENP.

STA: Throw trap and electrofishing sampling collected one or two times per
year from 2016-2021. Throw trapping was only performed in STA 2 but elec-
trofishing occurred in multiple cells/regions of all four STAs (1E, 1W, 2, and 3/4;
STA 5/6 was not sampled). Data were collected by the Dorn/Trexler Aquatic Ecol-
ogy Lab at FIU.

UTS: This was a subproject of the MWD project from 2017-2021 with throw
trap sampling occurring bimonthly. Sampling covered 12 sites in the northern
(upper) portions of TSL near the L-31W Canal. Data were collected by the Dorn/
Trexler Aquatic Ecology Lab at FIU.

Short-term datasets

Swamp eel records from short-term datasets of canal electrofishing totaled 11,188
swamp eels (Table 2).

Aecrojet Boat: Electrofishing project on the Aerojet Canal from 2012-2014.
Structural changes to the canal in 2014 made it impossible to access most areas
and the project stopped. Data were collected by ENP.

CESI Canals: Data collected and used by Gandy and Rehage (2017) using boat
electrofishing of canals along the borders of ENP and WCA 3 from 2010-2013.

ECISMA: A ‘fish slam’ type project (collections by multiple teams over a short
period of time to try and detect non-natives) organized by ENP and the Florida
Fish and Wildlife Commission with boat electrofishing of canals in Miami-Dade
County near ENP in 2014. Duplicate data from the Aecrojet Boat project
were removed.

Galvez et al.: Swamp eel removal efforts from 2006 to 2010 in the canals east
of ENP collected by Galvez et al. (2011). It includes swamp eels captured and
removed (N = 5,915) from canals, as well as those observed but not caught (N =
4,458), which could have been captured during subsequent sampling efforts. Some
swamp eels captured were used by Sakaris et al. (2019).
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Table 2. Summary table of short-term datasets, their spatial and temporal scopes, the methods used to capture swamp eels, and the total

number of individual swamp eels collected. All electrofishing is boat-mounted.

Dataset Spatial Scope Temporal Scope Methods # swamp eels
Aerojet Boat Aerojet Canal 2012-2014 Electrofishing 39
CESI Canals L-31, C-111, L-29, and L-67A canals 2010-2013 Electrofishing 627
ECISMA 1-5,1-30, 1L-102, L-103, L-113, L-28INT canals 2014 Electrofishing 71
Galvez et al. 2011 C-102, C-103, C-111, C-111E, C-113, L-31N, L-31W canals 2006-2010 Electrofishing 10,451

Miscellaneous datasets

These datasets provided 798 additional records, not necessarily individual swamp
eels as some records may have had multiple individuals (Table 3).

Audubon: Records of swamp eels caught in the coastal Everglades mostly south
and east of the C-111 Panhandle region and Taylor Slough by Audubon’s Ever-
glades Science Center with associated salinity data. Data were provided by Alexan-
der Blochel and Jerry Lorenz

EDDMaps: Online reporting platform for detecting invasive species run by the
University of Georgia. We only used records that were verifiable with photos and
clearly distinct from other records in other databases (cross-posting often occurs).

FWC: Swamp eels caught electrofishing primarily from canals in southeast Flor-
ida and rivers in southwest Florida by the Florida Fish and Wildlife Conservation
Commission from 2014 to 2022. Data were provided by Daniel Nelson.

iNaturalist: All observations of swamp eels (or of birds with swamp eels) post-
ed to iNaturalist.org from the state of Florida. We used “Synbranchidae” as the
filtering term for initial searches and all records were posted as Monopterus sp.,
M. albus, or M. javanensis; we maintain the species complex as the lowest level of
identification. Permission was obtained from users whose observations had restric-
tive licensing (all rights reserved) for inclusion in this project.

Miscellaneous: Records of swamp eels sent to us as personal communication.
Two records were from Hunter Howell (University of Miami), three from Jen-
nifer Rehage’s lab (FIU), and one each Mark Pepper (ENP), Jeff Kline (ENP),
Nathan Dorn (FIU), and Jenn Miller (Fort Myers). We also include the original
North Miami detection site as a miscellaneous point as it was not included in
other datasets.

USGS-NAS: Records of swamp eels from the USGS-NAS (USGS 2023) data-
base. All records of Monopterus sp. and M. albus were collected and identified as the
species complex for our purposes. We filtered out all iNaturalist observations and
other potential duplicates that were part of other datasets here.

Table 3. Summary list of miscellaneous datasets, their spatial and temporal scopes and the total

number of swamp eel records they encompass (not necessarily individual swamp eels).

Dataset Spatial Scope Temporal Scope # records
Audubon Coastal Everglades 2007-2021 40
EDDMaps Florida 1997-2022 4
FWC Florida 2014-2022 541
iNaturalist Florida 2012-2024 87
Miscellaneous southern Florida 1997, 2022-2024 10
USGS-NAS Florida 1997-2021 116
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Rate of spread

Using all of the locations of swamp eels we obtained from 1997-2022, we created
five estimates of the rate of swamp eel spread in wetlands of southern Florida.
These estimates were generated based on the distance and timing of occurrences
between most distant points in those regions and the number of years between
those most distant observations. These five estimates were (1) from southeastern
ENP from the C-111 Canal to the park road near Nine Mile Pond, (2) from Royal
Palm to southern SRS, (3) from the Tamiami Canal to southern SRS, (4) across
WCA 3B, and (5) across WCA 3A.

Range of hydrologic conditions, swamp eel sizes, and detection
methods

We used data on marsh-caught swamp eels using both electrofishing and traps
(predominantly throw traps) from the CERP-MAP, DECOMP, MWD (excluding
alligator ponds), and UTS datasets through May 2022. The primary methods for
sampling fishes in wetlands had depth limitations. When trails were not accessible
by airboats, throw trapping continued in some areas when we had access by heli-
copter, but only five samples (versus seven) were collected from MWD and UTS
sites in ENP when accessed by helicopter. Additionally, marshes were not sampled
with throw traps if the field-measured water depth was <5 cm or >100 cm. Electro-
fishing was not typically performed if water depths were <20 cm, but a few depth
measurements indicated electrofishing may have been rarely conducted in shallow-
er conditions. Therefore, while we expect swamp eels were present in the marshes
when the water depth was <5 cm (throw traps) or <20 cm (electrofishing), we do
not have the ability to assess that potential occurrence with these datasets. Instead,
we focus our analysis of their presence on the antecedent water depths experienced
in the fluctuating semi-permanent wetlands. Some locations reach annual lows of
10-20 c¢m during the dry season while other wetlands are seasonal and have annual
dry conditions (water surface below soil surface).

Total lengths (TL, mm) of individuals caught by electrofishing were measured
in the field, and lengths of individuals caught in traps were measured in the lab.
Some smaller swamp eel lengths, particularly for electrofishing, were noted as <100
or <200 mm, all of which we have excluded from our length assessments. Each
swamp eel individual was counted as a unique occurrence; if multiple swamp eels
were captured in one sample such as one throw trap sample or one electrofishing
transect, they were counted separately. Using the date and location of each swamp
eel occurrence in our datasets through May 2022, hydrologic conditions were esti-
mated from the Everglades Depth Estimation Network (EDEN; Telis 2006; Liu et
al. 2009). Daily depth records in cm for the sample sites were based on EDEN val-
ues corrected by our 77 situ measurements of depth. Three primary variables were
obtained or calculated: (1) the depth (cm) at the time of collection, (2) the number
of days since a site was dry (DSD; depth <5 c¢m; Trexler et al. 2005), and (3) the
length of the previous dry season (LDS; days the depth was <5 cm during the pre-
vious dry season; ranging from 0 to 160 days; Pintar et al. 2023a). These variables
have been used as indicators of current and past hydrologic conditions and have
been used to model relationships between hydrology and populations of aquatic
animals in the Everglades (Trexler et al. 2005; Dorn and Trexler 2007; Pintar et
al. 2023a). We then explored the variation in hydrologic conditions at locations
where swamp eels occurred by sampling methods and over time. To consider the
evidence for recruitment and establishment in different locations, the variation in
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captured swamp eel sizes was assessed across time (seasonally and across the entire
time series), along with examination of sizes found in the driest years/sites.

