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ABSTRACT OF THE THESIS 

EXAMINING GRADIENTS IN NOVELTY: NATIVE AND NON-NATIVE FISH 

ASSEMBLAGES IN EVERGLADES CANALS 

By 

David A. Gandy 

Florida International University, 2013 

Miami, Florida 

Professor Jennifer S. Rehage, Major Professor 

Novel ecosystems emerge from alterations to historic abiotic regimes and contain 

new species combinations. Everglades canals offer an opportunity to understand the 

function of novel habitat for native and non-native fishes and how novel conditions in 

turn influence distribution, abundance and assembly patterns. I examined native and non-

native fish assemblages collected across a gradient in novelty, defined by the loss of 

wetland connectivity and habitat complexity. As novelty increased, native species 

richness and abundance strongly declined, and the contribution of non-natives increased. 

Community structure vastly differed among canals and was strongly influenced by spatial 

factors and secondarily by hydrological factors. Natives and non-natives had opposing 

responses to key hydrologic and habitat parameters. This study represents the first 

comprehensive assessment of Everglades canal fishes, providing insight into the factors 

influencing native and non-native abundance and assembly patterns and contributing to 

our understanding of this novel but permanent habitat.  
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INTRODUCTION 

The synergistic effects of anthropogenic disturbance and species invasions can 

rapidly alter both ecosystem structure and function (Milton 2003; Root and Schneider 

2006; Didham et al. 2007). These effects can result in the alteration of modern day 

ecosystems to those that share little to no resemblance to their natural counterparts (Fox 

2007). Such systems have recently generated much discussion and are often referred to as 

‘no-analog’ or ‘novel’ ecosystems (Milton 2003; Fox 2007; Williams and Jackson 2007; 

Hobbs et al. 2006; Hobbs et al. 2013). Novel ecosystems are defined as those 

experiencing alterations to historic abiotic regimes coupled with new species 

assemblages, resulting from a combination of varying degrees of environmental 

degradation or modification (e.g., land use changes) and multiple invasions (Hobbs et al. 

2006; Hobbs et al. 2009). Novel systems provide an opportunity for insight into 

community assembly processes since a resorting or filtering of regional biotas is also a 

likely consequence of this decoupling from historic conditions.  

An estimated 40% of the earth’s land area may already be covered by novel 

ecosystems (Ellis et al. 2010; Foley et al. 2011; Barnosky et al. 2012), with many 

terrestrial examples (Cramer and Hobbs 2002; Mascaro et al. 2008; Lugo 2009; 

Lindenmayer et al. 2008; Hobbs et al. 2013). In marine systems, examples of novel 

ecosystems are increasingly being reported. For instance, algal blooms from non-point 

source runoff in the Gulf of Mexico have resulted in extensive dead zones and novel 

species interactions (Rabalais et al. 2002). Similarly, human-induced ocean acidification 

combined with rising ocean temperatures and pollution has left novel ecosystems in the 

wake of once thriving coral reefs (Fabricius 2005; Hoegh-Guldberg et al. 2007; Pandolfi 
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et al. 2011). In contrast, examples of anthropogenic-driven impacts in freshwater systems 

using a novel ecosystem framework are lacking (but see Nilsson and Berggren 2000; 

Gido et al. 2009; King et al. 2011).  

In freshwater systems, ecosystem degradation most often manifests itself as 

disruptions of natural hydrologic regimes coupled with alterations to connectivity 

(Rosenberg et al. 2000; Pringle 2001; Pringle 2003). Alterations to ‘natural flow regimes’ 

and aquatic species invasions are recognized as one of the most concerning global threats 

to aquatic biodiversity (Ricciardi and Rasmussen 1999; Dudgeon et al. 2006). Altered 

hydrology and connectivity from dams, impoundments, canals and levees, created for 

both water retention and diversion, can result in novel conditions for aquatic fauna that 

can limit or enhance dispersal abilities, alter resource fluctuations, and impose 

physiological constraints on native species that are evolutionarily adapted to particular 

historic regimes (Baxter 1977; Conley et al. 2000; Freeman et al. 2007; Franssen et al. 

2013).  

In the Everglades, an extensive network of canals and levees now bisects most of 

this rain-fed karstic wetland system. Built for water supply and flood control beginning in 

the 1880s, nearly 2500 km of canals and levees presently exist; impeding sheet flow and 

compartmentalizing the system (Light and Dineen 1994; Sklar et al. 2004). Canals in this 

region offer an opportunity to better understand how they function as novel habitat for 

both native and non-native fishes and how these novel conditions in turn influence 

distribution, abundance and assembly patterns in fish communities. Canals likely provide 

permanent deep-water refuges for biota, including fishes, which were historically rare or 

absent in the natural ecosystem (Gunderson and Loftus 1993), thus acting as novel 
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aquatic habitats. However, canals also vary in characteristics which may result in a 

novelty gradient (Figure 1). In particular, variation in their connectivity to adjacent 

marshes, the influence of the natural seasonal hydrologic regime and habitat complexity 

can drive gradients in novelty that I hypothesize relate to the degree of invasion. Fish 

invasions have been prominent in this ecosystem (Fuller et al. 1999), particularly in 

canals, which can act as a source of invasions to protected areas such as Everglades 

National Park (ENP; Kline et al. 2013). Presently, 34 non-native fishes are considered 

established (i.e., they have reproductively viable populations; Shafland et al. 2008) in 

south Florida, of which 17 are established in ENP (Kline et al. 2013). These numbers are 

comparatively large relative to the low native fish diversity (35 species; Loftus 2000).  

In this study, I examined native and non-native fish community structure in an 

Everglades canal network as a function of a gradient in novel conditions, particularly the 

loss of wetland connectivity and the natural influence of seasonal hydrology– conditions 

not reflective of the historic Everglades (McVoy et al. 2011). My specific objectives were 

to: (1) examine spatiotemporal variation in both the native and non-native fish 

communities in relation to the degree of novelty of canals, (2) quantify whether 

communities were randomly structured and (3) determine the relative importance of 

hydrological, habitat and spatiotemporal factors in driving community structure patterns. 

