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Abstract Environmental factors, such as temperature,
dissolved oxygen, salinity, and pH may influence the
population dynamics of an introduced species by
imposing limits to its distribution and abundance. In
1957, the non-indigenous pike Kkillifish, Belonesox
belizanus Kner, was released into a Miami-Dade
County, Florida, canal, from which it has since
spread across most of south Florida. The main goal
of this study was to characterize patterns of covariation
between B. belizanus density and temporal, spatial,
and physicochemical variables, and attempt to
identify which physicochemical variables may explain
variation in densities of this species. Results of
AIC. model selection indicated that patterns of
physicochemical variables such as pH, salinity,
and temperature correlated with annual change in
B. belizanus density, and that these physicochemical-
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density patterns were mesohabitat specific. For the
southern most sites, the interaction between tem-
perature and salinity provide the best model to
explain B. belizanus density, whereas variability in
pH provides the best model at northern sites. These
patterns of covariance between density and specific
physicochemical variables suggests that specific
mesohabitat characteristics may play a role in
mediating the physiological, behavioral, and/or
ecological performance of this introduced species
in Florida and elsewhere. Future studies will test
hypotheses on the direct and indirect effects of
these physicochemical variables within the context
of specific mesohabitats on the behavior and
physiology of B. belizanus in its novel environment
in South Florida.

Keywords Introduction - Invasion ecology - Density -
Florida

Introduction

Global homogenization of biota has occurred through
worldwide introduction and establishment of non-
native species (Lodge et al. 1998; D’Antonio et al.
2001). While species colonize new areas naturally
over geological time, the frequency of colonization
and the distances traversed by species now exceed
natural rates by several orders of magnitude (Lodge
and Shrader-Frechette 2002). As introduction rates
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accelerate, population size of established non-native
species increases, enhancing their ability to spread
and invade new territories (Mooney and Cleland
2001). Managing the deleterious effects of introduced
species has been a major goal of conservation biologists
for several decades, but, ecological problems associated
with invasive species are still not well understood.
Contemporary studies have attempted to address ques-
tions about the mechanisms that underlie successful
colonization by non-native species (Courtenay and
Stauffer 1984; Taylor et al. 1984; D’Antonio et al.
2001; Sakai et al. 2001; Lockwood et al. 2007).

Individuals removed from their native population
and introduced into a new environment are effectively
released from conditions under which the parent
population has evolved and from the control of biotic
(e.g., species interactions, diseases, and parasites) and
abiotic factors (e.g., climatic regime and stochastic
weather events) that have determined the native
distribution of the species (Taylor et al. 1984). Having
been released from the ecological bottlenecks in their
indigenous environment, introduced populations may
be subjected to a suite of new challenges in their
novel environment, which they must overcome in
order to survive. Individuals of introduced species
that have high genetic variability, wide physiological
tolerance, and variable reproductive and feeding
strategies have an increased chance of being released
from the limiting effects of biotic and abiotic factors,
and are able to invade novel environments (Wonham
et al. 2000; D’Antonio et al. 2001; Lockwood et al.
2007). In addition, species that possess plastic traits
(e.g., behavior and physiology) are believed to be
more capable of adapting and, therefore, survive
better in a novel environment than stereotypical,
non-plastic species (Piersma and Drent 2003; Miner
et al. 2005; Pigliucci 2005).

The ease with which some introduced freshwater
fishes have become established in Florida aquatic
ecosystems attests to their potential ability to bring
about major changes in their novel environment
(Courtenay et al. 1974). However, Trexler et al.
(2000) showed that not all introduced fishes have
flourished equally well in aquatic habitats of southern
Florida. For example, within the family Cichlidae,
Cichlasoma urophthalmus tend to dominate many
different types of south Florida habitats; whereas
Cichlasoma bimaculatum and Oreochromis aureus
have not flourished well (Trexler et al. 2000). The
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amount of annual rainfall and minimum temperature
may have played an important role in limiting the rate
of spread and establishment of viable populations of
introduced fish species, resulting in a perceived
balance between native and introduced fish species
in south Florida. Sporadic occurrence of natural
disturbances such as droughts and hurricanes, may
present opportunities for introduced species to over-
take natives and radically alter the dynamics of
aquatic communities in Florida (Trexler et al. 2000).
The pike Kkillifish, Belonesox belizanus Kner, is an
introduced species that became established in south
Florida after its release in Miami-Dade County,
Florida in November 1957 (Belshe 1961; Courtenay
and Stauffer 1984). Its native distribution ranges
from Rio Antigua, Mexico to northern Costa Rica
(Belshe 1961; Miley 1978). For more than 20 years
B. belizanus persisted as a small introduced popu-
lation in several canals east of the Everglades
National Park after its introduction (Loftus and
Kushlan 1987; Courtenay 1997; Trexler et al.
2000). Since the 1980’s, this initial introduction has
expanded (Loftus and Kushlan 1987; Courtenay
1997; Trexler et al. 2000). Currently, B. belizanus
has established one population in Hillsborough
County, Florida (Fuller 2006), and a larger popula-
tion throughout Miami-Dade, Collier, Broward, and
Monroe counties, including Big Cypress National
Preserve and Everglades National Park (Belshe
1961; Dunker 2003; Loftus et al. 2004; see also
Fig. 1). Although B. belizanus occurs in many
different habitats (e.g., canals, sloughs, ponds, mixed
swamp forest; Loftus et al. 2004) within its invasive
range in south Florida, B. belizanus has remained at
relatively low, but variable densities (Loftus and
Eklund 1994; Lorenz et al. 1997; Trexler et al. 2000;
Dunker 2003). Throughout portions of its native
range (Yucatan, Belize, and Honduras), B. belizanus
have been observed in shallow water habitats and
swamps similar to those found in south Florida
(S. Taylor and W. Loftus, pers. obs., pers. comm.).
Despite the lower abundance of B. belizanus
relative to other invasive fish species in south
Florida, its occurrence in these habitats presents a
major concern to the ecology of the south Florida
aquatic ecosystem. Belonesox belizanus are voracious
piscivores, such that it only takes a few individuals to
decimate prey populations quickly, depriving native
piscivores of their critical food resources (Belshe 1961;
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Fig. 1 Map of the study areas WCA, SRS, and TSL (black circle),
Rocky Glades (white circle), and Southern Red Mangrove
(black triangle); South Florida Water Management District
physicochemical stations used in the study (white square).