Using MWD data, we compared the detection of swamp eels at a site using elec-
trofishing versus throw traps. We determined which method first detected swamp
eels at each plot in TSL, SRS, and WCA 3 and compared the number of sampling
periods during which swamp eels were detected at a plot by each sampling method.
Sampling locations (e.g., the C-111 Panhandle) and time periods (e.g., December)
with limited or no electrofishing were excluded from analyses. Lastly, we sum-
marize ecosystem salinity associated with swamp eel occurrences in the Audubon
dataset because these captures were from estuarine wetlands.

Results and discussion

We found 13,882 swamp eel records with both dates and locations in Florida from
1997 to 2022; on maps we include 21 additional range-extending records from
2023 and January 2024. All occurrence data and full resolution maps are archived
on Figshare (Pintar et al. 2024).

Historical distributions and spread

For more than a decade after their first introductions (estimated mid-1990s), pop-
ulations of swamp eels were mostly confined to the canals in eastern Miami-Dade
County and a few water bodies near Tampa Bay. As of 2024, swamp eels can be
found through a large and expanding portion of Florida from Orlando south-
ward (Figs 2, 3). The three originally detected populations (Tampa, North Mi-
ami, Homestead) all appear to have undergone rapid expansion, mostly after 2015
(Suppl. materials 3, 4: figs S4-S11), while we have also detected what appear to
be new introductions at two other locations, in Palm Beach County and Orlando.
Detailed distribution histories are discussed below.

Tampa Bay and Central Florida

Our understanding of the distribution and spread of the population originally de-
tected near Tampa has not had the benefit of extensive monitoring programs like
those in the Everglades of southern Florida. The distribution of the Tampa popula-
tion was largely determined based on USGS-NAS, iNaturalist, and some FWC ob-
servations and does not necessarily indicate clear spread via any specific waterways.
The Tampa population was apparently restricted to the southern/eastern sides of
Tampa Bay and north of Sarasota until after 2014 (Fig. 2, Suppl. material 3: figs
§4-S7) at which time the distribution of occurrences covered only ~60 km?. This
population has since spread throughout the region roughly bounded by the Lake
Wales Ridge to the east, the Caloosahatchee River to the south, the Gulf of Mexico
to the west, and to the north by a 2022 record indicating spread northward into
the Hillsborough River; this population now covers ~11,000 km?. In 2015, swamp
eels appeared in the upper Peace River watershed and were found in the southern
portion of the Peace River watershed near Charlotte Harbor in 2018, the same year
swamp eels started being documented throughout the lakes and wetlands along the
Lake Wales Ridge (Fig. 2).

During 2021, several iNaturalist observers began documenting swamp eels in
Myakka River State Park (also in the Charlotte Harbor watershed). The observations
of swamp eels in the area of Myakka River State Park highlight the value of citizen

science observations for illustrating the spread of swamp eels in this area, since it is
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Figure 2. Map of all swamp eel records across Florida from 1997-2024. Points are colored by year of record.

an area heavily visited by the public and with many wading birds that have been ob-
served catching swamp eels. The sparsely populated areas, and perhaps fewer parks,
between the Gulf Coast and the Lake Wales Ridge lack citizen observations and have

only a few records from USGS-NAS on the Peace River (Fig. 2).

The exact dispersal pathway of swamp eels in central Florida and how they
spread from the area around Tampa Bay to the Charlotte Harbor watershed
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could not be discerned. Given the relative proximity of our few data points, the
ability of the species to tolerate drought, and the topographic flatness of the state
it is possible these new points represent movement eastward to the headwaters
of the coastal drainages around Tampa and then a jump into the Peace River
Watershed, which drains to Charlotte Harbor, during a particular high-water
point in a year.
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Orlando

A more distinct occurrence of swamp eels was documented in 2020 and 2022 at the
Mead Botanical Garden in Winter Park near Orlando (Fig. 2). These occurrences
were 64 km northeast of the next closest swamp eel occurrence in Middle Ham-
ilton Lake near Haines City, making it the most spatially isolated known swamp
eel occurrence in Florida. Whether the Orlando occurrence represents spread from
the Tampa population or an isolated population is unknown due to a lack of data
in the region. There are likely routes of spread between Haines City and Winter
Park, but they are not as direct as movement through a riverway or across a large
open wetland. Additionally, the continued occurrence of swamp eels at the Mead
Botanical Garden, but not at other sites in the region, is peculiar and supportive
of a distinct population. Importantly, the Winter Park records are in the St. Johns
River watershed and potentially represent a new avenue of spread both northward
and southward through the largest river watershed in the state.

Palm Beach County

In 2015, swamp eels were first recorded from the Palm Beach Canal near Palm
Beach International Airport (Fig. 2), and then in 2016 they were found in STA 1E
to the west along the same canal just north of LOX. Swamp eels have continued
to be documented in the canal with FWC monitoring efforts. This potentially rep-
resents another introduction of swamp eels as the next closet records were 60 km
to the south. Sampling in LOX, WCA 2, and the LILA impoundment wetlands
have yet to detect swamp eels in or around LOX or WCA 2, and no USGS-NAS
or iNaturalist observations have been reported nearby. However, limited electro-
fishing in LOX was performed until 2020 and no projects in the developed areas of
Palm Beach County are known that might detect swamp eels. It is perhaps possible
the Palm Beach population was a result of the spread of swamp eels from the pop-
ulations to the south, but repeated observations along this canal and a lack of ob-
servations anywhere in the heavily populated 60 km between this population and
those in Miami-Dade and Broward counties suggests a unique introduction. Fur-
ther assessment of the distribution of swamp eels in Palm Beach County is needed,
along with their potential relation to other populations. The occurrence of swamp
eels on the upstream side of LOX in the constructed nutrient remediation wetlands
(STAs) suggests they may soon colonize and spread into that large wetland.

Southern Florida — North Miami and Homestead

As of January 2024, swamp eels were known to occur in southeastern Florida from
just north of Interstate highways 75 (Alligator Alley) and 595 southward (Fig. 3,
Suppl. material 4: fig. S11). This includes the developed and agricultural areas of
Broward and Miami-Dade Counties, nearly all of WCA 3A, all of WCA 3B, and
much of ENP. In ENP, regions with swamp eels include the C-111 Canal and
Panhandle wetlands, TSL, SRS, and the Rocky Glades. As of 2017 the two pop-
ulations in southern Florida were potentially still spatially separated and covered
a total area of ~1500 km? (North Miami: 700 km? Homestead: 800 km?). We
expect that the two populations (likely different species or subspecies; Collins et al.
2002) of swamp eels originally detected in North Miami and Homestead are now
mixed in the region, covering a total area of at least 5,800 km?, and their separate
contribution to the overall spread and distribution cannot be delineated with these
records. Additional study of the genetic composition of swamp eel populations

Matthew R. Pintar et al. (2024), Aquatic Invasions 19(2): 233-258, 10.3391/ai.2024.19.2.124660 245



=) z?xquatic

£ nvasions
|NVMW[SNH Distribution of swamp eels in Florida

across the current distribution in Florida may help better determine the spread
of the North Miami and the Homestead variants and their relatedness to newly
detected populations in Palm Beach County and Orlando.