I expected that (1) increasing novelty will positively influence non-natives at the 

detriment of natives, (2) biotic interactions and abiotic conditions will influence natives 

and non-natives and thus nonrandom patterns will play a role in the assembly of fishes 

across space, and (3) the relative importance of structuring factors will differ between 

native and non-native assemblages. For instance, I expect hydrological variables to play a 
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stronger role in structuring the native community, given that this community should be 

pre-adapted and thus responsive to hydrology, particularly the strong seasonal signature 

of hydrological variation (Trexler et al. 2005, Rehage and Trexler 2006).  

 

METHODS 

 

Everglades canals and novelty gradient  

I sampled five canals (L-29, L-31N, L-31W, C-111 and L-67A) in the central and 

southern Everglades (Figure 2). To allocate sampling effort, I first classified the five 

canals into nine sampling units on the basis of connectivity to other canals or canal 

sections (i.e., presence of water control structures), and connectivity to adjacent 

Everglades marshes and habitat structure (i.e., presence of levees vs. a littoral zone 

directly connected to the marsh). To assess connectivity among canals and canal sections, 

I analyzed 20 years of flow data across water control structures. For example, the L-29 

canal is leveed in the eastern portion but fully connected to the marsh in the western 

portion (Figure 2), and the two canal sections are separated by a water control structure 

(S-333) that moves water between the two sections but likely limits the exchange of biota 

since at times it is closed. Thus, I delineated these two canal sections as separate canal 

units (Table 1).  

I then classified the nine canal sampling units based on their connectivity to 

marshes (hereafter CANALTYPE; Table 1): well-connected (WC), moderately-

connected (MC), and leveed (L). This canal novelty gradient ranges from less novel 

canals that are well-connected to adjacent Everglades marshes, to more novel canals that 
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have no direct connectivity (i.e., leveed canals). The WC canals (n=3) are connected to 

longer hydroperiod marshes nearly year-round, experiencing a greater influence from the 

natural hydrologic regime (i.e., seasonal rainfall patterns) and have higher habitat 

complexity (Figure 1). The MC canals are, on average, only connected to adjacent shorter 

hydroperiod marshes during the wet season and have intermediate habitat complexity in 

their littoral zones. In contrast, L canals have no direct connectivity to marsh habitats, 

receive little influence from the natural hydrologic regime, and have low habitat 

complexity since they typically lack a littoral zone. These isolated, deep and low 

complexity habitats (i.e., minimal littoral zone) are unlike any natural aquatic habitat in 

the Everglades. 

 

Sampling design and effort 

I used a stratified random sampling scheme to allocate electrofishing effort across 

the 150 km of canal shoreline sampled. I sampled fish communities using a boat‐
mounted, generator‐powered electrofisher (two anode, one‐cathode system with a Smith‐
Root GPP 9.0 control box). Electrofishing is an effective method for sampling fishes in 

freshwater habitats, including the Everglades, and electrofishing catch per unit effort 

(CPUE) provides a reliable index of fish abundance (Burkhardt and Gutreuter 1995; 

Chick et al. 1999; Moulton et al. 2002, Chick et al. 2004; Rehage and Trexler 2006). For 

each sampling unit, I identified the maximum number of stations that could be sampled, 

each 200 m apart (Table 1). Since the average electrofishing sample covers 79.4 ± 1.2 m 

of canal shoreline, 200 m spacing allows for a buffer zone between stations such that if 

adjacent stations were sampled, they may be considered independent samples. I 
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conducted sampling three times a year in 2010-2011 and 2011-2012 in the wet, early dry, 

and the late dry seasons to examine how seasonal hydrological patterns influenced canal 

fish community structure. At each sampling event, 8 to 10 stations were randomly 

selected (10 in year 1: June 2010 to April 2011; and reduced to 8 in year 2: October 2011 

to May 2012) for a total of 435 electrofishing samples.  

Boat electrofishing is non-lethal and uses a flat-bottom aluminum boat to produce 

a standardized electrical field off the bow, so that fish may be electroshocked, 

immobilized and easily collected (Miranda and Boxrucker 2009). Each electrofishing 

sample (hereafter “bout”) consisted of 300 seconds of standardized, intermittent power 

application at 3000 Watts (Burkhardt and Gutreuter 1995; Moulton et al. 2002). Since 

canal width (mean = 9.2 m ± 0.09) is greater than the electric field, a shoreline side was 

targeted for sampling at each bout. If a canal had marsh connectivity (Table 1; Figure 2), 

then the marsh side of the canal was sampled (all WC and MC have marsh connectivity 

on only one side of the canal). If both sides were leveed, a shoreline was randomly 

selected for each bout. To ensure adequate sampling across the entire canal shoreline, 

bouts began from two meters out from the littoral zone edge in deep water (mean = 3.6 m 

± 0.01) and crossed the littoral zone in a zigzag fashion at a 45 to 90 degree angle to the 

shore (Guy et al. 2009).  

Upon capture by two netters positioned at the bow of the vessel, all fish were 

placed in a holding tank, identified, measured to the nearest 1‐mm standard (SL) or total 

length (TL), and weighed. Native species were released after full recovery, while a subset 

of non-natives were euthanized using an overdose of anaesthetic (MS-222) and stored at 

4° C. I used electrofishing catch per unit effort (CPUE) as an index of fish abundance. 
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Catch per unit effort consists of the sum of fishes caught and shocked in each bout, 

adjusted for the length of canal shoreline sampled (measured with a GPS unit; Pope et al. 

2009; Boucek and Rehage 2013). Shocked fish included fish that were not caught by 

netters, but readily identified and counted while shocking. If fish identification was 

questionable, fish were not included in CPUE; nor were fish from the opposite shoreline. 

Thus, electrofishing CPUE consisted of the number of fish per 100 m of canal shoreline: 

= Fish	netted	 + 	fish	shockeddistance	sampled	(m) ∗ 100 

 

Habitat complexity, abiotic and hydrologic conditions 

 At the beginning of each bout, I measured habitat and abiotic conditions to 

examine their influence on community structure. I surveyed the littoral zone, recording 

water depth, plant species richness (hereafter PRICH) and percent cover (%COVER) of 

submersed aquatic vegetation with a 0.5 m2 quadrat. Surveys were conducted every meter 

in a transect perpendicular from the shoreline out to 2 m into deep water. I then 

calculated mean littoral zone width (LZW) and depth (LZD). I also measured 

physicochemical conditions including dissolved oxygen (DO), ambient conductivity 

(COND) and temperature (TEMP) with a multisonder YSI unit, and water clarity 

(SECCHI) using a Secchi disk.  

