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Abstract
In the past century biological invasions have become commonplace, coincident with increases in the speed and volume of human transportation, and global anthropogenic transformations of landuse and landcover. Non-indigenous species (NIS) may negatively affect native species, reduce biodiversity and cause extinctions. They may also facilitate the invasion of other NIS. Economic losses associated with invasions are substantial. Florida has been invaded by a large number of species and has a continental fauna with a well-documented history of introduction and invasion. Non-indigenous vertebrates known to be reproducing in Florida were considered to be successfully established. Thus, Florida provides a unique data set. We analysed NIS data from peninsular Florida—which included both successful and unsuccessful introductions from all vertebrate classes—to determine the best predictors of both invasion success and spread. The extent of spread for each established species was determined by enumerating the number of counties in which they were present, ranging from 1 to 57.  We utilized ten variables proposed to be associated with the establishment and spread of NIS: body mass, date of introduction, geographic origin, reproductive rate, diet generalism, native-range size, latitude of native range, number of species present at date of introduction, presence of congeners, and morphological proximity (in terms of body mass). A multi-model selection process was used with an Information Theoretic approach to determine the best fit models for predicting introduction success and the subsequent spread of NIS birds, herpetofauna (amphibians and reptiles), mammals and fishes. We also performed these analyses with all taxa combined. We selected a priori 28 plausible predictive models for both success and spread. In both individual taxon and all-taxa analyses, variables best predicting success and spread differed: predictors of success and spread were not the same across the different vertebrate taxa.  These analyses suggest that predictors of introduction success and spread are idiosyncratic across taxa, and perhaps across communities. Therefore, attempting to identify global predictors of invasion success in complex systems may be impractical.
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Introduction
Historically, biological invasions in ecological systems were rare events only marginally impacted by human activity. During the past century, however, invasions became commonplace, coinciding with increases in the speed and volume of human transportation, and anthropogenic transformation of landuse and landcover. A few introduced species are beneficial, and some serve as important agricultural crops, biocontrol agents and game species. However, many non-indigenous species (NIS) are deleterious to human and natural systems. 
NIS may negatively affect native species, reduce biodiversity and cause extinctions (Grosholz et al. 2000; Manchester and Bullock 2000; Pimentel et al. 2000; Levin et al. 2002a; Kats and Ferrer 2003). They may facilitate the invasion of other NIS (Ruiz et al. 1999; Levin et al. 2002b). Economic losses associated with invasions are substantial. Annual costs from losses, damages, and control of a limited subset of NIS in the United States exceeds $135 billion (Pimentel et al 2000). Ecological costs are more difficult to quantify, but are substantial.

Ecologists have made considerable efforts to determine why some NIS establish successfully while others fail. The proportion of NIS that successfully establish when introduced outside of their native geographic range is relatively small and unsuccessful invasions are often poorly documented. Poor documentation limits opportunities for comparing established NIS with unsuccessful invasions (Kolar and Lodge 2001; Allen 2006).  

Identifying a limited number of variables that explain establishment success and spread in NIS can potentially increase the effectiveness of NIS management tools. Conversely, if no patterns exist, then each introduction is idiosyncratic and needs to be managed as such.
A number of variables have been associated with NIS establishment, including body size (Brown 1986; Allen et al. 1999; Cassey 2001; Kolar and Lodge 2001), migratory behavior (Veltman et al. 1996; Kolar and Lodge 2001; Cassey et al. 2004a), phylogeny (Lockwood 1999; Cassey 2001), geographic origin and range size (Blackburn and Duncan 2001; Duncan et al. 2001; Kolar and Lodge 2001) and abiotic factors (Moyle and Light 1996; Madsen 1998; Blackburn and Duncan 2001). However, many studies fail to support, or even contradict, these associations (Forys and Allen 1999; Miller et al. 2002; Allen 2006), suggesting that predictor variables differ across species and communities. Only introduction effort, or propagule pressure, has consistently proven a significant predictor of success (Veltman et al. 1996; Duncan 1997; Lockwood 1999; Duncan et al. 2001; Forsyth and Duncan 2001; Kolar and Lodge 2001; Siemann and Rogers 2003; Cassey et al. 2004b), although we can not know how many analyses with non-significant results were never published.


Once established, some NIS fail to spread beyond the site of introduction. Others spread aggressively over broad and heterogeneous geographic areas. Determining which species are likely to spread may also be crucial to controlling invasions. However, the limited studies focusing on this part of the invasion process reached varying conclusions. For example, Holway (1998) suggested that abiotic suitability of the invaded community governs the rate of spread in Argentine ants. Duncan et al. (2001) and Forsyth et al. (2004) attributed body size, reproductive rate, and size of native range to the spread of introduced birds and mammals in Australia. Unlike the factors affecting the establishment of NIS, factors influencing the spread of NIS may not be idiosyncratic, as some suggest that patterns do exist across different taxa, communities, and scales (Arim et al. 2006).  