Lachner et al. 1970; Miley 1978). The negative impact
of this introduced predator on the trophic dynamics of
the Everglades National Park is especially enhanced
when food resources become more limiting during the
dry season as water levels remain low and large ponds
are reduced to smaller mud pools (Loftus and Kushlan
1987; Trexler et al. 2005).

Considering the lack of published information
regarding the range of distribution and abundance of
B. belizanus in south Florida and the negative impact
this introduced population imposes on the native
ecosystem, this study is designed to explore how
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Numbers next to physicochemical stations were used to
visualize which stations were paired with each dataset in the
methods section (Table 1)

physicochemical variables such as temperature, dis-
solved oxygen, salinity, and pH relate to the abundance
of this introduced species in South Florida. These
physicochemical variables may not only directly affect
the physiology of this species, but may also have an
indirect effect on fish behavior, especially predator—
prey interactions, which may regulate the abundance
and distribution of B. belizanus in south Florida.
Previous studies have shown that changes in preda-
tor—prey interactions reflected variation among species
in their physiological tolerances to low oxygen either
through its effects on the escape behavior of prey or
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swimming and feeding behaviors of the predator
(Breitburg et al. 1997; Moore and Townsend 1998).
Other studies have indicated that seasonal fluctuations
in temperature can limit fish species densities either
directly through its effects on physiology (Beitinger
and Fitzpatrick 1979; Magnuson et al. 1979; Farkas
et al. 2001) or indirectly through its effects on other
environmental characters (i.e., DO or salinity)
(Matthews and Berg 1997; Marshall and Elliott
1998). In light of the direct and indirect effects of
the environment on a species, the goal of this study
was to characterize patterns of covariation between
B. belizanus density and temporal (months and
years), spatial, and physicochemical variables and
to determine which physicochemical variables may
explain the variation in densities of this species. The
information resulting from this analysis will contrib-
ute to our enhanced understanding of the factors that
have allowed this introduced species to establish
viable populations in Florida.

Methods
Fish abundance and distribution

We examined five datasets that documented the
densities of B. belizanus in south Florida. These
datasets differed in temporal scale, location, habitat
type, and sampling techniques employed (Table 1,
Fig. 1). Specific narratives on the differences of the
datasets are given below.

Annual fish abundance data were taken from the
Everglades Water Conservation Areas 3A and 3B (11
sites, WCA), Shark River Slough (6 sites, SRS), and

Table 1 Description of unpublished B. belizanus databasets
used in this current study. Datasets spanned different lengths of
years, temporal scale (monthly or annually), location, habitat

Taylor Slough (3 sites, TSL) in the Everglades
National Park from 1996 to 2005 (details of the
sampling design are described in Trexler et al. 2000)
(Fig. 1). Fishes were collected using 1-m?* throw traps.
Annual density (number of individuals per square
meter) of B. belizanus for each site was calculated as
the numbers of B. belizanus caught divided by the
number of throw traps taken.

Annual fish abundances were taken from the
Southern Red Mangrove fringe of Everglades National
Park from 1993 to 2004 (details of the sampling design
are described in Lorenz et al. 1997; 5 sites) (Fig. 1).
Fishes were caught using permanently positioned
drop nets (Lorenz et al. 1997). Annual B. belizanus
density for each site was calculated as the number of
B. belizanus caught, divided by the number of drop
nets used in the sample, then divided by the area
fished by the drop net (9 m?).