To quantify hydrologic connectivity, I recorded marsh connectivity at the time of 

each bout as a categorical variable (LOCALCONN; connected, not connected). In 

addition, I estimated regional connectivity by calculating the proportion of days each 

canal unit was connected (DAYSCONN) to the marsh for each sampling year using stage 



8 
 

data provided by the Everglades Depth Estimation Network (EDEN, www. 

http://sofia.usgs.gov/eden/). Data from the closest gauges to each canal unit were used. I 

defined a canal unit as connected if the average marsh depth was ≥ 10 cm, since at depths 

lower than 10 cm, remaining standing water is scarce and not uniformly distributed 

across the marsh surface, making conditions unsuitable for fishes (Chick et al. 2004).  

 

Statistical analyses 

I used a three-step approach to examine variation and structure in canal fish 

communities. First, I fitted generalized linear models to examine spatiotemporal variation 

in abundance and richness of all fishes, and then of natives and non-natives separately. I 

then used multivariate tools to test for variation in community structure across space and 

time, for non-random patterns of species co-occurrence across space, and for the relative 

contribution of predictor variables.  

I examined spatiotemporal variation in fish CPUE and richness of all fishes, 

natives only, and non-natives only, as well as habitat and abiotic variables, using two-

way ANOVAs that tested the effects of CANALTYPE, SEASON and the interaction. To 

satisfy normality assumptions, CPUEs and all abiotic and habitat variables were log10 

(x+1) transformed, except for %COVER which was arcsine transformed. I used Tukey’s 

HSD tests for pairwise comparisons, and conducted tests in SYSTAT® 13.0. Further, I 

calculated the overall proportion of natives and non-natives across all samples and 

compared these across CANALTYPE and SEASON using a chi-square in SigmaPlot® 

11.0. 
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To examine variation in community structure, I constructed fourth-root 

transformed (to account for rare species) Bray-Curtis similarity matrices using the 

average relative abundance of all fish species for each canal by season combinations 

across sampling years (Clarke and Warwick 2001). I then conducted a two-way analysis 

of similarity (ANOSIM; 999 permutations) to test for the effects of CANALTYPE and 

SEASON. ANOSIM is a permutations test analogous to ANOVA and produces a Global 

R statistic between 0 and 1 where values above 0.4 typically indicate that groupings are 

distinct (Clarke and Warwick 2001). Non-metric multi-dimensional scaling (NMDS) 

plots were then constructed to illustrate dissimilarity among groupings using Primer® 6.0.  

To more closely examine spatial variation in our data, I used null model analysis 

to test for non-random patterns of species co-occurrence (Gotelli 2000; Gotelli and 

Enstsminger 2010). I used Stone and Roberts’ (1990) C-score index to measure the 

average number of unique ‘checkerboard units’ of species, using a presence/absence 

matrix of species across canal units. C-Scores significantly greater than expected by 

chance indicate less co-occurrence between species than in randomly assembled 

communities (Gotelli 2000). To measure the degree of non-randomness, I used 

standardized effect sizes (SES), which measure the difference in standard deviations 

between observed and simulated C-score values. Values > 2 or < -2 with a tail probability 

of P < 0.05 indicate a segregated or aggregated community respectively (Gotelli and 

McCabe 2002; Sanders et al. 2003). Prior to analyses, I removed rare species occurring in 

less than 1% of samples as their low abundance may be an artifact of sampling biases and 

can inflate estimates of co-occurrence patterns in simulation tests (Oliveira et al. 2005). I 

ran 5,000 randomizations of the original matrix separately for all fishes, natives only and 
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non-natives only using the SIM9 algorithm (Gotelli 2000) in EcoSim 7.0 (Gotelli and 

Entsminger 2010). 

To examine the relationship between fish community structure and predictor 

variables, I used distanced-based linear models (DISTLM; Legendre and Anderson 

1999). The DISTLM procedure is a distanced-based redundancy analysis (dbRDA) that 

uses multivariate multiple regressions and performs a permutations test to model the 

variability of an assemblage matrix against multiple predictor variables (Anderson et al. 

2008). I used DISTLM models to assess the relative contribution of five predictor 

variable sets: (1) spatial, (2) temporal, (3) hydrological, (4) habitat and (5) abiotic factors 

(Table 2). Spatial variables included each canal unit and CANALTYPE (WC, MC, L), 

temporal factors included the year of sampling (HYDROYR), hydrologic variables 

included the annual proportion of days each site was connected to the marsh 

(DAYSCONN) for the two years, the connectivity of the bout (LOCALCONN), and 

SEASON (Wet, early dry, late dry). Habitat variables included PRICH, LZD, LZW and 

%COVER, and abiotic variables included DO, COND, TEMP, and SECCHI.  

Models were fitted using a stepwise selection procedure. I used the Akaike 

Information Criterion for selecting the most parsimonious model corrected for small 

sample size (AICc), and R2 to evaluate the % of variation explained by each variable set 

(Anderson et al. 2008). I conducted DISTLM separately for the following assemblages: 

all fishes, natives only and non-natives only using Bray-Curtis resemblance matrices 

(Faith et al. 1987; Legendre and Gallagher 2001). Prior to analysis, all predictor variables 

were examined for co-linearity to eliminate redundant variables using principal 

components analysis and draftsman plots (Legendre and Anderson 1999; McArdle and 
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Anderson 2001). The variable %COVER was removed, and I log10 (x+1) transformed all 

continuous predictor variables. Lastly, I used DbRDA plots to visualize the results of 

DISTLM models with vectors of predictor variables overlaid. Statistical significance of 

predictor sets were assessed at α = 0.05 with 999 random permutations. DISTLMs were 

conducted using PERMANOVA+ for Primer® 6.0 (Anderson et al. 2008). I then fitted 

simple regressions to better understand the relationship between native and non-native 

CPUE and key predictor variables identified in DISTLM and DbRDA analyses using 

SigmaPlot® 11.0. 