Many studies of animal invasions focus predominately on birds inhabiting island communities (Kolar and Lodge 2001). For vertebrates in general, few studies compare invasion success to spread among multiple taxa (Allen et al. 1999; Forys and Allen 1999; Forsyth and Duncan 2001; Arim et al. 2006) and none focus on all vertebrate classes. Studies investigating the related but distinct phenomena of introduction success and subsequent spread of NIS also have been limited (Duncan et al. 2001; Forsyth et al. 2004; Jeschke and Strayer 2006). Additionally, analyses tend to be exploratory.
Multi-model inference should be useful in analysing NIS success and spread because the phenomena are complex, multiple hypotheses are plausible, and predictors can be tested in combination (Stephens et al. 2005).

Blackburn and Cassey (2007) proposed that the invasion process develops through four stages.  A species must first be transported outside of its native range, it must then be released or escape, it must reproduce and establish a potentially viable population, and finally it must spread beyond the original point of introduction (transport, release, establish and spread). Recently Blackburn and Cassey investigated the first two stages of invasions (transport and escape), utilizing the avifauna of Florida.  We used a data set of NIS introductions in peninsular Florida, including unsuccessful introductions, from four vertebrate classes (birds, fish, mammals, and herpetofauna) to determine the best predictors of both invasion success and spread. Thus,  we investigated the third and fourth stages of the invasion process (establishment and spread).  Florida provides a unique data set because it is a highly invaded, continental community whose non-indigenous fauna has been well-documented. 
Methods


NIS species

We established lists of species introduced into peninsular Florida for each taxon.  Appendix A includes the NIS lists for birds (Robertson and Wolfenden 1992; Stevenson and Anderson 1994; Florida Fish and Wildlife Conservation Commission), fish (USGS Non-indigenous Aquatic Species database), reptiles and amphibians (McCann et al. 1996; Enge and Krysko 2004, Meshaka et al. 2004, Krysko 2005, Krysko and Enge 2005; K.L. Krysko personal communication, Florida Fish and Wildlife Conservation Commission), and mammals (Layne 1997; Florida Fish and Wildlife Conservation Commission). We considered all species that had been introduced, intentionally or inadvertently, into peninsular Florida, which excludes counties west of the Apalachicola River. Species introduced after the year 2000, or with propagule sizes fewer than five individuals were not included. These restrictions account for time lags that may occur after an initial introduction and for minimum population sizes necessary for potential reproduction and establishment. We wanted to ensure that the species we considered were, in actuality, successful if listed as such, and that they were introduced with a large enough propagule size so that success was possible. 

Variables

Non-indigenous vertebrates known to be reproducing in Florida were designated as successfully established. We measured spread for each established species by determining the number of counties in which they were present, ranging from 1 to 57. Spread data were collected from Florida Fish and Wildlife Conservation Commission, USGS NAS Database, and Layne (1997).  
Data were collected for ten variables proposed to be associated with the establishment and spread of NIS: body mass (log10), date of introduction, geographic origin, reproductive rate, diet generalism, native range size, latitude of native range, number of species present at date of introduction (NSP), presence of congeners, and morphological proximity (in terms of body mass). 
Body Mass. The mean body masses of birds (primarily Dunning 1993; but also Sibley 2000 and Allen 2006) and mammals (Silva and Downing 1995) were obtained from published sources. In cases where only ranges of body mass were available, the median value was used. Male and female body masses were averaged. 
Most reptile and amphibian body mass estimates were acquired from published sources (Nagy and Knight 1989, Gibbons and Lovich 1990, Alderton 1991, Schreiber et al. 1993, Forys and Allen 1999, McIntyre 2003, Ikeuchi et al. 2005, Singapore Zoo Docents). However, some body masses (Anolis porcatus, A. ferreus, A. extremus, Cnemidophorus motaguae, and Basiliscus plumifrons) were estimated from snout-vent lengths using regressions of known weights and the snout-vent lengths of closely-related and similarly-sized species. In some cases, only adult male body mass data were available.  

We used maximum mass in lieu of mean mass for most fish species, because this information was more readily available (Froese and Pauly 2006). For some species, body masses were not available and were calculated from the maximum lengths (Froese and Pauly 2006) of morphologically and behaviorally similar congeners using the von Bertalanffy growth equation (Wootton 1998):  
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In cases where an appropriate congener was not available, a morphologically and behaviorally similar species from the same family was used for comparison. 