Our findings in the southern portion of Miami-Dade County and ENP support
those of Kline et al. (2014), with the first appearance of swamp eels outside of canals
occurring in the C-111 Panhandle region in 2007 and then in 2009 at Royal Palm
(Fig. 3, Suppl. material 4: figs S8, S9), both in areas downstream of canals. From 2009
through 2014 (Suppl. material 4: figs S9, S10), there was a proliferation of swamp eel
occurrences from control and monitoring efforts in canals on the eastern boundary of
ENP. There was limited sampling effort in the C-111 Panhandle marshes until sam-
pling was expanded in 2008 in response to collections of swamp eels south of the canal
in 2007. When marsh electrofishing began in 2009 in the C-111 Panhandle region,
swamp eels were already established in the marsh. Electrofishing in TSL was consistent
since 1996, but swamp eels were not detected in the center of the sloughs until 2012.
Following their first detection at the Royal Palm visitor center near the main park road
in 2009, swamp eels invaded and established throughout TSL (established everywhere
by 2014) while they were also beginning to be documented in the Rocky Glades and
spreading west along the park road in ENP. Cold events and severe droughts during
subsequent dry seasons in 2010/2011 (Boucek and Rehage 2014; Rehage et al. 2016)
may have played some role in limiting initial spread into Taylor Slough, but limited
data from Panhandle marshes in close proximity to the C-111 Canal suggest swamp
eels there either recolonized quickly following those events or may not have been im-
pacted to the extent other non-native fishes were (Pintar et al. 2023a, b).

Although water management along the eastern boundary of TSL experienced
a shift in infrastructure and operations during the early 2000s that altered water
flows to Taylor Slough through the L-31W Canal (Kline et al. 2014; Kotun and
Renshaw 2014), the management and infrastructure remained relatively consistent
until about 2012 when a series of new water management actions began. These
included new pump stations and seepage management structures that increased
connectivity of water flows from the C-111 and L-31N canals. By 2017, these
structures were actively delivering water through sections of the L-31W Canal into
ENP. Our findings suggest that it is possible that changes to water deliveries from
structures bordering the C-111 and L-31 canals unintentionally encouraged the
westward colonization and movement across the short hydroperiod prairies and
into the deeper sloughs of TSL between 2012 and 2017.

At the same time (2010-2014) as swamp eels were spreading through southeast-
ern END records continued to document swamp eels in the area around the C-9 Ca-
nal in northern Miami-Dade and Broward counties (Suppl. material 4: figs S9, S10).
Swamp eels were not found in the L-30 Canal until 2014, suggesting what was likely
the North Miami population of swamp eels was spreading west and then south;
the L-30 Canal is on the east/urban side of the protective levee outside of WCA
3B. Beginning in 2015, a new pump station (S-356) on the L-29 Canal changed
the historic west to east gravity fed flow direction out of the Everglades (via S-334)
to capture seepage in the L-30 and L-31N canals and pump water to the west into
northeast SRS of ENP. From 2015 to 2018 FWC canal electrofishing continued to
document the occurrence of swamp eels in urban canals before the beginning of a
rapid westward range expansion in 2017 and 2018 (Suppl. material 3: fig. S7).

In 2017, swamp eels were first recorded within WCA 3B, and in 2018 they were
found at the northeastern end of the L-67A Canal on the border of WCA 3A (Suppl.
material 4: figs S10, S11); these areas are downstream of the S-9 pump station that
moves water from the C-11 Canal from the eastern side of the protective levee into
the WCA canals and marshes. In 2019, swamp eels were further documented in
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WCA 3B and the Tamiami Canal, while the start of electrofishing in sloughs between
the L-67A and L-67C canals (on the border of WCAs 3A and 3B) documented the
widespread occurrence of swamp eels in that area. Sampling that occurred from 2010
to 2017 in the L-67C Canal notably did not detect swamp eels, suggesting a rapid
invasion of WCA 3B up to the border of WCA 3A adjacent to the L-67A Canal in
2018. Simultaneously, downstream of the Tamiami Canal, the first two swamp eels
in SRS were found in 2018 and 2019, before being found throughout most of the
slough in 2020. Whether swamp eels in SRS spread south (downstream) from the
Tamiami Canal and/or westward across shallower areas of Everglades National Park
is not clear due to a lack of electrofishing in the marshes on the east side of SRS. A
series of iNaturalist observations along the park road suggest a likely westward spread
toward southern SRS, while the known occurrences of swamp eels upstream of SRS
(WCA 3 and adjacent canals) indicate swamp eels may have arrived in SRS from
both the north (upstream) and east (across the Rocky Glades). Since 2020, we have
seen the continued occurrence and establishment of swamp eels throughout SRS and
their initial spread westward towards the southwestern Everglades. In 2021, swamp
eels were first detected in WCA 3A and have since been found across most of the
region with the first records north of Interstate 75 during fall 2023. A November
2023 iNaturalist observation along the loop road in Big Cypress National Preserve is
the westernmost record of the southern Florida populations.

In southern Florida, the total distance spread from the first detection site in
the C-111 canal has been >40 km westward, while that from the North Miami
site appears to be >60 km to the northwest. Two estimates of the rate of spread
in the southeastern Everglades indicated swamp eels spread at 2.5-3.1 km/yr for
their movement across seasonal wetlands from the C-111 Canal across TSL to the
park road near Nine Mile Pond, and from Royal Palm across the Rocky Glades to
southern SRS. Assuming swamp eels entered SRS from the Tamiami Canal, their
spread southward through contiguous longer hydroperiod wetlands could be esti-
mated at 13 km/yr. This rapid spread observed since 2017 is also supported by the
rates observed in other longer hydroperiod slough habitats in WCA 3B (13.5 km
/yr) and WCA 3A (20-25 km/yr).

Range of hydrologic conditions

From our four datasets used for this assessment, a total of 1,557 swamp eels were
caught in marshes; 1,510 of those swamp eels had recorded lengths. There were
1,202 swamp eels caught electrofishing (1,157 with lengths), and 354 individuals
(352 with lengths) caught in throw traps (excluding drift fences).

Projecting the future distribution and effects of swamp eels requires us to eval-
uate how much hydrologic disturbance they can withstand across the wetland hy-
drologic gradient. Other large-bodied fish populations in the Everglades are limit-
ed by past drying and take years to recover because the landscape is topographically
flat (Chick et al. 2004; Parkos et al. 2011). Our review of the data indicated swamp
eels were captured in wetland habitats spanning much of the hydroperiod gradient
in the Everglades. The minimum number of days since drying (DSD) associated
with a capture was less than one month (24 days) — a value likely limited by the
timing of sampling at the start of the wet season, wherein the wet season begins in
June and sampling for our monitoring studies often starts in July. The maximum
DSD was over 11,300 days (31 years continuous hydroperiod) from swamp eels
collected in 2021 and 2022 from sites in WCA 3 (DPM project and one MWD re-
cord) that have not dried since before the MWD project began and before swamp
eels were detected in Florida (Suppl. material 5: fig. S12).
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The range of depths associated with swamp eel captures in wetlands varied sim-
ilarly for electrofishing and trap captures, with depths ranging from 10-100 cm
(Table 4). As noted in the methods, the lower limit of depths is based on sampling
limitations with throw trap samples not collected when depths are <5 cm and elec-
trofishing samples typically not collected when depths are <20 cm. The range of
depths in which swamp eels have occurred since 2009 have also shown some gen-
eral trends towards being higher in more recent years (Suppl. material 5: fig. $13),
which is likely a combination of the spread of swamp eels to deeper regions and a
recent increase in the hydroperiod of southern Everglades regions (associated with
increased connectivity across the Tamiami Trail) with higher captures, like TSL
(Kotun and Renshaw 2014) or a recent string of high rainfall/highwater events
observed since 2015.