 

RESULTS 

 

Spatiotemporal variation in habitat and abiotic conditions 

 I found marked spatiotemporal heterogeneity across seasons and canal type in the 

littoral habitat of sampled canals (Table 3; Figure 3). I detected gradients in littoral zone 

characteristics, such that habitat complexity, in terms of PRICH, %COVER and LZW, 

increased with connectivity to surrounding marshes (WC > MC > L; Figure 3A-C). WC 

canals had greater PRICH, %COVER and LZW, MC canals were intermediate, and L 

canals had the lowest (Figure 3A-C). Habitats were least complex in L canals that had the 

smallest littoral zones, with fewer plant species providing less cover. Canal LZD were 

significantly greater in WC than MC and L canals (WC = 81.9 cm, MC = 59.4 cm, and L 

= 60.4 cm, P ≤ 0.009; Figure 3D). Across seasons, I detected significant variation in all 

habitat metrics, suggesting a general shrinking of the littoral zone between the wet and 

particularly the late dry season, noted by clear reductions in PRICH, %COVER, LZW 
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and LZD. But the magnitude of this effect was not the same across canal types. The 

greatest seasonal variation was noted in PRICH and %COVER in canals with 

intermediate levels of marsh connectivity (MC > WC > L; Figure 3).  

Abiotic conditions showed less spatial variation, particularly for DO and TEMP, 

relative to habitat variables, but seasonality was marked (Table 3; Figure 4A-B). Across 

seasons, DO levels were consistently lowest in the wet season at 1.9 mg L-1 and highest 

in the late dry at 4.5 mg L-1 (Figure 4A), while TEMP was higher in the wet, intermediate 

in the late dry, and lowest in the early dry season (Figure 4B). The variable COND was 

higher in L canals (0.63 µS cm-1) relative to 0.57 µS cm-1 in WC and 0.56 µS cm-1 in MC 

canals (P = 0.0001), and was also consistently higher in the late dry (0.64 µS cm-1) 

compared to wet (0.58 µS cm-1) and early dry seasons (0.53 µS cm-1). This increase was 

most pronounced in WC and L canals, where COND increased by 13% and 16% 

respectively between early and late dry season samples (Figure 4C). MC canals were 

clearer than both WC and L canals (2.7 m vs. 2.5 m). SECCHI showed little seasonal 

variation in MC and L canals, but in WC canals, it improved significantly between early 

and late dry season samples (P = 0.0001; Figure 4D).   

 

Spatiotemporal variation in CPUE and richness 

Over the two years of sampling, I collected 19,151 fishes: 16,279 natives (39 spp) 

and 2,872 non-natives (15 spp; Appendix B). Across CANALTYPE, abundance of all 

fishes was highest in WC canals, intermediate in MC canals and lowest in L canals 

(Figure 5A; Table 4). This spatial variation was largely driven by native taxa which 

showed nearly a 14-fold increase in abundance as novelty decreased (9.6 fish/100 m in L 
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canals vs. 37.9 fish/100m in MC canals vs. 136.6 fish/100 m in WC canals; Figure 5A). 

Non-native CPUE was almost an order of magnitude lower than native CPUE (8.7 vs. 

64.9 fish/100 m), and showed a completely different pattern in relation to CANALTYPE. 

A nearly 8-fold increase in non-native fish abundance was observed between WC and 

MC/L canals (1.6 fish/100 m in WC canals vs. 11.7 fish/100 m in MC/L canals.  

Patterns in species richness across CANALTYPE generally mirrored those of 

CPUE (Table 4). Across all taxa, richness was highest in WC canals, intermediate in MC 

canals and lowest in L canals (8.0, 7.1 and 4.6 spp respectively; Figure 5B). Native fish 

richness declined 3-fold as canals became less connected to marshes (7.4 spp in WC vs. 

2.6 spp in L canals). In contrast, non-native richness was highest in MC canals, 

intermediate in L canals, and extremely low in WC canals (2.6, 2.1 and 0.7 spp 

respectively). 

Seasonality was marked in both the native and non-native CPUE, and its effect 

varied with CANALTYPE (Table 4). Native fishes showed a 6-fold increase between the 

wet and late dry season samples in WC (45.1 to 276.5 fish/100 m; Figure 6A), while 

increases were more modest (4-fold) and earlier in the dry season in MC canals (15.7 to 

75.6 fish/100 m). MC fish numbers then decreased to 34.3 fish/100 m in the late dry 

season. Among non-natives, I detected seasonality in MC and L canals, but none in WC 

canals where non-native numbers were very low (< 1.8 fish/100 m; Figure 6B). In L 

canals, non-native CPUE increased by almost 50 % between wet and late dry season 

samples (10.2 to 14.8 fish/100 m), while in MC canals non-natives increased by an 

average of 11.7 fish/100 m (from 6.9 to 18.6 fish/100m). But this increase was seen 
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between the wet and early dry season matching the pattern in natives, and no difference 

was noted between early and late dry (18.6 vs. 14.9 fish/100 m, P = 0.614).  

Similar to CPUE, the effect of seasonality on species richness varied across 

CANALTYPE (Table 4). In WC canals, native fish richness increased as seasons 

progressed, from an average of 5.9 spp in the wet to 7.2 spp in the early dry and 8.8 spp 

in late dry season samples (Figure 6C, P < 0.003). The pattern was different in MC 

canals, with native richness peaking in the early dry season as did CPUE at 5.4 spp 

relative to 4.3 spp in the late dry (P = 0.0001). L canals also showed an increase in native 

richness between wet/early dry and late dry samples (2.3 vs. 3.1 spp, P = 0.059). For non-

natives, seasonality in richness was only detected in MC canals, peaking in the early dry 

season at 3.2 spp relative to 2.0 and 2.5 spp in wet and late dry seasons respectively 

(Figure 6D).  

 

Relative contribution of non-native versus native taxa 

Overall, non-natives accounted for 15.6 % of all fish collected (Appendix B). 

Dominant non-natives included spotted tilapia, Asian swamp eels, African jewelfish, and 

Mayan cichlids, while native taxa were largely represented by sunfishes (particularly 

bluegill) followed by Florida gar, and largemouth bass. Although the overall contribution 

of non-natives appeared relatively small, spatially their contribution varied strongly and 

with increased novelty (Figure 7).The contribution of non-natives also varied strongly 

across CANALTYPE, accounting for 52.1 % of fish caught in L canals, 27.3% in MC 

canals, and only 1.6% in WC canals ( P < 0.0001). No variation in their contribution was 
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detected seasonally within each canal type, although in L canals, a trend for an increase 

from 42.3 % in the wet to 59.6 % in the late dry season was observed (P = 0.087).   