Monthly fish abundances from the Rocky Glades
region of Everglades National Park were from 2000 to
2004 (sampling design is described in Loftus et al.
2001; 6 sites) (Fig. 1). This region dried completely
during the dry season and, as a result, only July
through December data were available for this study.
Fishes were caught using permanently positioned
drift-fence arrays. Drift-fence arrays were used to
describe directional animal dispersal and community
successional patterns during the wet season, and were
fished overnight for 24 h for each sampling event
(Loftus et al. 2001). Because of the nature of drift-
fence arrays, monthly B. belizanus density was
calculated for each array in the form of catch per unit
effort (CPUE, number of individuals per day) by
dividing the number of B. belizanus caught by the
number of days fished during that month.

type, and sampling techniques. Physicochemical variables were
measured at physicochemical stations and linked to density
sites (corresponds to Fig. 1)

Location Habitat type Sampling gear Years Temporal Fish Physico-chemical Researcher
scale caught stations

Water Conservation Freshwater Marsh Throw Trap 19962005 Annual 11 1-5 Trexler
Areas—(WCA)

Shark River Freshwater Slough Throw Trap 19962005 Annual 83 6-8 Trexler
Slough—(SRS)

Taylor Slough—(TSL) Freshwater Slough Throw Trap 1996-2005 Annual 30 9,10, & 12 Trexler

Rocky Glades Shallow wetlands Drift fences/ 2000-2004 Annual/Monthly 993 7-10 Loftus

with solution holes ~ Minnow traps
Southern Red Mangroves Mangrove Swamp Drop net/Rotenone  1993-2004 Annual 185 9-15 Lorenz
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Physicochemical characteristics

Temperature, dissolved oxygen (DO), and pH data
were acquired from the South Florida Water Manage-
ment District’s (SFWMD) corporate environmental
database from monitoring stations closest to the fish
collection sites described above (DBHYDRO;
SFWMD 2006, Fig. 1, Table 1). Monthly averages
of the physicochemical variables were used to
calculate yearly averages. The nature of the physico-
chemical data was limited because variables were
not measured at consistent times during the day or
by the same researchers. There are diel shifts in
these physicochemical variables that could not be
accounted for in these analyses. For the Southern
Red Mangrove sites, salinity and temperature were
collected during fish sampling events, with the
exception of one of the sites where temperature,
salinity, and dissolved oxygen were acquired from
SFWMD’s database. For all other mangrove sites,
dissolved-oxygen measurements were acquired from
the SFWMD’s database.

Characterization of fish density patterns

We used two temporal scales in the analyses. For
SRS, WCA, TSL, and Southern Red Mangrove
sampling sites, analyses were conducted on an
annual scale. Both monthly and annual analyses
were conducted using data from the Rocky Glades
sampling sites. Monthly analyses of Rocky Glades data
provided the resolution that allowed us to determine if
seasonal changes in water quality associated with
droughts or hurricanes correlated with B. belizanus
density. SRS, TSL, and WCA datasets were combined
for analyses because they overlapped in time period,
sampling method, and researcher collecting the data.
Akaike’s Information Criterion adjusted for small
sample size (AIC.) was used to assess the relative
importance of competing candidate models for
explaining B. belizanus density in the three different
datasets (Burnham and Anderson 2002; Hazelton and
Grossman 2009; Mickle et al. 2009). Separate AIC,
analyses were performed on each dataset because
each differed on types of variables measured (i.e.,
Southern Red Mangrove dataset had no pH data;
the Rocky Glades dataset had monthly and yearly
record of all variables excluding salinity). Models
were constructed based on expected interactions

between physicochemical variables and possible
temporal and spatial patterns (Tables 2, 3, and 4).
Variables were either categorized as temporal (month
and year), spatial (area—categorical), or physicochem-
ical (dissolved oxygen, temperature, pH, and salinity).
Within the temporal category only one model was
developed (year) except for the Rocky Glades
dataset where month was added as a variable in
the temporal category resulting in three models
produced (year, month, and a combination of the
two, Table 2). Within the physicochemical category,
13 models were developed for all three datasets,
incorporating the influence of each physicochemical
variable alone and in combination with others. Nine
additional models were developed for each dataset
that combined the temporal and physicochemical
variables. For the Rocky Glades dataset, nine models
were further developed incorporating the monthly
temporal scale. Eleven models were developed for
the combined analysis of SRS, TSL, and WCA
datasets to include the spatial component of that
analysis (area, Table 4). Finally, for each dataset, a
null model (intercept only) and a global model
(incorporating all variables) were used in the AIC,
analyses. All models implicitly include an intercept
term. Models with low AAIC. and high Akaike
weights (w;) have the best combination of parsimony
(fewer parameters) and fit (accuracy) for explaining
B. belizanus density (Burnham and Anderson 2002).
To evaluate each variable’s relative importance in
explaining the overall trends in fish density, individual
variable weights were calculated using model weights
(following Scheuerell et al. 2009). The AIC, analyses
were conducted using R statistical computing package
(R Development Core Team 2009). To visualize the
relationship between the variables and fish density,
graphs were developed using the best models and their
relationship to density for each dataset.