The most interesting hydrologic condition is perhaps the length of the previous
dry season (LDS), which provides an indication of the severity of the drying that
occurred at a site over the most recent dry season. The minimum, mean, and me-
dian LDS values were all quite low (Table 4; Suppl. material 5: fig. S14), which
should be expected since few sites have dried in recent years as swamp eels have
spread and become more common across the Everglades. Indeed, many sample
sites where they are present have never dried during the history of swamp eels in
Florida and so the minimum LDS is zero days. However, the maximum LDS for
sites where swamp eels have been observed is 140 days for electrofishing and 142
for throw traps — indicating swamp eels have occurred at sites that have recently
been dry for nearly 5 months. Dry seasons that lasted for 140 and 142 days were
near the maximum (160 days) observed in the entire history of our longest datasets
from sloughs. All LDS values >142 days occurred in SRS and WCA 3 long before
(2012 and earlier) the arrival of swamp eels in those regions.

All of the >130-day LDS swamp eel occurrences (N = 9) were in the C-111 Pan-
handle region during 2011 (Suppl. material 5: fig. S14), but occurrences of swamp
eels at sites with LDS values of 90-129 days (N = 19) occurred in the C-111 Panhan-
dle during 2009 and 2011 and northern TSL during 2019 and 2020 as part of sam-
pling for the MWD and UTS projects. Most of the >90-day LDS swamp eel occur-
rences were during sampling that occurred during October and December sampling
periods, which gave swamp eels 3+ months to recover or colonize, but the severity
of the drought in 2011 precluded collection of any July samples, so it is difficult to
assess exactly how soon after re-flooding that swamp eels can be found. Furthermore,
many of these occurrences were at sites in the C-111 Panhandle close (<1 km) to a
canal (the entirety of the UTS region is <5 km from canals). Nevertheless there were
occurrences of swamp eels found with >90-day LDS values at sites 6-10 km from a
canal and >2 km from coastal creek habitats. Swamp eels found at sites >2 km from
canals and creeks included both adults and juveniles, and the juveniles (-60 mm)
seem unlikely to migrate long distances to/from deeper refuges compared to adults,
suggesting they probably aestivated in place during the previous 3—4-month dry pe-
riod. In SRS and TSL, swamp eels have been found throughout the sloughs during
July sampling following dry seasons that lasted between 30 and 70 days; a few of
these individuals were juveniles, but most captures were of larger individuals caught
during electrofishing (electrofishing targets larger size classes).

Records documented here suggest that swamp eels can withstand droughts per-
haps as long as many of the good crayfish-producing (Procambarus alleni-inhabited)
short hydroperiod wetlands in marl prairies of southern Florida. This means the
western Everglades could experience P. alleni population reductions if swamp eels
become established in those wetlands (Pintar et al. 2023a), which have 7—11-month
hydroperiods. Direct experimental demonstrations of the effects of drying on swamp
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Table 4. Summary statistics of swamp eel occurrences: days since a site was last dry (depth <5 cm;
DSD), depth, length of the previous dry season (days depth <5 cm; LDS), and total length of swamp
eels for data on individuals caught electrofishing and traps (throw traps and drift fences).

Min ‘ Max ‘ Mean ‘ Median

DSD (days)

Electrofishing 34 11,385 1,304 278

Traps 24 11,399 913 429
Depth (cm)

Electrofishing 11.3 116.4 38.9 37.3

Traps 10.4 915 40.7 39.9
LDS (days)

Electrofishing 0 140 10.7 1

Traps 0 142 13.8 0
Length (mm)

Electrofishing 114 1000 425 395

Traps 19 423 76 64

eels, comparing their resistance to that of burrowing crayfish (Dorn and Volin 2009),
along with monitoring of shorter hydroperiod prairie habitats should help develop
stronger expectations about the future of swamp eels and their effects.

In the coastal Everglades, the range of salinities from the Audubon dataset was
0.3-22.3 PSU. Excluding 15 occurrences in freshwater (<1 PSU), the mean salin-
ity was 8.5 PSU. Seven occurrences were in slightly saline water (1-3 PSU), eight
in moderately saline water (3—10 PSU), and ten were in highly saline water (10—
35 PSU). Only two occurrences were in water with salinity >20 PSU, both in 2008,
soon after swamp eels were first recorded in the C-111 Panhandle region. Schofield
and Nico (2009) documented that swamp eels from all three original populations
can withstand salinities as high as 18 PSU for several days, but mortality rates do vary
among populations. In the Schofield and Nico (2009) results, the Homestead popu-
lation of swamp eels, which is almost certainly the same population documented by
the Audubon dataset, had 100% survival up to 40 days in all salinities they were ex-
posed to. Together, these results suggest some populations (or species) of swamp eels
are able to survive for extended periods of times in saline conditions (at least as high
as 20 PSU) and could potentially use shallow coastal marshes as dispersal pathways.

Swamp eel sizes

The mean sizes of swamp eels caught varied as expected by method, with electro-
fishing capturing larger individuals (mean = 425 mm TL) and throw traps catching
mostly juveniles (mean = 76 mm), with overall sizes ranging from 19 mm to 1000
mm (Table 4). There was no clear seasonal variation in the sizes of swamp eels caught
electrofishing (Suppl. material 5: fig. S15), which may suggest no potential size-
based (and inherently sex-based since they are hermaphroditic and all become males
as they grow; Liem 1963; Yang and Xiong 2010; Matsumoto et al. 2011) mortality
related to seasonal variation in hydrologic conditions. There was a clear trend of
increasing sizes of swamp eels caught in traps from the start of the wet season (June)
through the end of the dry season (April; Fig. 4). This suggests that most swamp eel
breeding occurs at the start of the wet season and the growth of these new recruits
progresses consistently throughout the water year from the start of the wet season in
June through the end of the following dry season in May (Long and LaFleur 2011).
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Figure 4. Boxplot of swamp eel lengths (mm) caught in throw traps in marshes by month of capture.

Detection methods

Across the 34 plots of MWD sampling where swamp eels were found, the first de-
tection was by electrofishing in 25 plots (74%), with first detection by throw trap-
ping in 7 plots (21%), and in 2 cases both methods detected swamp eels during the
same sampling period (6%). Among all sampling periods when swamp eels were
detected at a site, 65% of the time they were captured only by electrofishing, 15%
only by throw trap, and 20% by both methods.

