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Understanding how individuals within a population of invasive organisms disperse during various life history
stages has obvious implications for long term population dynamics in the invaded range. With the rapid expan-
sion of the invasive Indo-Pacific lionfish (Pterois volitans and Pterois miles) in the western Atlantic and Caribbean, it
has become increasingly important to understand how individuals move following initial recruitment, as this may
have critical implications for population control and management. We conducted a 10-month mark-recapture
Keywords: study in the lower Loxahatchee River estuary (Florida, USA) to identify movement patterns and site fidelity in juve-
Fish nile and young adult lionfish. We tagged 55 lionfish, ranging in size from 45 to 185 mm standard length (66—

Growth 256 mm total length). Eighty percent of the tagged fish were recaptured at least one time during the course of
Home range the study. Lionfish in this system exhibited extremely high site fidelity over extended periods of time and across
Invasive species multiple size classes. Maximum range occupied by individuals along the shoreline of the estuary was small
Movement (mean = 28 m, asymmetrical 95% CI: 10 to 51 m), and did not vary with lionfish size. The majority of lionfish recap-
Tagging tures (74%) occurred at or near (0-10 m) the previous capture site, even after weeks or months at liberty. In sys-

tems where lionfish exhibit extremely high site fidelity and small maximum ranges, localized population control
may be feasible, since lionfish removed from a given habitat would be replaced largely through larval recruitment
rather than migration of older individuals. However, since lionfish grow extremely rapidly (averaging 0.46 mm/
day, but reaching as high as 0.78 mm/day in one individual), localized control efforts would need to be carried
out frequently in order to maintain a younger, smaller population. Localized control may be less effective if lionfish

exhibit greater movement and lower site fidelity in other invaded systems.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Patterns of dispersal through ontogeny play an important role in
the establishment and spread of invasive organisms (Carlton, 1989;
Kolar and Lodge, 2001; Wilson et al., 2009). In marine systems, factors
associated with reproduction and early life history (e.g., spawning
frequency, egg and larval dispersal, larval survival, and settlement
behavior), combined with some type of anthropogenic dispersal
vector, are typically believed to drive the initial distribution of
invasive organisms (Carlton, 1996; Carlton and Geller, 1993; Ruiz
et al., 1997). However, movements that occur during later life history
stages can also influence the distribution and population structure of
invasive species over time. Understanding how individuals within a
population of invasive organisms move following initial recruitment
has a number of implications related to long term dispersal, as well
as control and eradication (Brown et al.,, 2006; Cookingham and
Ruetz, 2008; Lapointe et al., 2010; Vrieze et al.,, 2011).
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The Indo-Pacific lionfish Pterois volitans and Pterois miles (morpho-
logically indistinguishable species, hereafter referred to as lionfish)
have spread rapidly throughout the western Atlantic and Caribbean
(Freshwater et al., 2009; Hamner et al, 2007; Schofield, 2009;
Whitfield et al., 2002). Several parameters associated with lionfish
dispersal during early life history have been documented, including
spawning frequency, gamete production, and pelagic larval duration
(Ahrenholz and Morris, 2010; Morris et al, 2011). High fecundity,
combined with an approximately 26-day pelagic larval phase, likely
led to the rapid and widespread dispersal of the species throughout
their invaded range. However, little is known about post-recruitment
movement patterns in lionfish, despite the fact that these movements
may affect population dynamics. While existing lionfish population
models include parameters related to recruitment and early life history
processes, they do not account for movement of individuals following
recruitment (Barbour et al,, 2010a; Morris et al,, 2010). Several short-
term foraging studies (Albins and Hixon, 2008; C6té and Maljkovic,
2010; Green et al.,, 2011) have inferred that lionfish do not typically
undertake large movements during or between foraging bouts.
However, these studies were not designed to track lionfish movement
over extended periods of time (weeks to months).
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The goal of this study was to examine movement patterns of post-
recruitment lionfish at a temporal scale of weeks to months. Our specif-
ic objectives were to (1) identify level of site fidelity among lionfish, and
(2) determine whether maximum range occupied was a function of
body size. Additionally, we used recapture data to identify daily growth
rates across a range of lionfish sizes. Such data may play a significant
role in the design and implementation of future management and erad-
ication plans, as lionfish site fidelity and movement patterns may ulti-
mately drive the success of localized control efforts. Although lionfish
movements may differ among invaded systems, our findings provide a
starting point for similar studies in other habitats.

