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Abstract For an introduced species to expand its
range, individuals must be able to adapt to novel
stressors (biotic and abiotic) that they may encounter.
Florida has a distinct temperature gradient and rapid
climate zone transitions from warmer subtropical
regions to cooler temperate regions. Mean minimum
temperatures are thought to prohibit northward move-
ment of introduced fish species in south Florida. As
the introduced Belonesox belizanus (pike killifish)
expands its introduced range northward, it may be
gaining cold tolerance. This study sought to compare
thermal tolerances and cessation of feeding between
adult B. belizanus from southern (initial, introduced
population) and northern (spreading, fringe edge
population) populations from its introduced range.
To compare thermal tolerances between locations,
southern individuals and northern individuals were
acclimated to three temperatures (20, 25, and 30 °C)
and their upper and lower lethal temperatures and
cessation of feeding temperatures were measured.
Two-way ANOVAs revealed that lower lethal tem-
peratures and cessation of feeding temperatures were
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significantly different between northern and southern
populations, with northern individuals having a lower
lethal temperature approximately 0.5 °C lower and a
cessation of feeding temperature approximately 2 °C
lower compared with southern individuals. Direc-
tional selection may be influencing this non-native
species’ thermal tolerance and feeding ability benefit-
ting their continued effort to disperse from subtropi-
cal to temperate environments within Florida. This
study indicates that B. belizanus may be gaining cold
tolerance as it continues to spread northward in its
introduced range.

Keywords Temperature - Everglades - Invasion -
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Introduction

Through the process of invasion, non-native fish
populations are subjected to various ecological con-
straints in the novel environment, and their abil-
ity to survive depends on their ability to overcome
these constraints (Stauffer 1984, Taylor et al. 1984,
Sakai et al. 2001, Lockwood et al. 2007). For an
introduced species to successfully spread and main-
tain physiological homeostasis, it must have adap-
tations for biotic and abiotic stressors to cope in its
immediate heterogeneous environment. Biotic (e.g.,
inter- and intraspecific competition, parasitism, and
predation) and abiotic (e.g., temperature and habitat
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connectivity) factors influencing the number of prop-
agules, mode of dispersal, and mortality are critical
factors regulating the subsequent spread and dispersal
of non-native species from the original point of intro-
duction (Sakai et al. 2001).

The establishment of an non-native species popu-
lation involves a three-stage process, with each stage
requiring the introduced species to overcome sev-
eral ecological barriers (Lockwood et al. 2007). The
first stage occurs when the introduced species sur-
vives the initial transport and adjusts to potentially
novel environmental regimes, such as variable dis-
solved oxygen, salinity, and temperature combina-
tions and potential novel biotic pressures, includ-
ing predation and competition for limited resources.
The second stage involves establishment where the
introduced colony survives long enough to create a
persistent, self-sustaining population in their novel
range (Marchetti et al. 2004, Lockwood et al. 2007).
The third stage occurs when the introduced popula-
tion increases in abundance and expands its range. To
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Fig. 1 Isotherms (following Sanford 2003) depicting esti-
mated mean minimum January temperatures (°C) in Florida
(created by R. Maliao). The inset represents the Belonesox
belizanus collection sites in south Florida. Individuals rep-
resenting the southern location were collected along High-
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expand its range, the introduced species must have the
capability to endure novel heterogenous habitats sur-
rounding its present range, otherwise populations are
limited and localized (Marchetti et al. 2004, Carveth
et al. 2006, Capps et al. 2011).

Temperature tolerance studies seek to investigate
the thermal limits within which a species can survive
and potentially expand their range in thermally vari-
able environments. Florida has a distinct temperature
gradient and rapid climate zone transitions (Beaver
et al. 1981, Sanford 2003), from warmer subtropical
regions in the south to cooler temperate regions of the
north. Mean minimum temperatures are thought to
prohibit south-north movement of non-native fish spe-
cies in south Florida (Shafland and Pestrak 1982, Trex-
ler et al. 2005) (Fig. 1). Studies have suggested that
physiological and behavioral adaptations to variable
thermal regimes (e.g., thermal plasticity or the use of
thermal refugia) can occur on localized scales in some
fishes that may aid in subtle range expansion over time
(i.e., cichlid species (Cichlasoma urophthalmus and
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way 9336 that runs through Everglades National Park and are
labeled by open circles. Individuals representing the northern
location were collected from canals along Interstate 75 and
SR 839 that run through the northern portion of Big Cypress
National Preserve labeled by open triangles
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Hemichromis letourneuxi) (Schofield et al. 2010), sock-
eye salmon (Oncorhynchus nerka) (Eliason et al. 2011),
and common Kkillifish (Fundulus heteroclitus) (Healy
and Schulte 2012)).