Electrofishing was the method by which swamp eels were most often first and
most regularly detected in all sites where electrofishing and throw trapping were
both performed. However, our personal observations and what was reported by
Shafland et al. (2010) indicate fewer than half of swamp eels observed electrofish-
ing are actually caught and recorded, potentially underestimating their abundance
relative to other large fishes. The limitations to detecting swamp eels by throw
trapping (or other methods that are not electrofishing) seems likely to limit our
ability to document the spread of swamp eels at fine scales across the Everglades.
Ongoing projects like CERP-MAP that cover large areas of the Everglades (Suppl.
material 2: figs S1, S2) only sample with throw traps (and only take three throws
per 64 ha PSU) once per year. In contrast, the MWD sampling included repeated
(4-5x per year) sampling over ~6 ha total area (throw trap plots are each 0.3—1 ha)
by both throw traps and electrofishing passes. The sampling intensity builds upon
the evidence in Pintar et al. (2023a, b) demonstrating the importance of long-term
monitoring programs that are able to assess the presence and densities of multiple
taxa along with their seasonal trends, which are critical for assessing population
biology and ecological interactions in ecosystems. In addition, using a diversity of
sampling methods in a long-term monitoring program may improve the ability to
detect rare and low density invasive species as they spread since the species present
are sometimes rare and at low density, particularly early in their spread (e.g., Parkos
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et al. 2019). Swamp eels are also not effectively caught with hook and line or in
traps used by fishermen or trappers (Ame and Mayor 2021), which further limits
the ability to detect swamp eel spread in areas without such intensive biological
monitoring programs. Some wading birds, on the other hand, do appear to be
effective at catching at least some swamp eels and the public observation records
have proven useful for detecting new populations and range expansions (Taylor et
al. 2018; iNaturalist records here, particularly those from Orlando).

Continued spread, future distribution, and effects

The rapid spread after an initial lag may suggest that swamp eels in Florida are an
example of a sleeper population (Spear et al. 2021): an established population that
was initially limited to canals, and apparently innocuous (based on very limited
data), that suddenly became invasive. The challenge is to identify the environ-
mental factor(s) that triggered the rapid spread after 2009 because the popula-
tions remained in canals for what appears to be 12—13 years after first detection
and perhaps >15 years after introduction. No obvious food web changes occurred
in adjacent Everglades sloughs and no mutualisms would seem necessary to en-
courage an irruptive range expansion (Spear et al. 2021). It is possible that this
rapid population spread was not triggered by an environmental factor (i.e., was
not a sleeper population), but perhaps more likely that the species was simply
building a population in the canals for 15 years and that the lag was a natural
population growth phenomenon or related to changes in water management and
infrastructure that promoted their spread. The sequential hermaphroditic lifestyle
may make reproductive potential for a newly establishing swamp eel population
limited until large individuals, which are mostly male, become prevalent, which
occurs at around 3 years (42 cm total length) in some populations (Liem 1963).
However, we expect that a population introduced in the mid-1990s would have
individuals exceeding that threshold by the time the first swamp eels were detected
in Florida during the late 1990s. Of course, the amount of sampling effort and re-
porting may have also increased, giving the impression of more rapid spread when
new sampling initiatives and reporting came into existence around 2014 (e.g., fish
slams). However, within the Everglades itself where there was an established long-
term monitoring program this does not seem to be a likely cause. The swamp eel
removal efforts that occurred from 2006 to 2010 (Galvez et al. 2011) may have
helped to reduce populations in canals and rates of colonization of marshes, but
these control efforts covered only a few canals near ENP. It is unknown what the
overall population size within individual canals and across southern Florida was at
the time, so we do not know what percent of the population was actually removed,
although for Galvez et al.’s (2011) effort catch efficiency was 54%, similar to the
48% estimated by Shafland et al. (2010).

Past efforts to predict the spread of invasive species have been met with wildly
varying degrees of success (Gallien et al. 2010). Although we do not attempt to
model the future distribution of swamp eels in the Everglades or Florida, results of
climate-matching by Nico et al. (2019) for the M. albus/javanensis complex indi-
cated highly suitable conditions across Florida and the coastal plain north to North
Carolina. As a largely tropical and subtropical species complex, cold weather across
much of the continent may limit its persistence, although some members of the
M. albusljavanensis complex are found further north in eastern Asia and may be
more cold tolerant, hence the persistence of the population near Atlanta (Johnson
etal. 2021; Saylor et al. 2021). With our current understanding of the occurrence
of swamp eels across the various hydrologic conditions observed in the Everglades,
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there does not appear to be any clear limit to the severity of previous dry seasons
that would restrict swamp eel occurrence among the current or historic hydrologic
conditions documented as part of the MWD project.

Most of the data from the southern Everglades points to changes in water man-
agement and associated structures to increase flows to ENP and Florida Bay as
playing some role in limiting and/or promoting swamp eel spread, but whether
any of those water control structures can be used at this point in the invasion to
limit their spread is unknown. For instance, the lack of swamp eels in WCA 2 and
LOX may in part be due to their relative isolation, but at the same time those areas
are not as extensively sampled, especially by electrofishing, and thus may not have
adequate early detection capabilities.

From 2000 to 2011, the marshes of TSL dried every year or two, while the
regions between TSL and the C-111 Panhandle were likely even drier. These dry
years may have played an important role in limiting the spread of swamp eels from
the C-111 Panhandle region and from Royal Palm to southern TSL. In the years
following 2011, water was deeper and hydroperiod longer in TSL. Therefore, while
swamp eels may be adapted to survive dry periods in marshes, these dry periods
may not be conducive to the rapid spread of swamp eels. This does not mean that
if conditions were dry swamp eels would not continue to spread, but that their
rate of spread may be slowed. Taken together the results of the spread estimates
from our assumed invasion routes suggest that swamp eels may spread faster in
longer hydroperiod wetlands (11-12 months) than short hydroperiod wetlands in
the southern Everglades (-5-10-month hydroperiods). Regardless, intentionally
drying regions of the Everglades to inhibit the spread of swamp eels seems unlikely
as it would be directly counter to one of the main goals of restoration — increasing
the flow and hydroperiods in much of ENP (Sklar et al. 2005; National Academies
of Sciences, Engineering, and Medicine 2023).

During the past decade (2012-2022), construction projects installed pumps
and culverts, removed levees and roadways, and altered flow pathways to improve
the quantity, timing, and distribution of water flows to Everglades marshes, which
in turn has increased surface water connectivity of wetlands and canals. Our un-
derstanding of the historic rate of spread means that we should expect the con-
tinued spread of swamp eels northward and westward through the Everglades,
especially since the potential removal of such a difficult to capture species from a
large wetland seems unlikely (Loftus 1988). The newfound presence of swamp eels
in the St. Johns watershed is concerning because if that population establishes and
grows it has a pathway for rapid dispersal and range expansion through eastern
Florida to Jacksonville and potentially further north.

Starnes et al. (1998) wrote that there should be concern for swamp eel establishment
and spread “...throughout our coastal lowlands from Texas to Chesapeake Bay.” We
are at a point now where this is more of a possibility than ever before. The premature
conclusions that stated swamp eels posed little risk (Hill and Watson 2007; Shafland
et al. 2010), lack of understanding regarding the uniqueness of the traits posed by
swamp eels (Lawson and Hill 2021), limited to complete lack of efforts to control
their spread soon after detection, inaction by the U.S. Fish and Wildlife Service to
ban imports under the Lacey Act, and limited prohibitions by individual states have
led to the continued introduction of swamp eels across the United States (Nico et al.
2019; Jordan and Nico 2020; Best et al. 2022). The decimation of critical wading bird
prey populations that was observed in TSL could counteract some of the goals of the
multi-billion-dollar effort to restore the Everglades if observed impacts spread through-
out the Everglades with the expanding population (Pintar et al. 2023a). If swamp eels
continue to spread, establish, and persist in wetlands, the expected trophic functions of
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freshwater ecosystems across Florida may be threatened. Furthermore, species such as
the geographically restricted crayfish endemic to small areas of the Florida Panhandle
(Franz and Franz 1990) and elsewhere in the southeastern United States may become
threatened if swamp eels spread to those regions and have effects similar to those seen
in the Everglades. Swamp eels flew under the radar for over two decades and now they
perhaps present themselves as future contenders for the title of one of the most destruc-
tive aquatic animals ever introduced to the United States.