2. Materials and methods

To identify lionfish movement patterns, we conducted a mark-
recapture study in the lower Loxahatchee River estuary (26°57’ N,
80°06’ W), near Jupiter, Florida (VanArman et al., 2005). The lower
portion of this estuary is heavily marine influenced, with semidiur-
nal tides pushing ocean water into the system through Jupiter
Inlet. Substrate in the lower Loxahatchee estuary is primarily sand,
with structurally complex habitats (e.g., seagrass, mangroves, and
human-made structures) restricted to shoreline areas (Jud et al,
2011). Along the section of shoreline that we utilized for this study,
structurally complex habitats (mostly small artificial reefs and docks)
were discrete and patchy, rather than continuous, and were separated
by an average of 30 m (range: 6-97 m) of largely bare sand bottom. Be-
cause of the linear nature of the system, habitats could be classified
along an estuarine (i.e., further upstream) to marine (i.e., further down-
stream) gradient. Compared to other frequently invaded habitats (e.g.,
coral reefs), the patchy nature and linear arrangement of habitats, shal-
low water depth, and proximity to shore made a tagging study in the
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Loxahatchee estuary logistically easier to conduct. Although lionfish
are typically considered reef fish, their presence in an estuary is not sur-
prising given that they are commonly found in nonreef habitats (e.g.,
turbid bays and estuaries) in their native range (A. Anton, Unpublished
results; Kulbicki et al. 2012).

We tagged lionfish along a section of the south shoreline of the
Loxahatchee estuary located between 2.0 and 3.7 km from the ocean
(Fig. 1). Although lionfish have been found further upriver in the Loxa-
hatchee estuary, we chose this section because it was similar to some
other habitats (e.g., mangroves, coastal rock jetties, shallow artificial
reefs, and canals) that have been invaded by lionfish (Barbour et al.,
2010b; Biggs and Olden, 2011; Morris and Akins, 2009). We sampled
this section of shoreline at least one time per month from September
2010 to July 2011 (except February and March 2011). During each
daytime sampling event, we visually surveyed an ~30 m wide belt
along the entire section of shoreline while snorkeling. We attempted
to capture and tag all untagged lionfish that were observed during the
visual surveys.

Lionfish were captured using hand nets and anesthetized using
tricaine methanesulfonate (MS-222) mixed with aerated seawater
(100 mg/1). Standard length (SL) and total length (TL) were measured.
Fish were then tagged using Floy fingerling tags (FTF-69, Floy Tag &
Mfg.). These 6.4 x 3.2 mm plastic tags were sutured into the dorsal mus-
culature between the spinous and soft dorsal fins and secured with a
single overhand knot (Fig. 2). Slack was left in the loop of suture to
allow for growth. Each tag contained a unique three digit number. Addi-
tionally, to facilitate underwater visual identification of individual
tagged fish, color-coded glass beads (~3 mm diameter) were added to
the loop of suture material. Depending on body size, each fish received
between zero and three glass beads. The arrangement of bead colors
was unique to each fish and could be readily identified while snorkeling.
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Fig. 1. Map of the Loxahatchee estuary, Jupiter, Florida (center of black box in inset map). The lionfish mark-recapture study was conducted along the south shoreline of the estuary,
in the area indicated by hatching. Additional surveys were conducted along the north shoreline (dark gray shading) as part of a concurrent study (Jud et al., 2011). Both survey areas

extended ~30 m from shore (not to scale).
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Fig. 2. Tagged lionfish (Pterois spp.), showing the oval Floy fingerling tag (FTF-69, Floy Tag
& Mfg.) and two color-coded glass beads, sutured into the dorsal musculature between
the spinous and soft dorsal fins. A three digit number is printed on the reverse of the
Floy tag.
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Tag retention rates using this method were not directly tested, but no
tag shed was observed in two caged individuals over a period of
~3 months, and only two untagged individuals captured in the field
had scars that were suggestive of tag loss. Following tagging, fish were
placed into aerated seawater until fully recovered, and then returned
to their exact capture location. GPS was used to record the location of
each tagging site. To document the exact position of a fish within the
tagging site, we precisely described various habitat characteristics
(e.g., specific rocks, sponges, human-made items) that were immedi-
ately adjacent to the individual at the time of capture.