In 1957, the non-indigenous pike killifish, Belonesox
belizanus Kner, was released into a Miami-Dade
County, Florida canal (Belshe 1961). Belonesox beli-
zanus persisted as a small population in several canals
east of the Everglades for more than 20 years after it
was introduced and its geographical range expanded in
the 1980 and 1990 s to the Everglades National Park
(Courtenay 1997, Trexler et al. 2000). From its original
introduction, B. belizanus has spread and established
populations throughout Miami-Dade, Collier, Broward,
and Monroe counties including Big Cypress and Ever-
glades National Parks, an area approximately 10,000
km? (Belshe 1961, Dunker 2003, Loftus et al. 2004). A
previous study indicated that the magnitude of change
in density of introduced B. belizanus varies inversely
with the magnitude of change in temperature in south
Florida populations (Kerfoot et al. 2011). Another study
highlighted the variability in temperature tolerance
throughout ontogeny for this species, with the juvenile
size class having the largest thermal tolerance polygo-
nal area and a 24 °C lower minimum lethal thermal
limit compared with adults or neonates (Kerfoot 2012).
This disparate influence of temperature on B. belizanus
life history tolerances underscores the need to deter-
mine if there exists differences in thermal tolerances in
populations of adult B. belizanus from the northern and
southern reaches of their introduced range. As B. beli-
zanus has continued to spread to northern locations in
Florida (and to lower minimum temperatures, Fig. 1),
has it acclimated to a lower thermal environment? The
specific goal of this study was to determine whether
the temperature tolerance limits and cessation of feed-
ing temperatures of adult B. belizanus differ between
the northern and southern locations of its south Florida
distribution. The specific hypotheses tested in this study
is that there are significant differences in thermal tol-
erance ranges and temperatures at which individuals
cease to feed between northern and southern popula-
tions of introduced B. belizanus.
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Materials and methods
Specimen collection
Belonesox  belizanus  adults (standard length

[SL]>55 mm) (Turner & Snelson 1984) were col-
lected using a 9.5 mm mesh seine, dip nets and cast
nets from the Everglades National Park (southern
location) along Highway 9336 that runs through the
park. Fish were transported live to the Florida Insti-
tute of Technology’s Fish Ecophysiology lab. In
separate collections approximately 100 km from the
southern location, adults were collected live from
northern locations of Big Cypress National Preserve
(northern location) along canals lining Interstate 75
and SR 839. Collections of B. belizanus in the north-
ern and southern locations occurred during the dry
season (January — May) in 2008 and 2009 (Fig. 1,
inset). The estimates of minimum January tempera-
ture in Fig. 1 are based on mean air temperatures
but can be used as approximations of surface water
temperatures. Northern locations fall between the
12.2-13.3 °C isotherms, whereas southern locations
are bound by 13.3-15.6 °C isotherms (Fig. 1).

All specimens were housed in the laboratory in
90.9 L aquaria at 25 °C for two weeks prior to the
start of the experiments to acclimate the fish to labo-
ratory conditions. Individuals were fed ad libitum
western mosquitofish, Gambusia affinis. Mosquitofish
were collected from retention ponds on Florida Insti-
tute of Technology property. Tanks were maintained
and cleaned daily to remove uneaten prey and waste
material.