 

Spatial and seasonal community structure  

Fish assemblages showed marked dissimilarity across canal types (Figure 8). WC 

and L communities were most distinct (Global R = 0.897, P = 0.001), followed by WC 

and MC canals (Global R = 0.746, P = 0.001), and then L and MC canals (Global R = 

0.482, P = 0.001). In contrast, dissimilarity as a function of season was very low (Global 

= 0.037, P = 0.166). Results from the null model analysis indicated non-random patterns 

of species co-occurrence across the entire fish community (Obs. C score = 2.4, P = 

0.009), as well as when considering natives (Obs. C score = 1.7, P = 0.035) and non-

natives separately (Obs. C score = 2.5, P = 0.002; Table 5). SES were positive and above 

2.0 indicating that fishes tended to co-occur less frequently than expected by chance, 

indicating segregation among species.  

 

Relative contribution of predictor variable sets 

The best fitted DISTLM models explained about 40% of the variation in 

community structure (Table 6). Across all fishes, natives and non-natives, spatial factors 

consistently explained a much larger proportion of the variance relative to the other 

variable sets (34.5 %, 30.7 % and 29.1 % respectively). Second in importance were 

hydrological variables across all taxa groups, while abiotic variables explained a minimal 

proportion of the variance, and habitat were only important predictors for all fishes and 

natives. Abiotic variables had greater explanatory power for non-natives than natives, 
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whereas hydrological variables explained more variance for natives than non-natives. The 

dbRDA ordination was considered to be a good representation of fish community 

structure variation against predictor variables as both axes included ~ 60% or greater of 

the fitted variation in all models. Overall, explanatory power was highest for natives, 

lowest for non-natives and intermediate for all fishes. Overall, the DAYSCONN 

explained the most variance for all three models. Regressions showed opposing 

relationships between native and non-native CPUE and DAYSCONN. Native fishes were 

more abundant as connectivity to surrounding marshes increased, while non-natives 

decreased with connectivity in a nonlinear fashion (Figure 10). Similar and opposing 

relationships were also detected as a function of habitat complexity (% COVER and 

LZW). Natives were more abundant in more complex habitats, while the opposite was 

true for non-natives. Relationships were linear and consistently stronger for native fishes, 

while quadratic relationships provided the best fit for non-natives.  

 

DISCUSSION 

Human-caused modifications to both abiotic conditions and biotic composition 

are increasingly leading to novel ecosystems (Milton 2003; Hobbs 2006; Williams and 

Jackson 2007; Hobbs 2009; Hobbs 2013), and to gradients in such novelty that directly 

relate to the degree of alteration (King et al. 2011). I hypothesized a gradient in novelty in 

Everglades canals that related to the degree of fish invasion, such that not all man-made 

canals are created equal. I expected a lower invasion rate in canals with higher 

connectivity (i.e., year-around) to nearby marshes and thus lower novelty, and a higher 

invasion rate associated with canals with low connectivity to marshes (higher novelty). 
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My findings matched this prediction well for native taxa, but the pattern was different for 

non-native fishes. Native fishe communities were more abundant and speciose as novelty 

decreased (WC > MC > L). Non-native abundance was lowest in WC canals, but similar 

between MC and L canals, while non-native richness was lowest in WC canals, and 

contrary to predictions, was highest in MC and intermediate in L canals. Community 

structure was vastly different between canal types, and this structure was strongly 

influenced by spatial factors and secondarily by hydrological factors. Interestingly, I 

noted contrasting responses between native and non-native fishes and key hydrologic and 

habitat parameters. 

The most notable finding was that spatial structuring appeared to be the most 

significant driver of assembly patterns in canal fishes. The location of a canal and the 

marsh it bisects as well as the degree of canal connectivity to the marsh habitat appeared 

to have a strong influence on fish assemblages. At small local scales, previous research 

showed that anthropogenic gradients result in a divergence in fish communities. For 

instance, Slawski et al. (2008) found that urbanization in the upper Des Plaines River 

watershed had a strong influence on fish species composition; shifting from cool-water 

riverine specialist to warm-water riverine generalist as urbanization in undammed 

tributaries increased. Here, we expected that given the relatively uniform nature of canals 

as aquatic habitats (i.e., extensive, deep with relatively low structure except for littoral 

zones), we would see a high degree of biotic homogenization across the canals sampled 

(e.g., McKinney and Lockwood 1999; Rahel 2002). For instance, Gido et al. (2009) 

found that in the novel habitat of reservoirs, patterns of fish community structure were 

homogenous across drainage basins and more so relative to natural stream assemblages. 
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In contrast, the Everglades canal fish community was strongly spatially segregated, with 

distinct fish assemblages along canal types and particular canal units, despite that most 

canal units sampled in this study are continuously connected to each other via water 

control structures and some of the fishes sampled may exhibit high mobility (e.g., 

largemouth bass, Mayan cichlid; Moody 1960; Adams and Wolfe 2007). 

Human alterations to aquatic systems can lower habitat quality by disrupting 

natural geomorphologic processes, spatial heterogeneity patterns and the natural 

fluctuation of resources (Ligon et al. 1995; Humborg et al. 1997; Poff et al. 1997; 

Rosenberg et al. 2000). For instance Bunn and Arthington (2002), summarized numerous 

studies that highlighted the negative effects on fishes as a result of altered flow and 

changes in habitat quality including the loss of fishes due to reduction in spawning 

habitat, loss of fishes adapted to turbid river habitats, and elimination of salmonids and 

pelagic spawning fishes. In Everglades canals, native fish richness and abundance 

declined sharply as hydrological and habitat complexity became more novel with 

extremely low numbers in the most novel, leveed canals. I suspect this pattern is 

indicative of poorer habitat quality for natives as canal littoral zones become smaller and 

less complex and as productivity and prey availability associated with the loss of 

connectivity to marshes is reduced. Although canals may provide deep, suitable habitat 

for larger taxa, the connectivity to marshes and littoral zones likely enhances fish 

numbers, particularly of smaller and juvenile taxa. For instance, more complex littoral 

zones within reservoirs can support a higher diversity in fish communities and has a 

greater potential in maintaining native populations, especially juveniles that use these 

areas to avoid predation (Fernando and Holčík 1991; Mathews et al. 2004). Differences 
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in native fish abundance between WC and MC canals likely reflect the variation in 

productivity of the marshes they bisect. WC canals connect to longer hydroperiod 

marshes almost year-round, which have been shown to have higher fish abundances 

relative to the shorter hydroperiod marshes that connect to MC canals only during the wet 

season (Chick et al. 2004; Green et al. 2006). Additionally, canal connectivity to marsh 

species pools with different community structure may also have contributed to the 

observed patterns in this Study. For instance, Parkos et al. (2011) documented differences 

in fish community structure in WCA 3A marshes which connect to well-connected canals 

compared to fishes within ENP marshes which connected to moderately-connected 

canals.  