Recaptures of tagged lionfish during visual surveys were divided
into two categories; (1) visual sightings and (2) physical recaptures.
Visual sightings occurred when the identity and exact location of a pre-
viously tagged lionfish could be determined while snorkeling, without
physically handling or removing the fish from the water. Physical
recapture of lionfish with hand nets was necessary to acquire positive
identification when tags became obscured by the growth of fouling
organisms. These individuals were briefly removed from the water to
verify identity, and then returned to their exact capture site. We used
this opportunity to clean the tags and measure individuals to calculate
growth rates. For the remainder of the paper, these two categories
will be referred to jointly as “recaptures” (i.e., including both visual
sightings and physical recaptures). By lumping visual sightings and
physical recaptures for analysis purposes, we provide more fine-scale
spatial and temporal detail regarding movement patterns.

In addition to surveying the study area along the south shoreline, we
concurrently conducted extensive visual surveys for lionfish in other sec-
tions of the estuary (Fig. 1) as part of a separate study (Jud et al,, 2011).
These surveys were conducted every 11-12 weeks and would have
allowed us to identify tagged lionfish that had migrated out of the core
study area and into other parts of the estuary. At the conclusion of the tag-
ging study in July 2011, all remaining tagged lionfish were collected.

For each lionfish recapture, we calculated the number of days that
had passed since the previous capture. Since some fish were recaptured
multiple times, we examined (1) movements that occurred during each
discrete at-large period, and (2) total observed maximum range occu-
pied between initial tagging and final recapture. We used digitalized
aerial imagery to measure the straight-line distance moved between
each recapture. All movements were categorized as upstream or down-
stream. Maximum range occupied was calculated by measuring the
straight-line distance between the most upstream and the most
downstream capture locations for each fish. While range measurements
(like home range) are typically reported as two-dimensional area
values (Burt, 1943; Hammerschlag-Peyer and Layman, 2010), we report

one-dimensional values (i.e., distance) for maximum range occupied
because structurally complex habitats are arrayed in a relatively narrow
band along the shoreline in the Loxahatchee estuary. Since all of our
documented lionfish movements were along this linear shoreline, a
one-dimensional interpretation of maximum range occupied simplifies
comparison of habitat use among tagged individuals.

We calculated daily growth rates for all individuals that were phys-
ically recaptured and measured (change in SL/days at liberty). Regres-
sion analysis was used to quantify the relationship between lionfish
size and daily growth rate. For this analysis, we chose to use estimated
length at the midpoint of each at-large period (initial SL+ final SL*0.5)
rather than using initial or final length. This allowed us to account for
variability in time at liberty among individuals. Mean daily growth
rate (calculated from all physical recaptures) was used to estimate SL
at the time of each visual sighting, where exact measurements were
lacking. Actual and estimated lengths at the time of each discrete recap-
ture were used to compare direction of movement among 25 mm size
classes. To relate body size to overall maximum range occupied, we
first calculated SL at the midpoint of each individual's total at-large
period (from initial tagging to final recapture). We then used these
midpoint SL values to compare maximum range occupied across
25 mm size classes.

3. Results

Between September and November 2010, and April and May 2011,
we tagged 55 lionfish in the Loxahatchee estuary (see Table 1, Supple-
mentary material). Tagged fish ranged in size from 45 to 185 mm SL
(66 to 256 mm TL), with a mean + standard deviation of 102 + 26 mm
SL (144 £ 35 mm TL). Forty-four individuals were recaptured at least
one time, representing an 80% recapture rate. Of the 44 recaptured indi-
viduals, 27 (61%) were recaptured once and 10 (23%) were captured
twice. The remaining seven individuals (16%) were recaptured 3-5
times each. In total, 73 discrete recapture events were recorded during
the course of the study. Thirty-eight of these were visual sightings, and
35 were physical recaptures. The mean total time at liberty (4-standard
deviation) for the 44 recaptured individuals was 56 + 44 days (from ini-
tial tagging to final recapture). Two individuals were recaptured
197 days after they were tagged, the longest period at liberty.