Experimental design

Acclimation temperatures To calculate upper and
lower thermal tolerance ranges for adults of this spe-
cies, individuals from each location were randomly
assigned to one of three different acclimation tem-
peratures: 20, 25 or 30 °C. These acclimation tem-
peratures were chosen based on data of the average
seasonal temperature fluctuations in south Florida
(Kerfoot 2012, South Florida Water Management
District database). Fish were acclimated to these
temperatures for two weeks. During the acclimation
period, fish were fed daily ad libitum and their tanks
cleaned daily to remove waste material.
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Lethal maximum and minimum tempera-
tures Lethal maximum (Lmax — upper tolerance,
higher temperature threshold) and lethal minimum
(Lmin — lower tolerance, lower temperature thresh-
old) were used to assess the upper and lower limits
of B. belizanus thermal tolerance between locations.
Lmax and Lmin are the two dynamic approaches
commonly used to evaluate tolerance limits and are
defined as the thermal endpoints where death occurs
(Hickman and Dewey 1973, Shafland and Pestrak
1982, Beitinger et al. 2000). For trials, three 145 cm
x 29 cm x 29 cm acrylic tanks were divided into five
equal, smaller compartments, yielding fifteen 24.4 L
tanks. These tanks were set up in a re-circulating
flow-through system where water was pumped into
each tank from a common sump. To control ther-
mal levels in the experimental tanks, two 500 W
titanium heaters were housed in the sump and an
external Delta Star Chiller (1/4 hp, 115 V, 5.4 amp,
3080 BTU, 8/15gpm) was plumbed into the re-circu-
lating system. A programmable thermal regime was
designed to regulate the chiller and heater systems.
The Automatically Regulated Thermal Unit Regime
(ARThUR) was developed through a collaboration
between A. Kunkle (Florida Institute of Technology’s
Department of Computer Science) and J. Kerfoot that

allowed maintenance of precise thermal gradients
throughout the experiment (modified from Schaefer
2006, precise components used are outlined in Ker-
foot 2012). ARThUR was programmed to change the
temperature in the experimental tanks 1.0 °C day~!
starting at 0900 h each day, and to monitor and log
temperature in the tanks every 30 min (Fig. 2).

Individual fish were randomly assigned to an experi-
mental tank at their appropriate acclimation tem-
perature. To ensure that deaths of individuals were
attributed only to temperature and not handling stress
due to movement to experimental tanks, individu-
als remained in the experimental tank for a 24-hour
period and were monitored. After the 24-hour period,
temperature was increased (for Lmax trials) or
decreased (for Lmin trials) at a rate of 1.0 °C day ™!
until death occurred (following Shafland and Pestrak
1982). The response variables measured were tem-
peratures at which death and cessation of feeding
occurred. The cessation of feeding temperature was
defined as the first temperature observed where the
individual did not feed over a 48-hour period. Once
the lethal limit was reached, fish were removed from
the experimental tank. To avoid any confounding
effects of a pseudo-replicated design, Lmin and Lmax

Fig. 2 Graph depict- 28

ing temperature change

in experimental tanks 26 1

over time, controlled by 24 |

ARThUR during a pre-

liminary Lmin treatment. 22 4

The experimental design

required temperature to O 20 A

change at a rate of 1.0 °C -

day~!. Regression analysis o 18+

indicated that ARThUR 2 45

maintained 99.5% accuracy ©

in regulating a 1.0 °C day ™! g- 14

temperature change in the )

experimental system = 12

10 4

8 -
6 -
4 T T

Y = 33642 - 0.848X
R?=0.995

7122i08
7124j08
7126/08

@ Springer

7128/08

[x=] (==} (==} (=] (==} (==} (=] @® @ (==} (==}

o o o o o o o o o o o

e 2 2 9 9 2 g 9 9 a9 9

Q ©& ©® © &©& © T T T © ©

- @ @ @ (==} (==}
Date



Environ Biol Fish (2022) 105:487-497

491

trials were staggered, and acclimation temperatures
were randomly assigned.

To investigate thermal tolerance and cessation of
feeding temperatures between locations, 30 individu-
als from the southern location and 27 adult individu-
als from the northern location were used to calcu-
late tolerance ranges (Table 1). To control for sexual
dimorphism in adult B. belizanus, Lmax and Lmin
values were analyzed using separate Mann-Whitney
non-parametric tests with sex as the independent
variable and Lmin and Lmax as the dependent vari-
ables. Results indicated that there were no significant
differences in Lmin or Lmax measurements between
sexes which allowed sexes to be grouped together
and used in subsequent analyses (Southern adults:
Lmin-U=18.5,N=15,P=0.681, Lmax - U=11.5,
N=15, P=0.067; Northern adults: Lmin — U=14.0,
N=13, P=0.278, Lmax - U=12.0, N=13,
P=0.135).