Results

Belonesox belizanus is widely dispersed in south
Florida but is highly variable in their abundance
(Fig. 2). For example, Trexler (unpublished data)
collected only 11 B. belizanus over a ten-year period
throughout WCA, whereas Loftus (unpublished data)
collected 993 in the Rocky Glades over a five-year
period (Table 1).
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Table 2 Candidate models for the Rocky Glades dataset used
in AIC, model selection for the density response variable. K
indicates the number of model parameters. Variables used

include month, year, dissolved oxygen (DO), pH, and water
temperature (T). Interaction models include main effects

Model Variables K Hypotheses—densities of B. belizanus are best explained by
Null Intercept Only None of the measured variables.
Temporal Month Differences in the intra-annual scale (monthly), differences at the
inter-annual scale (yearly), or a combination of both.
Year 6
Month + Year 10
Physicochemical DO 3 Sample differences in dissolved oxygen.
pH 3 Sample differences in pH.
T 3 Sample differences in temperature.
DO + pH 4 A combination of dissolved oxygen and pH.
DO+ T 4 A combination of dissolved oxygen and temperature.
T + pH 4 A combination of temperature and pH.
DO+pH+T 5 A combination of dissolved oxygen, pH, and temperature.
DO*pH 5 A combination of dissolved oxygen and pH and their interaction.
DO*T 5 A combination of dissolved oxygen and temperature and
their interaction.
T*pH 5 A combination of temperature and pH and their interaction.
DO +pH+ T+ pH *T 6 A combination of a physicochemical variable and an
interaction between the other two.
pH + DO + T + DO*T 6
T + DO + pH + DO*pH 6
Temporal & Physciochemical Month + DO 8 A combination of dissolved oxygen and monthly scale.
Month + pH 8 A combination of pH and monthly scale.
Month + T 8 A combination of temperature and monthly scale.
Year + DO 7 A combination of dissolved oxygen and yearly scale.
Year + pH 7 A combination of pH and yearly scale.
Year + T 7 A combination of temperature and yearly scale.
Month*DO 11 An interaction between the monthly scale and dissolved oxygen.
Month*pH 11 An interaction between the monthly scale and pH.
Month*T 11 An interaction between the monthly scale and temperature.
Year*DO 11 An interaction between the yearly scale and dissolved oxygen.
Year*pH 11 An interaction between the yearly scale and pH.
Year*T 11 An interaction between the yearly scale and temperature.
Month + DO + pH + DO*pH 10 A combination of a temporal variable and an interaction
between two physciochemical variables.
Month + DO + T + DO*T 10
Month + T + pH + T*pH 10
Year + DO + pH + DO*pH 9
Year + DO + T + DO*T 9
Year + T + pH + T*pH 9
Global All 13 Combination of all temporal and physicochemical variables.
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Table 3 Candidate models for the Southern Red Mangrove
dataset used in AIC, model selection for the density response
variable. K indicates the number of model parameters. Variables

include year, dissolved oxygen (DO), salinity (S), and water
temperature (T). Interaction models include main effects

Model Variables K Hypotheses—densities of B. belizanus are best explained by
Null Intercept Only 2 None of the measured variables.
Temporal Year 13 Differences in the inter-annual scale (yearly).
Physicochemical DO 3 Sample differences in dissolved oxygen.
S 3 Sample differences in salinity.
T 3 Sample differences in Temperature.
DO + S 4 A combination of dissolved oxygen and salinity.
DO+ T 4 A combination of dissolved oxygen and temperature.
T+S 4 A combination of temperature and salinity.
DO+ T+S 5 A combination of dissolved oxygen, temperature, and salinity.
DO*S 5 An interaction between dissolved oxygen and salinity.
DO*T 5 An interaction between dissolved oxygen and temperature.
T*S 5 An interaction between temperature and salinity.
DO+ T+ S+ T*S 6 A combination of a physicochemical variable and an
interaction between the other two.
S+ DO + T + DO*T 6
T+ DO + S+ DO *S 6
Temporal & Physicochemical ~ Year + DO 14 A combination of dissolved oxygen and yearly scale.
Year + S 14 A combination of salinity and yearly scale.
Year + T 14 A combination of temperature and yearly scale.
Year*DO 21 An interaction between yearly scale and dissolved oxygen.
Year*S 21 An interaction between yearly scale and salinity.
Year*T 21 An interaction between yearly scale and temperature.

Year + DO + S + DO*S 15

Year + DO + T + DO*T 15
Year + T + S + T*S 15
Global All 16

A combination of the yearly scale and an interaction
between two physciochemical variables.

Combination of all temporal and physicochemical variables.

Characterization of fish density patterns

In the Rocky Glades dataset, a 95% confidence set of
models (calculated using Akaike weights; presented
in terms of their relative importance) incorporated
terms for pH, temperature (T), DO, and year had the
most support from the data (Tables 5 and 6). Data
substantially supported the model containing pH
alone as being the best model explaining fish densities
in the Rocky Glades sites (w;=0.249). Linear regres-
sion indicated a very weak relationship between fish
density and pH (R?=0.121); with the highest density
occurring within a pH range of 7.85-7.95 (Fig. 3).
The second strongest model explaining fish density
incorporated none of the variables (w;=0.182) and

had substantial support from the data with a very low
AAIC, (0.6; Table 5).