Variation in the degree of marsh connectivity across canals also influences the 

role of canals as drydown refuges. In pulsing systems, seasonal variation in rainfall drives 

patterns of inundation and thus habitat availability for fishes and other aquatic taxa, such 

that fish survival is highly dependent on refuge size, the intensity of the drydown period 

and mobility (Magoulick and Kobza 2003). The recurrent pattern of seasonal drying in 

Everglades marshes is a major driver of fish community dynamics as fish move to both 

natural (i.e., alligator holes, solution holes and estuarine mangrove creeks (Loftus and 

Kushlan 1987; Kobza et al. 2004; Rehage and Loftus 2007; Parkos et al. 2011; Rehage 

and Boucek 2013), and artificial (i.e., canals, Rehage and Trexler 2006) deep refuges as 

water levels recede. We saw further evidence of the use of canals as drydown habitat in 

this study, but the timing varied among canal types, matching the hydroperiod of 

surrounding marshes. In MC canals, abundance of natives peaked sooner reflecting 

earlier drying of the surrounding shorter-hydroperiod marshes followed by reductions by 
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~ 50 % in the late dry season, which is likely attributed to mortality via predation. Similar 

decreases in fish abundance later in the dry season have been documented in mangrove 

creeks, which serve as important drydown habitats in the southern Everglades (Rehage 

and Boucek 2013), and have been attributed to predation of the smaller taxa by larger 

fishes (Boucek and Rehage 2013). Interestingly, non-native taxa showed a similar 

increase in MC canals, indicating that they are also likely entering canals from marshes 

as native fishes do, but their numbers did not experience a decrease later in the season. In 

WC canals, seasonal increases occurred but later in the dry season. Although canals may 

be lower quality habitats because of the high abundance of predators and low complexity, 

they could provide better habitat in extreme droughts, playing a greater role in the re-

colonization of marshes during these events. Further research into their role in normal vs. 

extreme drying events is needed.  

For non-natives, the most notable pattern was their increase in relative 

contribution as novelty increased, peaking at > 50% of total fish in L canals. This further 

strengthens the argument that more novel canal habitats offer less suitable habitat for 

native fish species and likely facilitates the establishment of opportunistic invaders that 

can withstand less than favorable conditions. In lotic systems, novel conditions have 

often been linked to shifts in assemblages from natives to phenotypically plastic and 

more tolerant non-natives (Weaver and Garman 1994; Onorato et al. 1998; Walters et al. 

2003). The extremely low contribution of non-natives in WC may relate to variation in 

the role of canals as thermal refugia. Just prior to the beginning of this study in 2010, a 

severe cold event lead to a large mortality event for temperature sensitive taxa (Adams et 

al. 2012; Matich and Heithaus 2012; Boucek and Rehage 2013), including non-natives. 
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We suspect non-natives contributed to a larger although still small part of the fish 

community in WC canals prior to the 2010 cold snap. Unpublished records from the 

Florida Fish and Wildlife Conservation Commission (FWC) point to non-natives 

accounting for about 8.1% of fishes caught in the L67A canal (2006-2009), a WC canal I 

sampled. Temperature records from the cold snap indicated that in WC canal units, the 

pattern of water flow (from marshes into canals) reached low temperatures in the range of 

lethal limits of many non-natives (e.g., Schofield et al. 2009; Schofield and Huge 2010) 

while canals elsewhere remained warmer (J Kline, pers. Comm.).  

Previous work points to the relation and feedback between hydrological 

disturbance and invasions (Marchetti et al. 2004; Leprieu 2008). Not unlike these studies, 

I documented opposing relationships between marsh connectivity and the abundance of 

native versus non-native taxa. These relationships suggest, at minimum, that natives and 

non-natives are responding to the natural hydrology of the system in different ways. 

Kiernan et al. (2012) showed that restoration of the natural hydrological regime, can lead 

to the recovery of natives in heavily invaded California streams. Whether Everglades 

restoration could have the same detrimental effects on non-natives, to the benefit of 

native taxa is not known and merits further work. Regardless, canals are permanent 

features of the Everglades landscape, since most of this conveyance network that 

provides water supply, flood control and reroutes water delivery into natural areas will 

remain in place. Overall, this study represents the first comprehensive assessment of 

fishes in Everglades canals, providing insight into the factors influencing native and non-

native abundance and assembly patterns and contributing to our understanding of this 

novel but permanent habitat of the system.  
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TABLE 1. Classification of the 9 canal sampling units by CANALTYPE and the estimated proportion of days connected to 
adjacent marshes for each of the 2 hydrologic years of this study. Marsh water level data were obtained from EDEN. Also shown 
are the number of sampleable stations per canal unit (see Figure 1 for canal locations). 
 
 
 

Canal Unit 
Number of 

Sample 
Stations 

CANALTYPE    
Proportion of Days 

Connected (%) 

Well-
Connected 

(WC) 

Moderately-
Connected 

(MC) 

Leveed 
(L) 

 Year 1 Year 2 

L-67A 204 X 100 88.8 

L-29 West 89 X 96.2 81.1 

L-29 East 97 X 90.5 87.8 

L-31W North 51 X 42.2 27.5 

L-31W South 33 X 75.9 64.2 

C-111 South 53 X 64.3 51 

L-31N North 57 X 0 0 

L-31N South 84 X 0 0 

C-111 North 93 X 0 0 
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TABLE 2. Summary of the five predictor variables sets used in variance partitioning analyses (DISTLM) to examine their relative 
contribution to native and non-native fish community structure. These include: 1) spatial (n=2 variables), 2) temporal (n =1), 3) 
hydrological (n=3), 4) habitat (n=3) and 5) abiotic (n=4) factors. 
 