Statistical analyses

To test the hypothesis that there are significant dif-
ferences in thermal tolerance ranges and cessation
of feeding temperatures between locations of adult
B. belizanus, separate two-way factorial Analyses of
Variance (ANOVAs) were used. Location and accli-
mation temperature were used as independent fac-
tors and Lmin and Lmax were used as dependent
variables. Neither of the dependent variables met
the assumptions of parametric tests and were rank-
transformed following Quinn and Keough (2002).
The rank-transformation method is an acceptable
technique and can aid in increasing the robustness of
factorial ANOVA designs involving non-parametric
data (Quinn and Keough 2002). A separate two-way
ANOVA was performed on rank-transformed ces-
sation of feeding temperature measurements using

location and acclimation temperature as independ-
ent factors and the temperature at which individuals
ceased to feed as the dependent variable. If acclima-
tion temperature effect was significant in any two-way
ANOVA, a univariate Tukey’s multiple comparisons
test was run to investigate which acclimation temper-
ature was significantly different for each dependent
variable. To control for possible differences in adult
size between locations, an independent t-test was per-
formed on standard lengths of adult individuals from
southern and northern locations to test for significant
differences in size between locations. No significant
difference in average standard length between loca-
tions was observed (t=0.129, df =55, P=0.898).

Finally, to represent the thermal tolerance range
of adults at each location, thermal tolerance poly-
gons were developed and measured using average
lethal temperatures (Lmin and Lmax) across acclima-
tion temperatures. These average lethal temperatures
formed lower and upper bounds of the thermal toler-
ance polygons. Estimates of thermal tolerance poly-
gons are formed by the area which the polygon covers
and are limited by the lowest and highest acclimation
temperatures. Thermal tolerance polygonal areas are
given in units of °C2,

All statistical analyses were performed in SPSS
17.0 and Sigma Plot 2001 at an a value of 0.05.

Results

There were similarities in the upper thermal toler-
ances of northern and southern populations of adult
B. belizanus (Fig. 3; Table 1). Lmax limits were not
different between locations at any acclimation tem-
perature (Table 2). However, analyses indicated that
lower lethal tolerances (Lmin) were significantly dif-
ferent between locations and between acclimation

Table 1 Descriptive

. 20 °C 25°C 30 °C

statistics (mean and

standard deviation) for Lmin Lmax Lmin Lmax Lmin Lmax

lethal thermal limits (Lmin

and Lmax) measured Southern n 5 5 5 5 5 5

between locations and Mean (°C) 9.6 374 10.0 38.4 11.0 37.6

across acclimation S.d. (°C) 0.54 0.54 0.00 0.54 0.00 0.54

temperatures for adult B.

belizanus Northern n 4 5 5 5 4 4
Mean (°C) 9.3 38.0 9.6 38.0 10.5 37.5

S.d. (°C) 0.50 0.72 0.54 0.72 1.30 0.58
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Fig. 3 Mean upper and 45
lower lethal temperature tol-
erances (Lmax and Lmin)
of B. belizanus between
locations and across
acclimation temperatures.
Adults from the northern
location are represented by
closed circles (@) and those
from southern locations

are represented by open
circles (O). Data are given
in Mean + S.d. Solid lines
represent the thermal toler-
ance polygon for southern
individuals and dashed lines
represent the thermal toler-
ance polygons for northern
individuals
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Table 2 Results of two-way ANOVA comparing rank-trans-
formed Lmin and Lmax limits between locations and across
acclimation temperatures for B. belizanus

Variable Source F df Significance
Lmax
Location 0.025 1 0.876
Acclimation 2.871 2 0.077
Location x Acclimation 1.732 2 0.199
Lmin
Location 5.137 1 0.034
Acclimation 11.346 2 <0.001

Location x Acclimation 0.164 2 0.850

Results indicate that location and acclimation effects explain
significant differences in Lmin values. The a-level for analyses
was set at a significance value of 0.05

temperatures (location: F=5.137, df=1, P=0.034;
acclimation  temperature: F=11.346, df=2,
P <0.001; Fig. 3; Table 2). Individuals from northern
locations had lower thermal limits across acclimation
temperatures compared to individuals from southern
locations, especially at an acclimation temperature
of 25 °C (Table 1). At an acclimation temperature
of 25 °C, individuals from northern locations had
Lmin values of 9.6+0.54 °C and were significantly
different from the Lmin values for adults from south-
ern locations, which had slightly higher limits of

@ Springer

20 25 30 35
Acclimation Temperature (°C)

10.0+0.00 °C (Table 1). Results of a Tukey’s mul-
tiple comparison test investigating the differences in
Lmin limits between acclimation temperatures, indi-
cated that Lmin measurements were significantly
higher for the 30 °C acclimation temperature com-
pared with the other two acclimation temperatures
(20 vs. 25 °C: P=0.329, 25 vs. 30 °C: P=0.007, 30
vs. 20 °C: P<0.001). Neither of the interaction terms
between location and acclimation temperature were
significant for Lmax or Lmin measures, indicating
that the significant differences in Lmin between loca-
tions can be explained without evoking acclimation
temperature and vice versa (Table 1).