In the Southern Red Mangrove dataset, a 95%
confidence set of models incorporating terms for
salinity (S), temperature (T), an interaction between
temperature and salinity (T*S), and DO and had the
most support from the data (Tables 5 and 6). Data
supported models depicting the interaction between
temperature and salinity, salinity alone, and the model
incorporating the additive effects as being the best
models in explaining fish densities in the Southern
Red Mangrove sites (T*S [w;=0.263], S [w;=0.213],
and T+S [w;=0.133]). Plotting the interaction be-
tween temperature and salinity along with the
associated fish density as the relative size of the
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Table 4 Candidate models for TSL, SRS, and WCA datasets
used in AIC, model selection for the density response variable.
K indicates the number of model parameters. Variables include

year, area, dissolved oxygen (DO), pH, and water temperature
(T). Interaction models include main effects

Model Variables K Hypotheses—densities of B. belizanus are best explained by
Null Intercept Only 2 None of the measured variables.
Temporal Year 11 Differences in the inter-annual scale (yearly).
Spatial Area 4  Differences in area.
Temporal & Spatial Year + Area 12 A combination of yearly and area variables.
Physicochemical DO 3 Sample differences in dissolved oxygen.
pH 3 Sample differences in pH.
T 3 Sample differences in Temperature.
DO + pH 4 A combination of dissolved oxygen and pH.
DO+ T 4 A combination of dissolved oxygen and temperature.
T+ pH 4 A combination of temperature and pH.
DO+pH+T S A combination of dissolved oxygen, pH, and temperature.
DO*pH 5 A combination of dissolved oxygen and pH and their interaction.
DO*T 5 A combination of dissolved oxygen and temperature and
their interaction.
T*pH 5 A combination of temperature and pH and their interaction.
DO + pH + T + pH*T 6 A combination of a physicochemical variable and an interaction
between the other two.
pH + DO + T + DO*T 6
T + DO + pH + DO*pH 6
Temporal & Physicochemical Year + DO 13 A combination of dissolved oxygen and yearly scale.
Year + pH 13 A combination of pH and yearly scale.
Year + T 13 A combination of temperature and yearly scale.
Year*DO 21 A combination of dissolved oxygen and yearly scale and
their interaction.
Year*pH 21 A combination of pH and yearly scale and their interaction.
Year*T 21 A combination of temperature and yearly scale and their interaction.
Year + DO + pH + DO*pH 15 A combination of a temporal variable and an interaction between
two physciochemical variables.
Year + DO + T + DO*T 15
Year + T + pH + T*pH 15
Spatial & Physicochemical ~ Area + DO 5 A combination of dissolved oxygen and area.
Area + pH S A combination of pH and area.
Area + T S A combination of temperature and area.
Area*DO 6 A combination of dissolved oxygen and area and their interaction.
Area*pH 6 A combination of pH and area and their interaction.
Area*T 6 A combination of temperature and area and their interaction.
Area + DO + pH + DO*pH 7 A combination of area and an interaction between two
physciochemical variables.
Area + DO + T + DO*T 7
Area + T + pH + T*pH 7
Global All 16 Combination of all temporal and physicochemical variables.

@ Springer



Environ Biol Fish (2011) 92:125-139

133

140
a

e

n

o
L

—
» O
(=N=]

Sample Frequency
8

- N
o o
L L

o“HHHmW“W““““‘
01234567 8 9101112131415161718
Number of fish

b

600 -

500
60
50 1
40
301
20
101

o1 ﬂ[—lﬁm,—]

12 3

T T T

Sample Frequency

5 6 7 8 9 10
Number of fish

100 - \\'CA

80
40

304

Sample Frequency

204
10

0 1 2 3 4 5 6 7 8 9 10 11
Number of fish

Fig. 2 Frequency distributions of the number of B. belizanus
caught per sampling event in (a) Rocky Glades, (b) Southern
Red Mangrove, and (¢) WCA/SRS/TSL

symbol indicated that higher average fish densities
occurred at low salinities and temperatures (Fig. 4).
In the TSL, SRS, and WCA datasets, a 95%
confidence set of models incorporated terms for area,
pH, temperature (T), and DO and had the most support
from the data (Tables 5 and 6). Data substantially

supported the models containing area and pH as
being the best model explaining fish densities in
TSL, SRS, and WCA sites (Area + pH [w;=0.352]
and Area + T [w;=0.191]). Linear regression analyses
indicated weak relationships between pH and fish
densities across the different areas (Fig. 5; R =
0.112, R%grs=0.302, and R%yc,=0.228). For the
intermediate and southern areas (SRS and TSL,
respectively), higher fish densities occurred at the
lower end of the pH ranges of those locations (pH
between 7.30 and 7.55; Fig. 5). At the northern most
area (WCA), higher fish densities occurred toward
the higher end of the pH range, at approximately
7.32 (Fig. 5). There was a significant difference in
pH between the three areas, with TSL sites having
the largest increase and variability in pH (7.93+
0.066 units) compared with SRS (7.44+0.029 units)
and WCA sites (7.24+2.41x 107> units) (ANOVA F=
59.661, P<0.001). Frequency (counts) of B. belizanus
collected show marked differences between WCA,
TSL, and SRS areas (Fig. 2c). There was a significant
difference among the three areas in average density of
B. belizanus, with the greatest density occurring in the
southern TSL sites (9.76x10 *+2.153x10™* n m™?),
intermediate densities at SRS sites (7.29x10 %+
2.134x10"* n m™?), and the lowest average density at
the northern WCA sites (5.22x 10 °+2.409x 10> n m 2
(ANOVA F=17.421, P=0.003).