Date of Introduction. Dates of introduction for terrestrial vertebrate NIS were determined from the Florida Fish and Wildlife Conservation Commission and other published sources (Stevenson and Anderson 1994; Layne 1997; Krysko et al. 2003, Krysko et al. 2004; Enge and Krysko 2004; Enge et al. 2004, Meshaka et al. 2004, Krysko and Enge 2005). Introduction dates of non-indigenous fish were acquired from the USGS NAS Database. Fish introduction dates were dates of first capture or sighting. In each taxa there were some cases where dates were generalized by decade or century of introduction. In those cases, we used the median year in the range. All dates were transformed to Years Before Present (YBP) by subtracting from 2006.  
Geographic Origin. Geographic origin refers to a species’ native continent. We collected origin data and condensed some of the continents into single categories to maintain relatively equal numbers of observations in each category (Florida Fish and Wildlife Conservation Commission; The EMBL Reptile Database; USGS NAS Database; Stevenson and Anderson 1994; Wilson and Reeder 1993; Forys and Allen 1999, Frost 2007). The geographic categories used were Africa, South America, Eurasia (Europe and Asia), and Other (Australia and North America).

Reproductive Rate. We measured reproductive rate as the average number of young or eggs produced annually. Reproductive rates were gathered from published sources for birds (Brown et al. 1982-2004; Forshaw 1989; Navarro et al. 1992; Sick 1993; Cizu et al. 1997; Robson 2000; Ali 2002), reptiles and amphibians (Church 1962, Townsend and Stewart 1994, Forys and Allen 1999; Shanbhag et al. 2000; Enge et al 2004), and mammals (Wilson 1979; Jones et al. 1983; Nellis and Everard 1983; Brothers et al. 1985; Cheney et al. 1988; Bercovitch 1997; Brown a,b 1997; Whitaker 1998; Ciszek and Winters 1999; Lundrigran and Gardner 2000; Tislerics 2000; Mileski and Myers; MacDonald 2001; Dewey and Bhagat 2002; Cawthon 2005). Fish reproduction data were gathered mostly from Fishbase (Froese and Pauly 2006; see also Thorpe et al. 2003). Because fish typically produce substantially more eggs or young per year than terrestrial vertebrates, we adjusted the fish reproduction data by two orders of magnitude for all analyses (see below). In cases where reproduction data were not available, we estimated the rate with congeners or confamiliars.    

Diet Generalism. The variable diet generalism was a quantification of the number of types of food items in a species diet. We gathered the data from published sources for birds (Brown et al. 1982-2004; Forshaw 1989; Navarro et al. 1992; Sick 1993; Cizu et al. 1997; Robson 2000; Ali 2002), reptiles and amphibians (The EMBL Reptile Database, Schwarz and Henderson 1991, Branch 1998, Cox et al. 1998, Spawls et al. 2002, Meshaka et al. 2004), mammals (Williams 1918; Bekoff 1977; Harris 1970; McBee and Baker 1982; Lariviere and Pasitschniak-Arts 1996; Murray and Gardner 1997; Paltridge et al. 1997; de Oliveira 1998; Gompper and Decker 1998; Whitaker 1998; Ballenger 1999a,b; Ciszek and Winters 1999; D’Elia 1999; Gorog 1999; Mitchell-Jones et al. 1999; Wilson and Ruff 1999; Lundrigran and Gardner 2000; Tislerics 2000; MacDonald 2001; Bhagat and Dewey 2002; Dewey and Hruby 2002; Senseman 2002; Aguirre et al. 2003; Gillespie and Myers 2004; Mileski and Myers 2004; Myers and Armitage 2004; Cawthon 2005), and fish (Froese and Pauly 2006).  Congeners and confamiliars were used to estimate the number of diet categories of species for which we were not able to find published data. We used the Saunders and Ingram diet classification (1995) to determine generalism in birds and mammals. We created diet classifications a priori for herpetofauna and fish because the food groups consumed by these taxa are different from birds and mammals. 
Herpetofauna diets were classified into twelve categories: 1) vegetation; 2) fruit; 3) nectar; 4) arthropods; 5) mollusks; 6) mammals; 7) birds; 8) reptiles; 9) amphibians; 10) fish; 11) bird/reptile eggs; and 12) insect eggs. Fish diets were classified into eleven categories: 1) detritus; 2) phytoplankton; 3) zooplankton; 4) finfish; 5) insects; 6) crustaceans; 7) worms; 8) plant matter; 9) mollusks; 10) terrestrial/surface insects; and 11) terrestrial vertebrates. 
Native Range Size, Latitidude of Native Range. Native ranges of NIS were acquired from Avibase, EMBL Reptile Database, USGS NAS Database, Harrison (1984),  Schwarz and Henderson (1991), Corbet and Hill (1992), Oliver et al. (1993), Ballenger (1999a), Forys and Allen (1999), Mitchell-Jones (1999), Groves (2001), MacDonald (2001), Dewey and Bhagat (2002), Gillespie and Myers (2004), Myers and Armitage (2004), Dewey (2005), Patterson et al. (2005), Froese and Pauly (2006), and Frost (2007). For some feral or cosmopolitan mammal species (i.e., feral dog, Canis familiaris; feral cat, Felis catus; feral goat, Capra hircus; Norway rat, Rattus norvegicus; Black rat, Rattus rattus; and House mouse, Mus musculus), maps depicting their native range prior to domestication or introduction were not available. In those cases, general descriptions of native ranges were used to produce estimates. The geographic range of each species was redrawn on an 8 ½ x 11 inch map of the globe which was overlaid with a 1 cm2 grid. The numbers of cells occupied were counted to obtain an estimate of native range size. The latitude of each species was determined from the center of their native range and measured as degrees from the equator.   