The majority of lionfish did not move between captures. Out of 73
discrete recapture events, 41 (56%) represented fish that had remained
in the exact location (£ 0.5 m) since their previous capture, and an ad-
ditional 13 (18%) were fish that had moved less than 10 m (Fig. 3). Only
two recaptures (3%) represented movements of more than 100 m. The
greatest distance moved during any single at-liberty period was
420 m in 67 days by a 126 mm SL individual. All recaptured lionfish
were located along the south shoreline of the estuary, where tagging

Percent of recaptured lionfish
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Fig. 3. Distance moved between captures for 73 discrete recapture events. Mean time at
liberty (number of days between discrete recaptures) is presented above each distance
category.
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had been carried out, and all were found in structurally complex hab-
itats. Concurrent with this study, we thoroughly surveyed a 5.5 km
section of the north shoreline of the estuary on multiple occasions,
killing >200 lionfish (Jud et al., 2011). We did not detect any tagged
lionfish during these surveys.

Regression analysis was conducted to establish the relationship
between lionfish length (SL) in mm, and daily growth rate (G) in mm/
day, for all lionfish that were physically recaptured and measured,
resulting in the equation:

G = —0.0019SL + 0.6587<n =35,R* = 0.14,P<0.05 : Fig.4)

The mean daily growth rate (4= standard deviation) based on 35 phys-
ical recaptures (representing 28 individuals) was 0.46 4 0.13 mm/day.
The most rapid growth rate was 0.78 mm/day in an individual that
grew from 68 to 86 mm SL in 23 days (Fig. 4).

We used the mean daily growth rate value to estimate SL for each of
the 38 visual sightings, allowing us to examine movement patterns
based on size for all 73 discrete recaptures. For most size classes, the
greatest proportion of individuals remained stationary between cap-
tures (Fig. 5). When movements did occur, downstream movements
were more frequent than upstream; however, the magnitude of most
movements was small. Of the ten longest discrete movements that we
observed (>30 m), nine were in an upstream-to-downstream direc-
tion. The individuals that made these longer movements ranged in
size from 80 to 146 mm (mean + SD: 116 424 mm), and were tagged
throughout the study area. Direction of movement appeared to vary
between seasons. While the frequency of downstream movements
(including the small number of longer movements) was similar
between fall/early winter and spring/early summer, there were fewer
upstream movements during the spring/early summer period.

The mean observed maximum range occupied for the 44 individuals
that were recaptured was 28 m (asymmetrical 95% confidence interval:
10 to 51 m). Twenty-one individuals (48%) had maximum ranges of
<0.5m (i.e.,, ~0m) during their entire at-large period. Another nine
fish (20%) had maximum ranges of <6 m. Only one individual had a
maximum range of >150 m. Maximum range occupied did not vary
among 25 mm size classes (Kruskal-Wallis; H=1.54, P=0.67). For
six (35%) of the 17 individuals that were recaptured more than once,
total observed maximum range occupied was a product of multiple
downstream movements. Four individuals (24%) made a combination
of upstream and downstream movements while at liberty, four
(24%) remained stationary, and three (17%) made multiple upstream
movements.

0.9+
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Fig. 4. Regression of lionfish standard length (SL; mm) versus daily growth rate (mm/day)
based on 35 physical recaptures. Linear regression fit is shown. Standard lengths were
estimated at the midpoint of each at-large period (initial SL+ final SL*0.5).
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Fig. 5. Direction of movement versus lionfish standard length (at time of recapture) based
on 73 unique recapture events. Standard length was directly measured for physical
recaptures, and estimated for visual sightings using a calculated daily growth rate of
0.46 mm/day.