Discussion

The ongoing introduction of species into novel
environments provides an opportunity to study the
processes that structure the distribution and abun-
dance of species, their community associations, and
their evolutionary relationships (Cassey et al. 2005).
The average annual density of B. belizanus in south
Florida has been persistently low during the past
52 years since its introduction (Lorenz et al. 1997;
Dunker 2003). Among the physicochemical variables
investigated, it is evident that specific habitat (site)
variability plays an important role in potentially
regulating B. belizanus densities in south Florida.

In those datasets that included pH as a physico-
chemical parameter, AIC, analyses indicated that pH
is very important in potentially explaining variation in
the density of B. belizanus (Table 6). Environmental
pH is known to affect the physiology and migratory
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Table 5 AAIC, and AIC, weights (w;) used to assess the relative performance of the candidate models for explaining densities of B.
belizanus. Variables include temperature (T), dissolved oxygen (DO), and salinity (S)

Rocky Glades

Southern Red Mangrove

TSL, SRS, and WCA

Model AAIC, w; Model AAIC, w; Model AAIC, w;

pH 0.0 0.249 T*S 0.0 0.263 Area + pH 0.0 0.352
Intercept Only 0.6 0.182 S 04 0213 Area+ T 1.2 0.191
T 1.1 0143 T+S 1.4 0.133 Area 1.5 0.168
DO + pH 1.7 0.106 DO + S 2.8 0.065 Area*pH 3.0 0.078
T+ pH 24 0074 DO+ T+ S+ T*S 32 0.054 Area*T 3.8 0.053
DO 3.2 0.050 DO*S 3.4 0.047 Area+ DO 4.1 0.046
DO+ T 39 0.035 DO+ T 3.6 0.043 Area+ DO + pH + DO*pH 52 0.027
Year 4.7 0.024 DO 39 0.037 Area+ T + pH + T*pH 6.3 0.015
DO*pH 47 0023 DO+T+S 4.1 0.035 Area*DO 6.7 0.012
DO+pH+T 49 0022 T 42 0.032 Area + DO + T + DO*T 6.7 0.013
Year + pH 49 0.022 S+DO+ T+ DO*T 4.6 0.026 DO 6.8 0.012
DO*T 5.3 0.017 DO*T 47 0.025 DO+ T 7.5 0.008
T*pH 5.5 0.016 Intercept Only 5.8 0.014 DO*T 8.2 0.006
Year + T 6.9 0.008 T+ DO + S+ DO *S 6.0 0.013 DO + pH 9.0 0.004
pH + DO + T + DO*T 7.6 0.006 Year + S 36.8 0.000 DO*pH 9.1 0.004
Month + T 7.8 0.005 Year 37.4 0.000 pH 9.4 0.003
DO +pH+ T+ pH *T 8.2 0.004 Year + DO 39.7 0.000 T 10.7  0.002
T + DO + pH + DO*pH 82 0.004 Year +T 424 0.000 DO +pH+ T 10.7 0.002
Year + DO 8.5 0.004 Year + T+ S+ T*S 53.6 0.000 Intercept Only 10.9 0.001
Month + pH 9.7 0.002 Year + DO+ S+ DO*S 53.8 0.000 pH+ DO + T + DO*T 11.6 0.001
Month 10.3  0.001 All 55.5 0.000 T+ pH 11.9  0.000
Month + DO + T + DO*T 11.9 0.000 Year+ DO+ T+ DO*T 56.2 0.000 T+ DO + pH + DO*pH 12.3  0.000
Month + T + pH + T*pH 12.8  0.000 Year*DO 319.0 0.000 DO + pH + T + pH*T 12.4 0.000
Year + DO + pH + DO*pH 13.6  0.000 Year*S 330.2 0.000 T*pH 144 0.000
Month*T 13.7 0.000 Year*T 337.0 0.000 Year + Area 26.3  0.000
Year + DO + T + DO*T 13.7  0.000 Year + DO 37.7 0.000
Year + T + pH + T*pH 13.9 0.000 Year 37.9 0.000
Month + DO 14.2  0.000 Year + pH 39.0 0.000
Year*T 16.0  0.000 Year + T 40.0 0.000
Month + DO + pH + DO*pH 16.6  0.000 All 472 0.000
Month + Year 20.2  0.000 Year + DO + T + DO*T 53.8 0.000
Year*pH 20.4  0.000 Year + DO + pH + DO*pH  56.3  0.000
Month*pH 21.8  0.000 Year + T + pH + T*pH 57.9 0.000
Year*DO 22.7 0.000 Year*DO 320.8 0.000
All 27.6  0.000 Year*pH 324.8 0.000
Month*DO 30.5  0.000 Year*T 325.3 0.000

behavior of fishes. Changes in pH are known to
directly affect ion uptake across gills and internal
acid—base balance in fishes and ultimately affect
survival rates (Laurent and Perry 1991; Baldigo and
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Lawrence 2001). Environmental pH may play an
important role in regulating fish densities in south
Florida habitats, especially where pH values are toward
the lower end of the pH range measured (i.e., 7.30).
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Table 6 Variable weights ]
of components used in Variable