Number of Species Present at Date of Introduction (NSP), Presence of Congeners, Morphological Proximity. The lists of introduced species were sorted chronologically to determine the number of NIS species present at date of introduction (NSP), morphological proximity and the presence of congeners at the time of introduction. NSP is a count of the number of established within-taxon NIS present at the time of a species’ introduction. For example, the first introduced bird species has an NSP of 0, while a bird species introduced in 1955 has an NSP equal to the number of established birds introduced prior to 1955. Species introduced in the same year received the same NSP value, because we could not determine which species was first introduced. Morphological proximity is the difference between a NIS species and its closest NIS neighbor (in terms of log10-transformed body mass). Nearest neighbors included only previously introduced and established NIS. Presence of congeners is a binomial variable, in which members of the same genus were either present or absent. Congeners were considered present when an established NIS had been introduced the same year or prior to the species in question.

Analyses 

We used a multi-model selection process, with an Information Theoretic approach for the analyses to determine the best fit models for predicting introduction success and the subsequent spread of non-indigenous birds, herpetofauna, mammals and fishes. We also performed these analyses with all taxa combined. We selected a priori twenty-eight plausible predictive models for both success and spread (Table 1). All models were compared to one another using Akaike’s Information Criterion (AIC) which considers both model fit and complexity.  The model with the lowest AIC value is considered the “best” fit model.  Models that have a difference of <2 between their AIC values are considered equally supported (denoted by Δ AIC).  Additionally, we calculated model weights (w) for each model.  These indicate the weight of evidence for each model compared to rest of the models (Burnham and Anderson 2002).  Model average estimates and associated standard errors were calculated for each variable in all AIC analyses using equations from Burnham and Anderson (2002).  


Variable combinations included, but were not limited to, models of native range (latitude + geographic origin + native range size), morphology (mass + morphological proximity), intrinsic factors (reproductive rate + mass + generalism), and community factors (years before present [YBP] + morphological proximity + congeners).  

A logistic regression analysis was performed (SAS Institute Inc. 2004) to determine which models were the best predictors of introduction success. Logistic regression was appropriate for this analysis because success is a binary variable. To analyze the spread of NIS, mixed model analyses (SAS Institute Inc. 2004) were used. Quasi-complete separation of data points required us to remove or alter models from one of the analyses. In the analysis of the introduction success of mammals, species from Africa were combined into the Other category. The Success-equals-Africa model was eliminated in this process, resulting in only 27 models for that analysis. Before models were created, a correlation matrix (SAS Institute Inc. 2004) was calculated to determine if any of the independent variables were correlated. NSP and YBP were highly correlated, thus they were not included in the same model. YBP and NSP were included in models as individual predictors of success or spread; however, we used only YBP in models consisting of combinations of variables. We chose to use YBP over NSP because the date of introduction for species was more accurately determined than was the number of species present at any given date. 
Results
Fish

Species. Seventy-three fish species were introduced into peninsular Florida prior to 2001, and 36 of those established breeding populations (Appendix A.1). Twenty-four of the 73 NIS were from the family Cichlidae, 13 are from Cyprinidae, 7 are from Poeciliidae, and 5 are from Characidae. Not surprisingly, these four families make up the majority of the popular aquarium fish sold in pet supply stores (Duggan et al. 2006).