Author Contributions

MRP: research conceptualization, sample design and methodology, data analysis
and interpretation, writing — original draft; NDS: data analysis and interpretation;
JLK: investigation and data collection, writing; MIC: funding provision, writing;
NJD: research conceptualization, sample design and methodology, data analysis
and interpretation, writing - review & editing.

Funding Declaration

Funding for this assessment of the distribution of swamp eels in Florida was pro-
vided by the South Florida Water Management District (PO# 4500135928). Con-
tinuous long-term monitoring programs, especially those funded by Everglades
National Park (Modified Water Deliveries; Task Agreement P21AC10856 of Mas-
ter Cooperative Ecosystem Studies Unit Agreement P18AC00974) and the US
Army Corps (RECOVER MAP; Agreement W9126G-20-2-0047) provided the
data backbone for our analyses. The funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation of this manuscript.

Ethics and Permits

All projects received the appropriate permits and approvals. The projects that ac-
counted for the bulk of our samples collected (MWD and CERP) received ap-
proval from Florida International University’s IACUC committee (most recently
IACUC-22-047 and IACUC-20-029-CR02) and collections were made under a
series of permits, with the most recent being EVER-2022-SCI-0045 and EVER-
2022-SCI-0046 from Everglades National Park, B14-011 from Loxahatchee Na-
tional Wildlife Refuge, and S-22-01 from the Florida Fish and Wildlife Conserva-

tion Commission.

Data Accessibility

Data and full resolution figures are available on Figshare (Pintar et al. 2024).

Acknowledgements

We greatly appreciate all of the people and organizations who responded to our
inquiries and provided data on swamp eels; data sources are listed by project in the
methods. We also thank the many technicians, graduate students, and others who
have worked to collect and process data for these projects over the years. Sofia Burgos
helped generate the hydrologic data and Fred Sklar provided helpful comments on
an earlier version of the manuscript. This is contribution number 1695 from the
Institute of Environment at Florida International University, Miami, Florida, USA.
We thank the reviewers for their helpful comments that improved the manuscript.

Matthew R. Pintar et al. (2024), Aquatic Invasions 19(2): 233-258, 10.3391/ai.2024.19.2.124660 253



z?x quatic
nvasions
u |NVM|V[SNH Distribution of swamp eels in Florida

Q)

References

Ame E, Mayor A (2021) Efficient fishing method to control the population of rice eel, Monaoprerus
albus (Synbranchidae) in rice fields in Cagayan Valley, Philippines. The Philippine Journal of
Fisheries 28(1): 228-245. https://doi.org/10.31398/tpjf/28.2.2020-0005

Best A, Perkin JS, Pinion AK, Binkley H, Conway KW (2022) First record of the Gangetic Swamp
Eel, Ophichthys cuchia (Hamilton, 1822) (Teleostei: Synbranchidae), from Texas (USA) based on
museum vouchered material, and confirmation of a second established non-native population in
the USA. Check List 18(3): 475-482. https://doi.org/10.15560/18.3.475

Boucek RE, Rehage JS (2014) Climate extremes drive changes in functional community structure.
Global Change Biology 20(6): 1821-1831. https://doi.org/10.1111/gcb.12574

Britz R, Sykes D, Gower DJ, Kamei RG (2018) Monopterus rongsaw, a new species of hypogean
swamp cel from the Khasi Hills in Northeast India (Teleostei: Synbranchiformes: Synbranchidae).
Ichthyological Exploration of Freshwater 28: 1-12.

Britz R, Dahanukar N, Standing A, Philip S, Kumar B, Raghavan R (2021) Osteology of “Monopter-
us” roseni with the description of Rakthamichthys, new genus, and comments on the generic as-
signment of the amphipnous group species (Teleostei: Synbranchiformes). Ichthyological Explora-
tion of Freshwaters 30(3): 221-236.

Chew SE Gan J, Ip YK (2005) Nitrogen metabolism and excretion in the swamp eel, Monopterus
albus, during 6 or 40 days of estivation in mud. Physiological and Biochemical Zoology 78(4):
620-629. https://doi.org/10.1086/430233

Chick JH, Coyne S, Trexler JC (1999) Effectiveness of airboat electrofishing for sampling fishes in
shallow, vegetated habitats. North American Journal of Fisheries Management 19(4): 957-967.
https://doi.org/10.1577/1548-8675(1999)019%3C0957:EOAEFS%3E2.0.CO;2

Chick JH, Ruetz CR, Trexler JC (2004) Spatial scale and abundance patterns of large fish commu-
nities in freshwater marshes of the Florida Everglades. Wetlands 24(3): 652—664. https://doi.
0rg/10.1672/0277-5212(2004)024[0652:SSAAPO]2.0.CO;2

Collins TM, Trexler JC, Nico LG, Rawlings TA (2002) Genetic diversity in a morphological-
ly conservative invasive taxon: multiple introductions of swamp eels to the southeastern
United States. Conservation Biology 16(4): 1024-1035. https://doi.org/10.1046/j.1523-
1739.2002.01182.x

Dorn NJ, Cook MI (2015) Hydrological disturbance diminishes predator control in wetlands. Ecol-
ogy 96(11): 2984-2993. https://doi.org/10.1890/14-1505.1

Dorn NJ, Trexler JC (2007) Crayfish assemblage shifts in a large drought-prone wetland: the roles
of hydrology and competition. Freshwater Biology 52(12): 2399-2411. https://doi.org/10.1111/
j.1365-2427.2007.01860.x

Dorn NJ, Volin JC (2009) Resistance of crayfish (Procambarus spp.) populations to wetland drying
depends on species and substrate. Journal of the North American Benthological Society 28(4):
766-777. https://doi.org/10.1899/08-151.1

Franz R, Franz SE (1990) A review of the Florida crayfish fauna, with comments on nomenclature,
distribution, and conservation. Florida Scientist 53(4): 286-296.

Fricke R, Eschmeyer WN, Fong JD (2022) Eschmeyer’s Catalogue of Fishes: Genera, Species, Refer-
ences. https://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp [Ac-
cessed 24 September 2022]

Gallien L, Miinkemiiller T, Albert CH, Boulangeat I, Thuiller W (2010) Predicting potential distri-
butions of invasive species: where to go from here? Diversity and Distributions 16(3): 331-342.
https://doi.org/10.1111/j.1472-4642.2010.00652.x

Galvez J, Brown A, Jackson A, Sinclair T, Troxel J (2011) Efforts to Reduce Numbers of Asian Swamp
Eel in South Florida Water Management District Canals using Electrofishing Gear. November
2011, 49 pp.