Rocky glades

Southern Red Mangrove

TSL, SRS, and WCA

candidate models to explain
variation in B. belizanus Dissolved Oxygen (DO)
densities. Variable weights pH

are summations based
on models weights given )
in Table 5 and depict the Salinty (S)
relative importance of each Year
component to each set of Month
models

Temperature (T)

Area
DO*pH
DO*T
DO*S
T*pH

T*S
Year*DO
Year*pH
Year*T
Year*S
Month*DO
Month*pH
Month*T
Area*DO
Area*pH
Area*T

0.231 0.273 0.113
0.489 0.403
0.301 0.336 0.232
0.539
0.058 0.000 0.000
0.008
0.812
0.027 0.031
0.023 0.051 0.007
0.060
0.040 0.015
0.317
0.000 0.000 0.000
0.000 0.000
0.000 0.000 0.000
0.000
0.000
0.000
0.000
0.012
0.078
0.053

Within the Rocky Glades dataset, one of the
stronger models explaining fish density is one that
excludes all of the physicochemical and temporal
factors. This may have resulted because of the large
seasonal variation in physicochemical parameters

Y =252X-17.85 ®

Density (CPUE)
nN

7.2 7.4 7.6 7.8 8.0 8.2
pH

Fig. 3 Linear regression depicting the relationship between pH
(the best model) and B. belizanus density for the Rocky Glades
dataset, as determined by AIC, analysis (Table 5). Dashed lines
(— —) represent the 95% confidence intervals

that occur in Rocky Glades sites. This large variation
in environmental characteristics occurs during the
transition between wet and dry seasons, and these
results may be driven by the ephemeral nature of the
aquatic microhabitats there (Loftus and Kushlan 1987;
Trexler et al. 2005). This tremendous variability may
have potentially masked any detectable relationship
between physicochemical variables and B. belizanus
density in the Rocky Glades.

Although considered a tropical freshwater fish
species, B. belizanus is known to have moderate
tolerance for variation in salinity (Belshe 1961).
However, B. belizanus is more likely to be found in
waters below 10 ppt and temperatures below 27°C
(see Fig. 4). Interestingly, the majority of B. belizanus
in the Southern Red Mangrove locations were
collected during warmer months (25-27°C, June—
September) in this study. As the summer progresses
and temperatures rise, salinity in mangrove pools and
microhabitats will rise accordingly and may indirectly
affect B. belizanus densities through its direct affects
on physiology. Investigating another tropical fish
introduction to south Florida, Faunce and Lorenz

@ Springer



136

Environ Biol Fish (2011) 92:125-139

Fig. 4 Bubble graph 25 ~
depicting the relationship
between B. belizanus

density and the interaction 20 0.0017 0.0013
between temperature and o010
salinity (the best model) ' o100
for the Southern Red 15 4
Mangrove dataset. =
. . Iy 00186
Relative size of the = 0.0043° o)
bubble represents fish 2 10 oos O 0.0133
densities. Bubbles and % 00163
associated numbers are in n 0U%  Gones
density units of n m 2 54 @00 3075
R 0.0013
0.0033
04 ovteo 00140 0.8085 00113
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(2000) found that Cichlasoma urophthalmus repro-
duction was heavily influenced by water level,
salinity, and, to a lesser extent, temperature. While
not directly tested here, the affect of salinity on B.
belizanus reproductive behavior may be a plausible
reason that higher fish densities occurred in lower
salinity water at Southern Red Mangrove sites.

Large fluctuations in physicochemical characteristics
of freshwater systems in south Florida, which are
largely driven by stochastic events, may be precarious

0.0030+
0.0025+ °
0.0020+

o
0.00151 v = -3.99x10%X + 3.04x10*

Density (n m?)
/
/
(]
/
[ )

0.0010- N.°
3 2
0.0005 ° °°}\9
v \o ¢ °

0.0000{ Yw¥% ¥y ¥

Y =3.39x10X - 2.40x10°

7.2 7.4 76 7.8 8.0 8.2

pH

Fig. 5 Linear regressions depicting the relationship between
pH (the best model) and B. belizanus density for TSL, SRS,
and WCA datasets, as determined by AIC, analysis (Table 5).
TSL data are represented by closed circles (black circle) and a
solid regression line; SRS data are represented by open circles
(white circle) and a dashed regression line; and WCA data are
represented by closed triangles (black triangle) and a dotted
regression line

@ Springer

Temperature (°C)