Invasion success. Two models predicting invasion success of freshwater fishes in Florida were equally supported (Table 2a): the global model, and the model including reproductive rate, presence of congeners, and time of introduction. Presence of congeners has the largest (positive) effect on non-indigenous fish establishment in Florida, with a parameter weight of 0.957 (Table 2b), and is present in the top five ranked models.  


Spread. The spread of successfully established non-indigenous fishes was best explained by the model including morphological proximity, presence of congeners, and geographic origin (Table 3a). The geographic origin variable, Africa, possessed the largest parameter weight and positively influenced spread (Table 3b). Africa was the only variable included in top models that exhibited a model average estimate and standard error that did not encompass zero.

Reptiles and Amphibians

Species. Fifty-two reptile and amphibian species from 30 genera and 17 families were introduced with propagule sizes of 5 or greater before 2001 (Table A.2), and 41 successfully established. Ten introduced-species were from the genus Anolis and 28 originated from North America and Central America.
Invasion Success. Four models were equally supported as best fits for the introduction success of reptiles and amphibians into peninsular Florida (Table 4a). These models included native range; generalism + native range; body mass + native range; and latitude + native range + geographic origin (EU, SA, Africa, or Other). Size of native range has the greatest effect on the successful establishment of introduced herptofauna in Florida, and those with a larger native range are more likely to establish successfully (Table 4b).  

Spread. The spread of non-indigenous reptiles and amphibians was best explained by two models that share the morphological proximity and presence of congeners as variables (Table 5a). Morphological proximity to other non-indigenous herpetofauna had the greatest effect on the spread, as spread increases dramatically with increased morphological distance (Table 5b). 
Birds

Species. Prior to 2001, there were 76 documented bird species introductions into peninsular Florida with propagules of at least 5 (Table A.3), 56 of which successfully established. Introduced species represented 20 families and 47 genera from 6 continents. Twenty-nine (approximately 38%) of these species were from the family Psittacidae (true parrots), which are popular pets in Florida. 

Invasion Success. Twelve models were equally supported as the best fit models of introduction success in birds (Table 6a), including the global null. The model with the lowest AIC value had a model weight (W) of only 0.097. Parameter weights (Table 6b) indicated that native range (0.279) may be the most influential individual variable in the introduction success of birds in Florida, followed by generalism (0.202), body mass (0.172), and latitude (0.160). However, model average estimates for all of the variables include values of zero when standard errors were considered.  

Spread. The top model for the spread of non-indigenous birds in Florida was the global model (includes all of the variables), with a model weight of 0.995 (Table 7a). Morphological proximity and the presence of congeners have parameter weights of 1.000; however, all other variables (except NSP) had parameter weights of 0.997 or greater (Table 7b).

Mammals


Species. Thirty species of non-indigenous mammals were introduced into Florida as of 2001 (Table A.4).  Of these, 19 species successfully established. Introduced species consisted of 25 genera, 20 families, and 7 orders originating from four continents. There appeared to be no bias among families, and there were three species from each of the families Felidae, Canidae, Cervidae, and Muridae, while all other families contained two or fewer introduced species.


Invasion Success. The number of non-indigenous species present (NSP) at the time of introduction best explained the success of mammals introduced to peninsular Florida (Table 8a). NSP and YBP were highly correlated and have the highest parameter weights (Table 8b). The success of introduced mammals in Florida was enhanced for species that were introduced at the earliest dates when fewer other non-indigenous species were present.  

Spread. The subsequent spread of successfully introduced mammals was dependent on all of the variables we considered, and the Global model was the best fit (Table 9a). All of the variables had high parameter weights, but the presence of congeners and morphological proximity variables possessed large model average estimates, which indicated the relative importance of these two variables (Table 9b). Similarly, the model average estimates of many of the other variables may be considered zero due to their large standard errors including zero. Spread was greater in non-indigenous mammals that had congeners present at the time of introduction and whose body mass was more morphologically distant.

All Taxa


Invasive Success. The global model (all variables) was the best predictor of introduction success of non-indigenous vertebrates in peninsular Florida (Table 10a). Congeners present at the time of introduction and origins from Africa, Australia, or North America appeared to be the variables most important in the success of introductions; however, several other variables were related to introduction success (Table 10b).  


Spread. The global model was also best fit for determining the spread of NIS in Florida (Table 11a). That model explained 100% of the variability in the spread of invasive species.  Species with smaller body masses and species exhibiting greater morphological distances to other NIS spread more, although a number of the other variables also were important (Table 11b). 