 

Predictor Set Predictors Description 

1. Spatial CANALUNIT 
Categorical: 1 of 9 sampling sites (L-67A, L-29W, L-29E, L-31N North,        
L-31N South, L-31W North, L-31W South, C-111 North, C-111 South) 

  CANALTYPE 
Categorical: Sampling units grouped by their connection to Everglades 
marshes (WC: Well Connected, MC: Moderately Connected, L: Leveed) 

2. Temporal HYDROYR Hydrological year of study (Year 1: 2010-2011, Year 2: 2011-2012) 

3. Hydrological SEASON Categorical: Wet, early dry (ED) and late dry (LD) 

 
LOCALCONN 

Categorical: Local scale connectivity to Everglades marshes at the time of 
sample (Yes or No) 

  DAYSCONN 
Regional scale connectivity-Estimated proportion of days each site was 
connected to adjacent Everglades marshes for years 1 and 2 of this study 

4. Habitat PRICH Plant species richness recorded during littoral zone surveys. 

LZW Mean width (m) of the littoral zone 

  LZD Mean water depth (cm) of the littoral zone 

5. Abiotic SECCHI Water Clarity (m) measured using a secchi disk 

COND Ambient conductivity (us/cm) using a YSI meter 

TEMP Water temperature (˚C) measured using a YSI meter 

  DO Dissolved oxygen (mg/L) measured using a YSI meter 
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TABLE 3. Summary of ANOVAs testing variation among CANALTYPE (WC, MC, L), SEASON (wet, early dry, late dry), and 
the interaction for abiotic and habitat (littoral zone) variables.  
 
 
 

Response Variable 
CANALTYPE 

  
SEASON 

  
CANALTYPE x SEASON 

df F P value  df F P value  df F P value 

  Habitat variables  
%COVER  2, 426 53.2 <0.0001 2, 426 22.9 <0.0001 4, 426 6.3 <0.0001 

PRICH  2, 426 75.1 <0.0001 2, 426 33.8 <0.0001 4, 426 3.1 0.0169 

LZW 2, 426 129.5 <0.0001 2, 426 28.2 <0.0001 4, 426 2.4 0.0489 

LZD 2, 426 7.4 <0.0001 2, 426 30.5 <0.0001 4, 426 0.9 0.4475 

  Abiotic variables 
SECCHI  2, 426 6.8 0.0013 2, 426 11.1 <0.0001 4, 426 7.3 <0.0001 

TEMP  2, 426 0.5 0.6404 2, 426 101.1 <0.0001 4, 426 2.5 0.4500 

DO  2, 426 1.5 0.2365 2, 426 93.9 <0.0001 4, 426 1.9 0.1163 

COND 2, 426 16.8 <0.0001 2, 426 26.9 <0.0001 4, 426 3.1 0.0156 

DAYSCONN 2, 426 2,415.0 <0.0001 2, 426 0.9 0.4090 4, 426 0.2 0.9530 
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TABLE 4. Summary of ANOVAs testing variation among CANALTYPE (WC, MC, L), SEASON (wet, early dry, late dry), and 
the interaction for total CPUE and species richness separately for all taxa, natives only and non-natives only. 
 
 
 

Variables 
CANALTYPE 

 
SEASON 

 
CANALTYPE x SEASON 

df F P value  df F P value  df F P value 

Abundance 

All fishes 2, 404 92.7 <0.0001 2, 404 35 <0.0001 4, 404 26.2 <0.0001 

Natives only 2, 400 140.5 <0.0001 2, 400 31.7 <0.0001 4, 400 25.1 <0.0001 

Non-natives only 2, 416 76.7 <0.0001 2, 416 2 0.1336 4, 416 5.9 0.0001 

Richness 
All fishes 2, 426 71.9 <0.0001 2, 426 16.2 <0.0001 4, 426 10.3 <0.0001 

Natives only 2, 426 240.2 <0.0001 2, 426 22.6 <0.0001 4, 426 11.1 <0.0001 

Non-natives only 2, 425 93.3 <0.0001 2, 425 1.7 0.9142 4, 425 5.1 0.0006 
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TABLE 5. Null-model analysis results for all fishes, natives and non-natives testing for 
non-random patterns of species co-occurrence across space.  
 
 
 

Assemblage  
Observed   
C score 

Simulated    
C score 

Effect Size P value 

All fishes 2.4 2.3 2.9 0.009 

Natives only 1.7 1.6 2.1 0.035 

Non-natives only 2.5 2.3 3.7 0.002 
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TABLE 6. Summary of DISTLM analyses for the best model (based on AICc) showing 
the relative contribution of predictor variable sets (space, time, hydrological, habitat and 
abiotic variables) based on Bray-Curtis resemblance matrices for all fishes, natives only 
and non-natives only.   
 
 

Variable Set 
All Fishes  Natives Only  Non-natives Only 

% P value % P value % P value 

Space 34.5 0.001 30.7 0.001 29.1 0.001 

Time 0.7 0.001 1.1 0.001 0.9 0.001 

Hydrological  6.1 0.001 7.6 0.001 4.5 0.001 

Habitat 1.5 0.001 1.3 0.001 — — 

Abiotic 1.5 0.001 1.4 0.001 3.2 0.001 

R2: 44.4     42.1     37.6   
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APPENDIX A: Summary of sampling effort across the 9 sampling sites by season and 
hydrologic year. 
 
 
 

Sampling     Unit 
 Bouts Conducted by Season and Hydrologic Year 

Wet₁ Early 
Dry₁ Late Dry₁ 

  
Wet₂ Early 

Dry₂ Late Dry₂ 
L-29 East 8 10 10 8 8 8 

L-29 West 8 10 10 8 8 8 

L-67A† 5 10 10 8 8 8 

L-31N North†† 0 0 10 8 8 0 

L-31N South 8 10 10 8 8 8 

L-31W North 8 10 10 8 8 8 

L-31W South† 5 10 10 8 8 8 

C-111 North 8 10 10 8 8 8 

C-111 South 8 10 10 8 8 8 

Season Totals: 58 80 89 72 72 64 

Annual Totals: Yr 1: 228 Yr 2: 208 

 
† Bouts reported for L-67A and L-31W South during the wet season of year one are from a 
pairwise comparison of arrays vs. spheres conducted in Oct., 2010. We only report bouts where 
spheres were used (n=5) since the comparison was a paired random design. Thus we exclude the 
paired array samples  from analyses. 

†† L-31N North was deemed not accessible during wet and early dry of hydrologic year 1 of 
study. New construction in late dry of year 2 prevented access to site as well.  
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APPENDIX B. List of the 39 native and 15 non-native species collected in Everglades canals via electrofishing during this study. 
Values reported are CPUE (# fish/100m) summed by season and total.  
 