The thermal tolerance polygonal areas were simi-
lar between locations with adults from southern loca-
tions having a polygonal area of 266.08°C? and those
from northern locations having an area of 268.86°C>
(Fig. 3). The similarities in thermal tolerance polyg-
onal areas show no difference between overall tol-
erance ranges between individuals from different
locations; however, these tolerance ranges may have
shifted to include lower temperatures for northern
adults (Fig. 3).

Individuals from northern locations ceased to feed
at significantly lower temperatures compared to indi-
viduals from southern locations (F=6.624, df=1,
P=0.017; Fig. 4; Table 3). Across acclimation tem-
peratures, mean cessation of feeding temperatures
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Fig. 4 Mean cessation of 20
feeding temperatures for
adults from northern and
southern locations across
acclimation tempera-

tures during Lmin trials.
Individuals from southern
locations are represented
by open circles (O) and
individuals from northern
locations are represented by
closed circles (@). Data are
given in Mean+S.d
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Table 3 Results of a two-way ANOVA on rank-transformed
cessation of feeding temperature data measured during Lmin
trails and the effects of location and acclimation temperature

Source F df Significance
Location 6.624 1 0.017
Acclimation 1.476 2 0.250
Location x Acclimation 0.141 2 0.869

These results indicate a significant effect of location, with indi-
viduals from northern locations having significantly lower tem-
peratures in which they cease to feed than their southern coun-
terparts. The a-level for this analysis was set at a significance
value of 0.05

ranged from 13.0 to 14.0 °C for northern adults and
14.4-16.0 °C for southern adults. This indicated that
northern individuals ceased feeding approximately 2 °C
lower compared to southern individuals. Analyses also
indicated that there was no significant effect of acclima-
tion temperature on temperature at cessation of feeding,
and there was no significant interaction between loca-
tion and acclimation temperature (Table 3).

Discussion

Comparison of thermal tolerances between adult
B. belizanus from northern and southern fringe

20

25 30 35
Acclimation Temperature (°C)

populations indicated no difference in lethal maxi-
mum (Lmax) temperatures. This may be a result of
the species’ ability to gain heat tolerance more readily
than cold tolerance and a very distinct upper tempera-
ture limit needed for basic physiological functioning.
There was a significant difference in lower lethal tem-
peratures between locations, with individuals from
the northern location having lower Lmin limits com-
pared to individuals from the southern location. This
may indicate that B. belizanus at the northern edge
of the distribution are becoming more cold-tolerant
as they move northward from south Florida. The sig-
nificant differences between locations in their thermal
tolerances are on a scale of 0.4-0.6 °C, which might
not be biologically meaningful. However, results here
correspond to values presented in other poecilid ther-
mal tolerance studies on Gambusia affinis from the
Quashnet River population (Cape Cod, MA) showing
lower thermal tolerance differences between males
(Lmin=0.6 °C) and females (Lmin=0.2 °C) (Al-
Habbib and Yacoob 1993, Wood et al. 2020). Interest-
ingly, in the case of the slight difference in tolerance
between male and female mosquitofish, this shorter-
lived species may escape the cold by employing seed
banks that persist through winter, especially in Poecil-
iids (Gambusia spp. and B. belizanus) where females
are known to store sperm after mating (Turner and
Snelson 1984, Robbins et al. 1987) allowing for
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regeneration of the population once favorable envi-
ronmental conditions return (Podrabsky et al. 2015,
Wood et al. 2020). Directional selection can work on
small differences in thermal tolerances if they are her-
itable and increase reproductive success of individu-
als possessing those beneficial variations (lower Lmin
and cessation of feeding temperatures) (Feminella
and Matthews 1984). Studies have indicated that the
ecology of offspring may be influenced by environ-
mental conditions experienced by the parents, includ-
ing their thermal adaptive ability to changing envi-
ronments (Jonsson and Jonsson 2014, Lighten et al.
2016, Jonsson and Jonsson 2019). Genetic evolution
may be the explanation for the extreme cold tolerance
of the Quashnet mosquitofish due to being isolated
for more than two decades (Wood et al. 2020) and
may be applicable to this current study. The influence
of an environmental stress on an organism is typi-
cally similar for both the individuals experiencing the
stress and their offspring (Bonduriansky et al. 2012,
Jonsson and Jonsson 2014). As B. belizanus contin-
ues to establish northward it is conceivable that off-
spring will continue to have lower thermal tolerances
until temperature’s effect on physiology becomes
limiting. A previous study hypothesizes that juvenile
B. belizanus might be the dispersal stage due to their
lower thermal tolerance compared with other life-
history stages from the southern population (Kerfoot
2012). Other studies have shown that small changes
(i.e., seasonal or diel shifts) in water temperature can
have marked effects on fish kinematic performance
(Ozbilgin and Wardle 2002 [escape behavior], Allan
et al. 2015 [predator-prey interactions]). Even though
thermal tolerance ranges were similar between loca-
tions, there was a slight shift in these to lower thermal
limits for northern adults, which may add credence to
this species’ ability to gain cold tolerance as it moves
northward. Interestingly, a population of B. belizanus
was found in 1997 near Tampa Bay, Florida, approxi-
mately 181 km north of the northern fringe edge
population in south Florida. The Tampa Bay popula-
tion was not used in this study because individuals are
thought to be escapees from a nearby ornamental fish
farm and not from the original source population of
those released in 1957 (Greenwood 2012).