Discussion

Invasion Success
The factors affecting the success or failure of introduced non-indigenous species are likely to be multiple and interacting, and may include intrinsic properties of species, properties of the receiving communities and ecosystems (Kolar and Lodge 2001; Allen 2006). No single variable has been identified as a consistent predictor of introduction success, other than perhaps propagule pressure. It is possible that the factors influencing introduction success vary across taxa and across the receiving systems, and probable that transient “windows of opportunity” for success cause variation in success rates. For example, large scale disturbances such as fire or hurricanes can create transient favorable conditions in a system otherwise resistant to invaders. These windows may open when a system experiences increased variability prior to a transition from one state to another (Carpenter and Brock 2006) or at the transitions between scales (Allen 2006).
Despite the number of plausible invasion-success hypotheses proposed by ecologists, the use of multi-model selection in testing predictors of success has been limited. Two models, including the global model and a combination of congeners, reproductive rate, and date of introduction were equally supported as predictors of introduction success in freshwater fishes of peninsular Florida (Table 2a). The model rankings may indicate that a combination of factors was responsible for fish success, but the strongest indicator of success was the presence of congeners which carried a parameter weight of nearly 96% (Table 2b). 

Native-range size  was the most important variable in predicting successful introductions of reptiles and amphibians into peninsular Florida. The five highestranked models all included native-range size (Table 4a). Size of native range carried the highest parameter weight and had the only model average estimate with standard errors that did not include zero (Table 4b). This suggests that introduced herpetofauna species having larger native ranges are more likely to be successful. Duncan et al. (2001) and Forsyth et al. (2004) found that larger native ranges of birds and mammals, respectively, increase the likelihood of introduction success in Australia. Species with larger native ranges may be more generalist in their habitat use and resource acquisition than species with smaller ranges, enabling them to adapt more readily to new environments. Additionally, diet generalism was ranked second in this analysis in parameter weight behind native range size. Together, these results support the hypothesis that herptofauna with a generalist life history are more suited to establishing populations in new areas.

No single model best predicted introduction success of birds in peninsular Florida (Table 6a). Twelve models possessed ΔAIC values of 2 or less, and all had low model weights, thus no single model explained a substantial proportion of the variation in introduction success. Model average estimates and parameter weights also did not indicate any variables as particularly important to the introduction success of non-indigenous birds (Table 6b). All parameter weights were relatively low (less than 30%) and standard errors of model average estimates included zero in every case. The lack of standout models or variables in this analysis supports the global null model, which was amongst the twelve equally supported best fit models. This suggests that none of the variables or models included in our analysis is an important predictor of introduction success for non-indigenous birds in peninsular Florida. Allen (2006) examined non-native birds in South Florida and determined that many of the same variables that we employed in our analysis were not significant predictors of introduction success. The only significant predictors of success were proximity to discontinuities in species body mass distributions and proximity to nearest neighbor (in terms of body mass). Our work and that of Allen (2006) are consistent in rejecting many variables as predictors of introduction success in non-native birds in Florida. We did not include proximity to discontinuities in distributions of species body mass in our analysis, and our measurement of morphological proximity is determined for only NIS, while Allen (2006) includes morphological proximity to native birds. These differences may explain the disparity in the selection of the null model in our study and the results of Allen (2006). It also may be possible that variables not included in either study (e.g., propagule pressure) are significant predictors.  

For introduced mammals, the number of non-indigenous species present (NSP) at the time of introduction was the highest ranked model for introduction success in peninsular Florida (Table 8a). Date of introduction (YBP) also was an important indicator of mammal success and five of the top six models included this variable. NSP and YBP are highly correlated. There is a negative relationship between NSP and invasion success and a positive relationship between YBP and success (Table 8b). These results suggest a priority effect (Moulton 1993) for introduction success of non-indigenous mammals in Florida. Mammals introduced relatively early, when few other non-indigenous mammals were present, are more likely to establish than those introduced at later dates. Early mammal introductions into Florida such as the feral pig (Sus scrofa), feral cats (Felis catus), and the house mouse (Mus musculus) have been highly successful in Florida. Most of the species introduced prior to the 20th Century have subsequently spread to the entire state. It may be that NIS arriving in Florida first occupied niches that had not been filled by other NIS. However, as mammal introductions increased over time, the mammal community may have become saturated. The presence of congeners was included in four of the top six models and had a negative relationship with invasion success. This strengthens the community saturation argument because congeners are assumed to be relatively similar in resource requirements. When congeners are present, it may become more difficult for a species to successfully establish due to increased competition for available resources. These results differ from those for non-indigenous fishes in peninsular Florida, where the relationship between the presence of congeners and introduction success is positive.