4. Discussion

Lionfish in the Loxahatchee estuary appear to exhibit extremely high
site fidelity over extended periods of time and across multiple size clas-
ses. We found that a large percentage of tagged individuals were recap-
tured at the same location (often within a few cm) as their previous
capture, even after weeks or months at liberty. Based on our exception-
ally high recapture rate (80%), these movement patterns are likely
representative of the local estuarine lionfish population. While tagged
lionfish were observed moving from one patch of suitable habitat to an-
other along the south shoreline of the estuary, we did not document any
individuals moving across the estuary to the north shoreline. To do so
would require crossing 300-700 m of largely featureless sand bottom.

A number of factors may contribute to the high site fidelity that we
observed in lionfish. Extreme prey naiveté and enemy release, which
often occur following the introduction of a novel predator (Sih et al.,
2010), could influence lionfish movement patterns. Native prey species
may not recognize lionfish as predators, allowing the invaders to
successfully hunt from a fixed location without having to actively forage
for elusive prey. Furthermore, lionfish may not be recognized as prey by
native predators, reducing the frequency of movements associated with
predator avoidance. Alternatively, lionfish may forage at night, return-
ing to a fixed resting spot during daylight hours, when all of our obser-
vations were made. While lionfish on invaded coral reefs are most
active around sunrise and sunset, they do not appear to travel far during
most foraging bouts (C6té and Maljkovi¢, 2010; Green et al,, 2011),
suggesting that our daytime observations provide an accurate estimate
of long-term habitat use.

Invasive lionfish have been shown to occupy a very wide variety of
habitats, including the sea floor at depths of 300 m, offshore and near-
shore coral reefs, inshore seagrass, mangrove, and human-made habi-
tats, and even estuarine habitats up to 5.5 km from the ocean (Albins
and Hixon, 2011; Barbour et al., 2010b; Biggs and Olden, 2011; Jud
et al,, 2011). While ontogenetic shifts in habitat use have been docu-
mented in many species of reef fishes, with the most common shifts
occurring between inshore nursery habitats (e.g., estuaries, mangrove
forests, sea grass beds) and offshore adult habitats (e.g., coral reefs)
(Adams et al., 2006; de la Moriniere et al., 2002; Gillanders et al.,
2003; Grol et al.,, 2011; Mumby et al., 2004; Verweij et al., 2007), it is
not presently known how lionfish use different habitats through ontog-
eny. Although the spatial and temporal scale of this study prevented any
definitive conclusions from being drawn regarding ontogenetic habitat
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shifts in lionfish, we were able to provide some initial observations
about habitat use in the Loxahatchee estuary across the range of sizes
that we tagged. Because we did not observe a positive relationship
between maximum range occupied and lionfish body size, nor did we
see strong evidence of incremental downstream movements with
increasing size, it seems likely that juvenile and young adult lionfish
that initially settle in estuaries do not necessarily experience an
inshore-to-offshore migration like many other marine fishes. However,
since most of the larger movements we observed were in a downstream
direction (regardless of fish size), it is possible that some individuals do
eventually leave the estuary and enter the ocean.

As with any passive tagging study, we were only able to positively
confirm the presence of individuals that were recaptured; the ultimate
fate of tagged fish that were not recaptured was unknown (e.g., mortal-
ity, tag shed, and long-distance migration). Tagging studies often
underestimate (or completely fail to detect) long-distance movements
of fishes, since recapture efforts usually occur at or near the initial tag-
ging location (Gillanders et al., 2003). Since we did not search for tagged
lionfish in the myriad offshore habitats adjacent to the Loxahatchee
estuary, we are unable to reject the possibility that some individuals
did move out of the system.

It is possible that lionfish larger than those tagged in this study may
exhibit a different set of movement behaviors. The size range we tagged
was a product of the relatively recent nature of the invasion in the
Loxahatchee estuary (Jud et al., 2011). We tagged the largest lionfish
that we observed in the newly invaded system (185 mm SL, 256 mm
TL), but this was smaller than the maximum size obtained by lionfish
in the western Atlantic and Caribbean (483 mm TL; R. Straney, Unpub-
lished results). However, since lionfish begin to reach sexual maturity at
approximately 100 mm TL (~70 mm SL), our sample included both
juveniles and young adults (Morris, 2009). This suggests that sexual
maturity alone does not trigger a shift towards offshore (i.e., coral
reef) habitats for lionfish that initially recruit to inshore habitats.