Gandy DA, Rehage JS (2017) Examining gradients in ecosystem novelty: fish assemblage structure in
an invaded Everglades canal system. Ecosphere 8(1): €01634. https://doi.org/10.1002/ecs2.1634

Matthew R. Pintar et al. (2024), Aquatic Invasions 19(2): 233-258, 10.3391/ai.2024.19.2.124660 254


https://doi.org/10.31398/tpjf/28.2.2020-0005
https://doi.org/10.15560/18.3.475
https://doi.org/10.1111/gcb.12574
https://doi.org/10.1086/430233
https://doi.org/10.1577/1548-8675(1999)019%3C0957:EOAEFS%3E2.0.CO;2
https://doi.org/10.1672/0277-5212(2004)024%5B0652:SSAAPO%5D2.0.CO;2
https://doi.org/10.1672/0277-5212(2004)024%5B0652:SSAAPO%5D2.0.CO;2
https://doi.org/10.1046/j.1523-1739.2002.01182.x
https://doi.org/10.1046/j.1523-1739.2002.01182.x
https://doi.org/10.1890/14-1505.1
https://doi.org/10.1111/j.1365-2427.2007.01860.x
https://doi.org/10.1111/j.1365-2427.2007.01860.x
https://doi.org/10.1899/08-151.1
https://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
https://doi.org/10.1111/j.1472-4642.2010.00652.x
https://doi.org/10.1002/ecs2.1634

3

8

A uatic
Invasmns

Distribution of swamp eels in Florida

Hill JE, Watson CA (2007) Diet of the nonindigenous Asian swamp eel in tropical ornamental aqua-
culture ponds in West-Central Florida. North American Journal of Aquaculture 69(2): 139-146.
https://doi.org/10.1577/A05-070.1

Johnson JR, Taylor AT, Long JM (2021) Estimating the invasion extent of Asian swamp eel
(Monopterus: Synbranchidae) in an altered river of the south-eastern United States. Marine and
Freshwater Research 72(6): 811. https://doi.org/10.1071/MF20257

Jordan E, Coyne S, Trexler JC (1997) Sampling fishes in vegetated habitats: Effects of habitat struc-
ture on sampling characteristics of the 1-m2 throw trap. Transactions of the American Fisher-
ies Society 126(6): 1012-1020. https://doi.org/10.1577/1548-8659(1997)126%3C1012:S-
FIVHE%3E2.3.CO;2

Jordan E Nico L (2020) Discovery of a reproducing wild population of the swamp eel Amphipnous
cuchia (Hamilton, 1822) in North America. Biolnvasions Records 9(2): 367-374. https://doi.
0rg/10.3391/bir.2020.9.2.22

Kline JL, Loftus WE Kotun K, Trexler JC, Rehage JS, Lorenz JJ, Robinson M (2014) Recent fish
introductions into Everglades National Park: An unforeseen consequence of water management?
Wetlands 34(S1): 175-187. https://doi.org/10.1007/s13157-012-0362-0

Kotun K, Renshaw A (2014) Taylor Slough hydrology: Fifty years of water management 1961-2010.
Wetlands 34(S1): 9-22. https://doi.org/10.1007/s13157-013-0441-x

Lawson KM, Hill JE (2021) Predicting successful reproduction and establishment of non-native
freshwater fish in peninsular Florida using life history traits. Journal of Vertebrate Biology 70(4):
21041.1-17. hetps://doi.org/10.25225/jvb.21041

Liem KF (1963) Sex reversal as a natural process in the synbranchiform fish Monopterus albus. Copeia
1963(2): 303. https://doi.org/10.2307/1441348

Liem KF (1987) Functional design of the air ventilation apparatus and overland excursions by tele-
osts. Fieldiana Zoology 37: 1-27. https://doi.org/10.5962/bhl.title.2823

Liu Z, Volin JC, Dianne Owen V, Pearlstine LG, Allen JR, Mazzotti FJ, Higer AL (2009) Validation
and ecosystem applications of the EDEN water-surface model for the Florida Everglades. Ecohy-
drology 2(2): 182—194. https://doi.org/10.1002/eco.56

Loftus WF (1988) Distribution and ecology of exotic fishes in Everglades National Park. In: Thomas
LK (Ed.) Management of Exotic Species in Natural Communities. Proceedings of the George
Wright Society Conference on Science in the National Parks. Fort Collins, 24-34.

Long JM, LaFleur C (2011) Estimation of daily age and timing of hatching of exotic Asian swamp
eels Monopterus albus (Zuiew, 1793) in a backwater marsh of the Chattahoochee River, Georgia,
USA: Daily age of Asian swamp eels. Journal of Applied Ichthyology 27(4): 1019-1022. https://
doi.org/10.1111/}.1439-0426.2011.01739.x

Matsumoto S, Takeyama T, Ohnishi N, Kohda M (2011) Mating system and size advantage of male
mating in the protogynous swamp eel Monopterus albus with paternal care. Zoological Science
28(5): 360-367. https://doi.org/10.2108/zsj.28.360

National Academies of Sciences, Engineering, and Medicine (2023) Progress Toward Restoring the Ev-
erglades: The Ninth Biennial Review - 2022. National Academies Press, Washington, DC, 244 pp.

Nico L, Ropicki A, Kilian J, Harper M (2019) Asian swamp eels in North America linked to the live-
food trade and prayer-release rituals. Aquatic Invasions 14(4): 775-814. https://doi.org/10.3391/
2i.2019.14.4.14

Nico L, Sharp B, Collins T (2011) Imported Asian swamp eels (Synbranchidae: Monopterus) in North
American live food markets: Potential vectors of non-native parasites. Aquatic Invasions 6(1):
69-76. https://doi.org/10.3391/2i.2011.6.1.08

Parkos JJ, Kline JL, Trexler JC (2019) Signal from the noise: model-based interpretation of vari-
able correspondence between active and passive samplers. Ecosphere 10(9): €02858. https://doi.
org/10.1002/ecs2.2858

Parkos JJ, Ruetz CR, Trexler JC (2011) Disturbance regime and limits on benefits of refuge use for
fishes in a fluctuating hydroscape. Oikos 120(10): 1519-1530. https://doi.org/10.1111/j.1600-
0706.2011.19178.x

Matthew R. Pintar et al. (2024), Aquatic Invasions 19(2): 233-258, 10.3391/ai.2024.19.2.124660 255


https://doi.org/10.1577/A05-070.1
https://doi.org/10.1071/MF20257
https://doi.org/10.1577/1548-8659(1997)126%3C1012:SFIVHE%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1997)126%3C1012:SFIVHE%3E2.3.CO;2
https://doi.org/10.3391/bir.2020.9.2.22
https://doi.org/10.3391/bir.2020.9.2.22
https://doi.org/10.1007/s13157-012-0362-0
https://doi.org/10.1007/s13157-013-0441-x
https://doi.org/10.25225/jvb.21041
https://doi.org/10.2307/1441348
https://doi.org/10.5962/bhl.title.2823
https://doi.org/10.1002/eco.56
https://doi.org/10.1111/j.1439-0426.2011.01739.x
https://doi.org/10.1111/j.1439-0426.2011.01739.x
https://doi.org/10.2108/zsj.28.360
https://doi.org/10.3391/ai.2019.14.4.14
https://doi.org/10.3391/ai.2019.14.4.14
https://doi.org/10.3391/ai.2011.6.1.08
https://doi.org/10.1002/ecs2.2858
https://doi.org/10.1002/ecs2.2858
https://doi.org/10.1111/j.1600-0706.2011.19178.x
https://doi.org/10.1111/j.1600-0706.2011.19178.x

%),

8

Aquatic
Invasmns

Distribution of swamp eels in Florida

Perdices A, Doadrio I, Bermingham E (2005) Evolutionary history of the synbranchid eels (Teleostei:
Synbranchidae) in Central America and the Caribbean islands inferred from their molecular
phylogeny. Molecular Phylogenetics and Evolution 37(2): 460—473. https://doi.org/10.1016/j.
ympev.2005.01.020