In all-taxa models of introduction success of NIS, the global model was the highest ranked model (Table 10a). Given the results of the within-taxon analyses, this is not surprising. Determinants of success varied in each of the individual analyses, suggesting that cross-taxa analyses should produce more complex models as best fits for predicting introduction success. Analysis of individual variables did not provide further clarification (Table 10b). Several variables exhibited relationships with success and have relatively high parameter weights. Presence of congeners had a relatively strong positive relationship with success and a large parameter weight. As discussed above, the presence of congeners may indicate that environmental conditions may be suitable for NIS with presumably similar life history traits to establish successfully. However, this relationship was opposite for non-native mammals in peninsular Florida, where the presence of congeners reduced the likelihood of a successful invasion.  
These analyses suggest that predictors of introduction success are idiosyncratic across taxa, and perhaps across communities. Therefore, attempting to identify global predictors of invasion success in complex systems may be impractical.
Spread
For non-indigenous fish, the best model predicting spread included morphological proximity, presence of congeners, and geographic origin (Table 3a). However, only one variable (Africa) exhibited a strong, positive relationship with spread (Table 3b). Other variables (e.g., congeners and morphological proximity) carried high parameter weights, but their model average estimates also had high standard errors that included zero. The importance of an African origin may be best explained by the make-up of the species successfully introduced into peninsular Florida, all of which are from the family Cichlidae. Cichlids are amongst the most popular aquarium fishes (Duggan et al. 2006), and many of the introduced African species were Tilapiines, which are considered important food fishes (Beveridge and McAndrews 2000). It is likely these African species have been introduced on a number of occasions and in many localities. Cichlids also have an advantage of being behaviorally and ecologically similar to North American sunfishes of which there are many species native to Florida (Helfman et al. 1997). There were a number of cichlids in our study with origins from other continents, but each of those continents had species from other families that also had been introduced into Florida.  
Two models were equally supported as best fits for predicting the spread of established non-indigenous herpetofauna, and the variables morphological proximity and presence of congeners were common to both (Table 5a). Morphological proximity was present in the top six models and exhibited a strong positive relationship with spread. The presence of congeners was negatively related to spread and was present in five of the top six models, but the model average estimate for the presence of congeners variable included zero (Table 5b). Species more morphologically similar (i.e., close in body mass) are hypothesized to compete more (Moulton 1985). Thus, morphological dispersion may facilitate spread (Moulton 1985). If competition is thwarting a NIS ability to spread in a new environment, it is likely that the presence of congeners would limit spread by increasing competitive interactions.
For non-indigenous birds, the model combining the effects of all variables explained almost 100% of the variation in spread (Table 7a). Spread dynamics may be determined by the interaction of many biotic and abiotic variables (Table 7b). For example, body mass was negatively associated with spread—smaller species tended to spread faster than larger ones.  Reproductive rate was positively associated with spread. This is understandable because smaller animals typically reproduce faster than larger animals (Schmidt-Nielsen 1993). The relationship between body size and reproductive rate may represent the types of interactions between variables that dictate spread dynamics in non-indigenous birds. The origin of NIS suggests another interaction of variables that appears to determine, in part, spread dynamics of birds.  Latitude and native-range size exhibited positive relationships with spread, while the strong relationship between Eurasian origin and spread was negative. Only three of the established species were of Eurasian origin, all of which were present in every county in peninsular Florida.  There were fifteen Asian species, only three of which had spread to more than ten counties and none to more than seventeen. These spread rates were relatively low compared to species of different origins. Clearly, Asian NIS were driving the negative relationship between spread and birds of Eurasian origin.

Spread of established non-indigenous mammals in peninsular Florida shared some similarities to that of birds and herpetofauna. The global model was the most supported model with a weight of more than 85% (Table 9a). That is, all of the variables played some part in the spread of mammals. Morphological proximity, as with herpetofauna, had a substantial role (Table 9b). Morphological overdispersion may facilitate the spread of non-indigenous mammals in Florida by reducing competition for limiting resources. However, there is a strong positive relationship between the presence of congeners and spread. In this case, the presence of established congeners may indicate that environmental conditions were suitable for the spread of species with similar life history traits. Only two mammal genera had two or more species successfully establish in Florida, Rattus and Canis. The two species representing these genera are present in every county in Florida and have relatively generalist diets and large native ranges. Generalism and size of native range exhibited positive relationships with spread of mammals, which, when coupled with other factors such as morphological proximity may have facilitated spread and diminish the impacts of congeners. Finally the strong positive effect of congeners in our analyses may be an artifact of the small sample size.