for a non-native tropical fish species. As a result,
fishes occur in very low densities, a scenario that
may increase the probability of local extinction
through chance events (Murdoch 1966). It is also
likely that these chance events allow fish species
other than B. belizanus to flourish in south Florida
(e.g., C. urophthalmus; see Trexler et al. 2000).
Investigating the TSL, SRS, and WCA sites the
variability in mesohabitat physicochemical charac-
teristics (especially pH) corresponded to a similar
gradient in B. belizanus density; with the lowest
densities found in WCA sites, (northern sites) while
the most abundant sites were within TSL (southern).
Environmental heterogeneity is important in struc-
turing fish communities and may aid in explaining
why a pattern emerges corresponding to larger
densities at TSL compared with the other two areas,
and hence the influence of the area term in the AIC,
analyses. Green et al. (2006) conducted a five-year
study comparing the community structure between
two drainage systems (TSL and SRS) in the southern
mangrove zone of Everglades National Park. These
two drainage systems characterized a dichotomy in
nutrient availability and tidal range. Taylor Slough
is hydrologically isolated from the Gulf of Mexico,
lacks recognizable tides, and is oligotrophic, whereas
SRS drains into the Gulf of Mexico, has moderate
diurnal tides, and is less oligotrophic. Green et al.
(2006) observed lower standing crops, species
richness, and density of fishes in SRS mangroves
than in TSL mangroves. They concluded that the
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time scale of water-level fluctuation shapes both
the topography and hydrological linkage between
habitats and may be of significant importance to
fish-community structure. These spatial and temporal
patterns may act as filters of the regional fish-species
pool, while predation, fluctuating salinity, and low
dissolved oxygen determine local community dynamics
and act as proximate causes of spatial structure in
estuarine fish communities. These findings highlight the
importance of environmental fluctuation in community
regulation, with fluctuations in physicochemical
parameters serving as potential ecological bottlenecks
in this seasonally affected marsh land. The current
study indicates that similar environmental fluctua-
tions may affect populations on an individual
species-level.

Why does abundance of B. belizanus remain low
in its novel south Florida habitat? Environmental
conditions in the tropics may be more stable than in
temperate zones, allowing for increased diversity
(Gaston 2000). Because B. belizanus is from tropical
Central America, its ability to adapt to Florida’s
subtropical environment and seasonal fluctuations in
temperature, dissolved oxygen, and salinity may be a
formidable barrier to increasing its densities but not
to its ability to establish viable populations (Davis
1988; Montague and Ley 1993; Marshall and Elliott
1998). This suggests that the conditions in south
Florida may be sub-optimal, preventing population
explosion of this tropical species. Yet, field collec-
tions in Yucatan and Belize, within the native range
of B. belizanus, indicate that densities in these
habitats are low as well (Zambrano et al. 2006;
Trexler and Loftus, unpubl. data). This suggests that
the low densities of B. belizanus in its introduced
range in south Florida may be a conserved life
history trait, and may not be altered by latitudinal
variation in environmental features. The environ-
mental characteristics in south Florida may be
similar to those in the tropics because of the effects
of the Gulf Stream and its proximity to Caribbean,
although the interior Everglades and Big Cypress
National Preserve are cooler than coastal mangroves
during the winter season (Duever et al. 1994;
McPherson and Halley 1997). Another factor
potentially shaping the distribution and abundance
of B. belizanus in south Florida is the environment’s
affect on predation. Belonesox belizanus’ small size
surrenders it to being an easy prey-resource for

piscivorous fish and wading birds, especially during
dry down events in south Florida habitats. For
example, Frederick et al. (1999) investigated the
exposure of Great egret nestlings (Ardea albus) to
mercury in the Florida Everglades and documented
that 32% of the diet by biomass was dominated by
B. belizanus and introduced cichlids. This seasonal
event leaves this fish susceptible to predation,
perhaps having a major influence on its densities.

Although this study utilized the best possible
data available on the abundance and distribution of
B. belizanus and physicochemical variables within
its distribution, the results of the analyses should be
interpreted with caution. First, absence of B. belizanus
in field collections during some years at specific
sites (e.g., WCA) may have been caused by
sampling-gear selectivity. Stationary methods of
capture (e.g., minnow-traps and drop nets) may
not work as efficiently as the throw trap or
electroshocking methods to capture this species. It
is highly likely that a more species-targeted collect-
ing approach would have provided a better estimate
of fish density. Second, physicochemical data were
acquired from an independent source, removed from
the actual B. belizanus sampling events and could
not be rigorously linked to the exact sites and times
where the fish were collected (except Southern Red
Mangrove sites where physicochemical variables
were measured along with fish collection). However,
physicochemical variables were obtained from
monitoring stations closest to the fish sampling
sites. Moreover, for all of the physicochemical
parameters in this study, diel shifts are known to
occur and may have important implications in the
structuring of fish populations (McCormick et al.
1997). Future studies would benefit from higher
resolution measurements at actual fish-collection
sites, taking into account diel fluctuations in fish
counts and environmental parameters.

Although this study sought to define key
physicochemical variables that potentially regulate
B. belizanus density, the emerging pattern suggest
that one physicochemical variable may not be as
important as another unless it is placed within the
framework of site specificity. Mesohabitat variability
within the wetlands of south Florida may be enough
to regulate the spread of this species. Another
important environmental factor that may influence
the population dynamics, which was not considered
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in this study is the hydrologic regime in south
Florida (Trexler et al. 2005; Liston 2006; Rehage
and Trexler 2006). The man-made waterways that
connect most, if not all, natural aquatic systems in
this region may provide a catalyst for the spread
of this species by allowing it to overcome the
ecological barriers of the expansion stage. This
may explain its large distributional area even while
its population density remains low in comparison
to other non-native species. Thus, investigating the
role played by fluctuating hydrological conditions
associated with wet and dry periods in the population
dynamics of B. belizanus in south Florida is a
valuable area for future research (Trexler et al. 2005;
Liston 2006).
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