 
 

    WC Canals   MC Canals   L Canals   

Scientific Name Common Name L-67A
L-29 
West 

L-29 
East 

 
L-31W 
North 

L-31W 
South

C-111 
South

 
L-31N 
North

L-31N 
South

C-111 
North Total 

Native Taxa (39 Spp.) 

Ameiurus natalis Yellow bullhead 1 37 6 6 0 0 4 0 0 54 

Ameiurus nebulosus Brown bullhead 2 2 4 2 0 0 0 1 1 12 

Amia calva Bowfin  56 140 68 0 5 14 5 1 2 291 

Anguilla rostrata American eel 2 2 7 5 0 5 2 0 0 23 

Elassoma evergladei Everglades pygmy sunfish 0 0 0 0 1 1  0 0 0 2 

Enneacanthus gloriosus Bluespotted sunfish 8 28 2 0 6 1  0 0 1 46 

Erimyzon sucetta Lake chubsucker 20 146 28 0 2 0 0 0 1 197 

Esox niger Chain pickerel 10 35 2 0 3 0 0 0 0 50 

Etheostoma fusiforme Swamp darter 0 0 2 0 0 0 13 0 1 16 

Fundulus chrysotus Golden topminnow 19 44 14 4 12 6  3 0 9 111 

Fundulus confluentus Marsh killifish 0 0 80 42 2 0 12 0 0 136 

Fundulus grandis Gulf killifish 0 0 0 0 1 0 0 0 0 1 

Fundulus seminolis Seminole killifish 0 1 11 0 1 2 0 0 0 15 

Gambusia holbrooki Mosquitofish 0 27 1 0 0 1 0 2 0 31 

Gobiosoma robustrum Code goby 0 0 0 0 0 1 0 0 0 1 

Gobiosoma spp. Unident. goby 0 0 0 0 0 0 0 1 0 1 
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Heterandria formosa Least killifish 0 2 0 0 0 0 0 0 0 2 

Jordanella floridae Flagfish 6 3 357 0 8 1 0 0 0 413 

Labidesthes sicculus Brook silverside 25 17 18 2 0 4 2 1 0 69 

Lepisosteus platyrhincus Florida gar 826 308 169 216 207 190 41 6 11 1974 

Lepomis gulosus Warmouth 417 857 482 153 178 38 51 23 61 2260 

Lepomis macrochirus Bluegill 508 617 1618 155 126 410 57 7 326 3824 

Lepomis marginatus Dollar sunfish 148 358 104 35 159 33 0 0 2 839 

Lepomis microlophus Redear 318 177 235 17 45 118 10 0 59 979 

Lepomis punctatus Spotted sunfish 175 787 244 197 491 195 15 3 24 2131 

Lepomis spp. Sunfishes 142 191 241 47 67 62 3 3 41 797 

Lophogobius cyprinoides Crested goby 0 0 0 0 0 11  0 0 0 11 

Lucania goodei Bluefin killifish 4 13 3 1 2 1 1 2 5 32 

Menidia beryllina Inland silverside 0 2 0 0 0 1 0 0 0 3 

Micropterus salmoides Largemouth bass 208 214 276 76 125 398 87 136 111 1631 

Mugil cephalus Striped mullet 0 0 2 0 0 3 3 0 0 8 

Notemigonus crysoleucas Golden shiner 19 36 0 0 1 0  0 0 0 56 

Notropis maculatus Taillight shiner 1 1 0 1 0 0 0 0 0 3 

Notropis petersoni Coastal shiner 2 10 5 0 0 0 0 0 0 17 

Noturus gyrinus Tadpole madtom 0 0 0 1 0 0 2 1 0 4 

Poecilia latipinna Sailfin molly 5 10 46 105 33 10 14 1 5 229 

Ameiurus spp. Unident. bullhead catfish 0 0 0 3 0 0  0 0 1 4 

†Dorosoma cepedianum †Gizzard shad 0 0 2 0 0 0 0 0 0 2 

†Dorosoma petenense †Threadfin shad 1 0 0 0 0 0 0 0 0 1 

†Esox americanus †Redfin pickerel 0 1 0 0 0 0 0 0 0 1 
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†Lepisosteus osseus †Longnose gar 0 0 0 1 0 0 0 0 0 1 

†Pomoxis nigromaculatus †Black crappie 0 0 0  0 0 0   0 0 1 1 

Native Sub Total: 2923 4066 4027 1107 1475 1506 325 188 662 16279 

Non-native Taxa (15 Spp.) 

Belonesox belizanus Pike killifish 0 0 0 2 6 5 0 0 0 13 

Cichla ocellaris Butterfly peacock bass 0 1 5 19 13 25  9 6 24 102 

Cichlasoma bimaculatum Black acara 0 0 0 15 0 1  0 0 7 23 

Cichlasoma managuense Jaguar Guapote Cichlid 0 0 0 58 1 2  1 7 7 76 

Cichlasoma urophthalmus Mayan cichlid 1 0 40 76 26 91  22 52 24 332 

Clarias batrachus Walking catfish 0 0 0 7 3 9  0 0 3 22 

Ctenopharyngodon idella Grass carp 2 1 12 0 0 0  1 1 0 17 

Hemichromis letourneuxi Jewel Cichlid 0 0 1 290 64 0  0 0 0 355 

Heros severus Banded cichlid 0 0 0 0 0 0 8 0 0 8 

Hoplosternum littorale Armored Catfish 0 1 9 10 0 1 0 0 0 21 

Macrognathus siamensis Peacock eel 0 0 12 1 22 65 0 0 0 100 

Monopterus albus Asian Swamp Eel 0 0 0 18 6 23 0 62 279 388 

Oreochromis aureus Blue tilapia 1 9 17 30 29 7 0 1 26 120 

Pterygoplichthys multiradiatus Orinoco sailfin catfish 1 5 29 31 4 0  0 1 0 71 

Tilapia mariae Spotted tilapia 3 1 6 153 104 71 307 225 103 973 

Cichlid spp. Unident. cichlid spp. 0 4 12  80 16 72   2 34 31 251 

Non-native Sub Total: 8 22 143 790 294 372 350 389 504 2872 

  Total: 2931 4088 4170  1897 1769 1878   675 577 1166 19151 

† Denotes range expanded native taxa (5 Spp.) 
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