The smallest lionfish we observed were almost always solitary.
However, larger individuals were frequently found in groups of 2-10.
Lionfish that were tagged as small solitary juveniles were often later
recaptured at another location in the presence of several other individ-
uals. It is not clear whether some specific habitat characteristic is caus-
ing these aggregations, or whether they are of a social origin. During the
course of this study, we observed that lionfish are capable of making an
audible noise when disturbed. Although sound production has not pre-
viously been documented in lionfish, other members of Scorpaenidae
are known to be soniferous (Kasumyan, 2008). It is possible that vocal-
ization plays a role in the social behavior of lionfish (including aggregat-
ing behaviors), as is the case with other soniferous reef fishes (Mann
et al.,, 2009; Nelson et al., 2011; Tricas et al., 2006).

The Loxahatchee estuary represents a simple linear system in which
to develop an initial understanding of how lionfish move through their
environment. We feel that the same tagging effort in a more complex
three-dimensional habitat (e.g., a continuous tract of coral reef) would
have resulted in much lower recapture rates due to the difficulties asso-
ciated with thoroughly surveying such systems. Although habitats in
the Loxahatchee estuary are similar to some other nearshore habitats
that have been invaded by lionfish (mangroves, canals, small artificial
reefs, etc.), the structural arrangement of these habitats is quite differ-
ent from the continuous coral reefs where lionfish are frequently
found. It is unclear how the movement patterns we documented in an
estuarine system will compare to other invaded habitats, especially
coral reefs. If the patterns we observed hold true in other systems, it
seems likely that lionfish would readily move between closely situated
habitat patches (or within continuous habitats), but would be less likely
to move across large open expanses between habitats patches.

Salinity variation is one factor that differentiates estuarine lionfish
habitats from most other invaded systems. Although the upper portion
of the Loxahatchee estuary does experience fluctuating salinity due to
freshwater inflow, we do not believe that this influenced lionfish

movement patterns in the lower portion of the estuary where tagging
was carried out. A strong salt wedge was consistently present at our
study site (Jud et al,, 2011), and salinity in the lower portion of the
water column was almost always the same as seawater (~35%o). Since
we observed some upstream movements during the wettest part of
the year (late summer to fall), as well as a reduction in upstream move-
ments during the driest part of the year (spring to early summer), it
seems unlikely that freshwater inflow alone was responsible for the
downstream movements we documented.

While complete eradication of lionfish in the western Atlantic and
Caribbean is unlikely (Barbour et al., 2010a; Morris et al., 2010), the
post-recruitment movement patterns we identified may play an impor-
tant role in the effectiveness of future lionfish management and control
efforts in certain habitats. If the high site fidelity and small maximum
ranges that we observed in the Loxahatchee estuary also occur in
other invaded systems, these behavioral traits would likely increase
the effectiveness of localized control measures, since lionfish removed
from a given habitat would largely be replaced through larval recruit-
ment alone, rather than a combination of recruitment and direct migra-
tion of older individuals. In systems where lionfish exhibit high site
fidelity and small post-recruitment movements, intensive local removal
over time could lead to populations of lionfish that are dominated by
younger individuals, resulting in a smaller ecological impact through
reduced prey consumption and diminished reproductive capacity.
Based on our observations, successful localized control through contin-
uous removal seems more likely for discrete or patchy habitats that are
similar to those found in the Loxahatchee estuary (e.g., small and isolat-
ed natural or artificial reefs) as opposed to continuous and complex
habitats like expansive fringing or barrier coral reefs. Because of the ex-
tremely rapid growth rate exhibited by lionfish, localized control efforts
would need to be carried out frequently in order to maintain a younger,
smaller population. For this reason, future management goals must
maintain a realistic balance between the cost and effort needed to local-
ly control lionfish populations and the actual benefit (ecological, eco-
nomic, esthetic, etc.) associated with reduced lionfish abundance.
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