Pintar MR, Dorn NJ, Kline JL, Trexler JC (2023a) Hydrology-mediated ecological function of a
large wetland threatened by an invasive predator. Science of The Total Environment 857: 159245.
https://doi.org/10.1016/j.scitotenv.2022.159245

Pintar MR, Dorn NJ, Kline JL, Trexler JC (2023b) Contrasting invasion histories and effects of
three non-native fishes observed with long-term monitoring data. Biological Invasions 25(12):
3887-3903. https://doi.org/10.1007/s10530-023-03146-9

Pintar MR, ND Strickland, JL Kline, MI Cook, NJ Dorn (2024) Asian Swamp Eel (Synbranchi-
dae: Monopterus) occurrence data in Florida 1997-2023. Figshare. https://doi.org/10.6084/m9.
figshare.25521346

Rehage JS, Blanchard JR, Boucek RE, Lorenz JJ, Robinson M (2016) Knocking back invasions:
variable resistance and resilience to multiple cold spells in native vs. nonnative fishes. Ecosphere
7(6): €01268. https://doi.org/10.1002/ecs2.1268

Rosen DE, Greenwood PH (1976) A fourth Neotropical species of synbranchid eel and the phy-
logeny and systematics of synbranchiform fishes. Bulletin of the American Museum of Natural
History 157: 1-69.

Sakaris PC, Galvez J, Callier TP, Brown A (2019) Ontogenetic and temporal diet shifts of the inva-
sive Asian swamp eel in South Florida. North American Journal of Fisheries Management 39(6):
1288-1300. https://doi.org/10.1002/nafm.10362

Saylor RK, Schofield PJ, Bennett WA (2021) Non-native Asian swamp eel, Monopterus albus/java-
nensis (Zuiew, 1973/Lacepede, 1800), responses to low temperatures. Fish Physiology and Bio-
chemistry 47(2): 465-476. https://doi.org/10.1007/s10695-021-00925-w

Schofield PJ, Nico LG (2009) Salinity tolerance of non-native Asian swamp eels (Teleostei: Syn-
branchidae) in Florida, USA: comparison of three populations and implications for dispersal.
Environmental Biology of Fishes 85(1): 51-59. https://doi.org/10.1007/s10641-009-9456-9

Shafland PL, Gestring KB, Stanford MS (2010) An assessment of the Asian swamp eel
(Monopterus albus) in Florida. Reviews in Fisheries Science 18(1): 25-39. https://doi.
0rg/10.1080/10641260903225542

Sklar FH, Chimney MJ, Newman S, McCormick B, Gawlik D, Miao S, McVoy C, Said W, Newman
J, Coronado C, Crozier G, Korvela M, Rutchey K (2005) The ecological-societal underpinnings
of Everglades restoration. Frontiers in Ecology and the Environment 3(3): 161-169. https://doi.
0rg/10.1890/1540-9295(2005)003[0161: TEUOER]2.0.CO;2

South Florida Ecosystem Restoration Task Force (2022) 2022 Biennial Report. 2022, 60 pp.

Spear MJ, Walsh JR, Ricciardi A, Zanden MJV (2021) The invasion ecology of sleeper populations:
prevalence, persistence, and abrupt shifts. BioScience 71(4): 357-369. https://doi.org/10.1093/
biosci/biaal 68

Starnes WC, Bryant RT, Greer GC (1998) Perilous Experiment: The Asian Rice Eel in Georgia.
Georgia Wildlife 7: 60-70.

Straight CA, Reinert TR, Freeman BJ, Shelton J (2005) The swamp eel, Monoprerus sp. cf. M. albus,
in the Chattahoochee River system, Fulton County, Georgia. Proceedings of the 2005 Georgia
Water Resources Conference. Athens, GA, University Georgia, Athens, GA, 313-316.

Tay ASL, Chew SE Ip YK (2003) The swamp eel Monopterus albus reduces endogenous ammonia
production and detoxifies ammonia to glutamine during 144 h of aerial exposure. Journal of
Experimental Biology 206(14): 2473-2486. https://doi.org/10.1242/jeb.00464

Taylor AT, Bangs MR, Long JM (2021) Sibship reconstruction with SNPs illuminates the scope of
a cryptic invasion of Asian Swamp Eels (Monopterus albus) in Georgia, USA. Biological Invasions
23(2): 569-580. https://doi.org/10.1007/s10530-020-02384-5

Matthew R. Pintar et al. (2024), Aquatic Invasions 19(2): 233-258, 10.3391/ai.2024.19.2.124660 256


https://doi.org/10.1016/j.ympev.2005.01.020
https://doi.org/10.1016/j.ympev.2005.01.020
https://doi.org/10.1016/j.scitotenv.2022.159245
https://doi.org/10.1007/s10530-023-03146-9
https://doi.org/10.6084/m9.figshare.25521346
https://doi.org/10.6084/m9.figshare.25521346
https://doi.org/10.1002/ecs2.1268
https://doi.org/10.1002/nafm.10362
https://doi.org/10.1007/s10695-021-00925-w
https://doi.org/10.1007/s10641-009-9456-9
https://doi.org/10.1080/10641260903225542
https://doi.org/10.1080/10641260903225542
https://doi.org/10.1890/1540-9295(2005)003%5B0161:TEUOER%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003%5B0161:TEUOER%5D2.0.CO;2
https://doi.org/10.1093/biosci/biaa168
https://doi.org/10.1093/biosci/biaa168
https://doi.org/10.1242/jeb.00464
https://doi.org/10.1007/s10530-020-02384-5

A uatic

Invasions
u |NVM|V[SNH Distribution of swamp eels in Florida

Y,

Taylor AT, Schmeling H von, Long JM (2018) Photographs of wading bird depredation update
invasion extent of Monopterus albus (Asian Swamp Eel). Southeastern Naturalist 17(4): 2018.
https://doi.org/10.1656/058.017.0408

Telis PA (2006) The Everglades Depth Estimation Network (EDEN) for Support of Ecological and
Biological Assessments. Fact Sheet 2006-3087, 2006, 4 pp. https://doi.org/10.3133/{520063087

Trexler JC, Loftus WE Perry S (2005) Disturbance frequency and community structure in a twen-
ty-five year intervention study. Oecologia 145(1): 140-152. https://doi.org/10.1007/s00442-
005-0094-4

United States Geological Survey (USGS) (2023) United States Geological Survey - Nonindigenous
Aquatic Species database. https://nas.er.usgs.gov/ [Accessed 23 May 2023]

Yang MS, Xiong BX (2010) Age and growth of Monopterus albus Zuiew, 1793 (Synbranchidae). Jour-
nal of Applied Ichthyology 26(3): 488-490. https://doi.org/10.1111/j.1439-0426.2009.01358.x

Supplementary material 1

List of other data sources and sites and first swamp eel occurrences in the
MWD dataset (table S1)

Authors: Matthew R. Pintar, Nicole D. Strickland, Jeffrey L. Kline, Mark I. Cook, Nathan J. Dorn

Data type: docx

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/ai.2024.19.2.124660.suppl1

Supplementary material 2
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Supplementary material 3

Annual maps of swamp eel occurrences across Florida from 1997-2024
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Supplementary material 4

Annual maps of swamp eel occurrences in southern Florida from 1997-2024
(figs S8-S11)
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Supplementary material 5
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