In addition, the significant differences in ces-
sation of feeding temperatures between locations
across acclimation temperatures may demonstrate a
behavioral/physiological adaptation to encountering

@ Springer

lower thermal environments. Adult B. belizanus from
northern fringe-edge populations ceased to feed an
average of 2 °C lower across acclimation tempera-
tures compared with their southern counterparts.
This 2 °C shift in cessation of feeding follows the
approximate 2 °C difference between locations based
on estimated mean minimum January temperatures
shown in Fig. 1. The ability of northern populations
to gain lower thermal tolerance and feed at lower tem-
peratures may provide a physiological mechanism
allowing northern adults to feed and remain in lower
temperature habitats, continuing to disperse north-
ward. Over longer time scales, seasonal changes in
temperature can modify thermal preferenda and elicit
a variety of physiological performance responses at
low temperatures (Johnson and Bennett 1995, John-
ston and Temple 2002). It is believed that genetic
evolution in acclimation responses (whether they
be thermal plasticity, directional selection, or selec-
tion for plasticity) are adaptive and enhance the fit-
ness of an organism in its new environment (Johnston
and Temple 2002), which would be beneficial for the
continued dispersal of a non-native species in Florida.
While this study did not demonstrate a direct link
between temperature and thermal plasticity of this
species, results provide evidence of thermal plasticity
as a potential mechanism aiding in continual dispersal
of this species. Based on these results, I fail to reject
the hypothesis that there are significant differences
in thermal tolerance ranges and cessation of feeding
temperatures of adult B. belizanus between northern
and southern locations.

Implications for continued range expansion
of Belonesox belizanus in south Florida

This study has demonstrated, indirectly, that physio-
logical adaptation to lower thermal environments may
be occurring in the introduced B. belizanus. Adults
from the northern fringe-edge had lower thermal
tolerances and ceased to feed at lower temperatures,
which would bestow an advantage to those individu-
als in adapting to a lower thermal regime. Similarly,
other studies have shown intraspecific differences in
thermal tolerance measures such as variability in heat
shock protein expression, critical thermal maxima,
and short-term growth at relatively localized scales
within small watersheds (Strange et al. 2002, Stitt
et al. 2014). The ability to successfully feed at certain
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temperatures usurps any results of thermal tolerance
limits when investigating the potential spread of a
species into surrounding environments, making ces-
sation of feeding temperatures important for predict-
ing potential spread of a species. If the species cannot
successfully utilize the available prey resources, then
it cannot successfully invade new territories. Popu-
lations where directional selection for lower Lmin
and cessation of feeding temperatures are occurring,
or in those that have the ability for thermal plastic-
ity, would benefit most in their effort to disperse from
subtropical to temperate environments within Florida.
With the challenge of global climate change, increas-
ing temperature will promote the increased establish-
ment and subsequent spread of tropical ornamental
fish from the fish trade and aquaculture (Wolter and
Rohr 2010). For non-native species there are likely
many physiological and behavioral trade-offs that
have allowed them to maintain function over a wide
range of situations, allowing them to continue to add
to their range, while not performing any of the func-
tions optimally (Brett 1956, Randall and Brauner
1991). It is uncertain how temperature directly influ-
ences feeding in the introduced B. belizanus. Its abil-
ity to efficiently feed across temperatures may primar-
ily dictate the final distribution of this species within
its novel range in Florida.
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