For the all-taxa analysis, the global model was the most supported (Table 11a). The variation in factors facilitating NIS spread within each individual taxon may confound the results of our analysis across taxa, but some variables did emerge as important (Table 11b). Morphological proximity had the highest model average estimate and was especially important in several of the within-taxon analyses. This variable was present in all the highest ranked models of all-taxa spread analyses. The positive relationship between morphological similarity and spread indicates that morphological overdispersion may be, in part, driving the spread of NIS regardless of taxonomy. Spread exhibited a negative relationship with body mass and a positive relationship with native range size. Both of these traits were associated with spread of established non-native birds and mammals in Australia (Duncan et al. 2001; Forsyth et al. 2004). Species of smaller size generally have higher reproductive rates. Species with large native ranges may adapt to a wider range of habitats and resource availability. There was a positive relationship between spread and YBP, indicating the presence of a priority effect among non-indigenous vertebrates in Florida. 
Conclusion
rResearch evaluating the factors that predict both establishment and subsequent spread of NIS is limited, and that research has been restricted to birds and mammals in Australia (Duncan et al. 2001; Forsyth et al. 2004). In those studies, climatically suitable habitat, propagule pressure, large native range size, and previous successful introductions outside of Australia predicted success and spread in both birds and mammals. Similarly, three variables also were predictors of spread in both mammals and birds: climatically suitable habitat, large native-range size, and variables associated with increased growth rates (e.g., smaller body mass). Non-herbivorous mammals also were more likely to spread. Our results differ in that we did not find similarities between the predictors of success and spread. In all of our individual taxa and all-taxa analyses, explanatory variables best predicting success and spread differed.  Additionally, predictors of success and spread were not the same across the different vertebrate taxa we investigated. In the Australian studies, predictive variables were the same in both birds and mammals (except the addition of non-herbivory in mammals). Although morphological similarity was an important factor in determining spread of most NIS vertebrate taxa in our analyses, the overall similarities among taxa were limited. 
There are limitations on which variables were included in our analyses.  For example, introduction effort plays an important role in the establishment of most non-indigenous species (Veltman et al. 1996; Duncan 1997; Lockwood 1999; Duncan et al. 2001; Forsyth and Duncan 2001; Kolar and Lodge 2001; Siemann and Rogers 2003; Cassey et al. 2004b), however it was impossible to provide accurate measures of introduction effort for all species in each taxon. We attempted to compensate for introduction effort by considering only species introduced with propagule sizes of at least five individuals. With five randomly chosen individuals, the binomial probability of having introduced individuals of the same sex becomes small (P <  0.05). Also, we assumed the number of counties containing NIS was an accurate measure of spread.  However, this does not account for species that may have been introduced on multiple occasions or at multiple locations. Introduction data is limited, especially for unsuccessful and inadvertent introductions, so we were unable to incorporate multiple attempts or release points in our analysis.  

Our results did not support the “tens” rule (Williamson 1996), that states that approximately 10% of introductions will be successful and 10% of successful introductions will be invasive. We found that when a species had the potential to establish, that is when it is introduced with an adequate propagule, as many as 80% of introductions within a taxon were successful, and that more than 10% of successfully introduced species spread beyond the county of origin.

The investigation of one or a few variables that may be predictors of introduction success and spread of NIS is inadequate because community structure and assembly are complex. Our results suggest that the fate of introduced species is dependent upon complex interactions of multiple biotic and abiotic variables. Predictors of success and/or spread are different across taxa and probably across communities. 
Future research should focus on these complex interactions and should implement analytical methods designed to simultaneously consider multiple plausible hypotheses. Attempts should be made to sift among the varying influences of intrinsic traits, community characteristics and ecosystem structures that affect invasion success. Similarly, research should include multiple taxa, systems, and relationships between indigenous and non-indigenous species. Success and spread should be jointly investigated using the same study communities. —very few studies (Duncan et al. 2001; Forsyth et al. 2004) have examined this relationship which [is important because …] [which could shed light on . . .]. Insight gained from these types of analyses may prove invaluable to community ecology and invasion biology. Highly invaded continental communities like Florida provide exceptional research opportunities. Discovering the role that transient disturbances or perturbations have in providing windows of opportunity for invasions should be formally addressed   in order to help improve NIS management, potentially saving governments billions of dollars and preserving biodiversity.    
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Table 1.  Models used in Akaike’s Information Criterion (AIC) analyses to determine best fits of introduction success and subsequent spread of non-indigenous vertebrates in peninsular Florida.  

	

	ALL

	Lat+Range+Mass+Morph+Cong+EU+SA+Africa+Other

	YBP+Morph+Cong+Repro+Mass+General

	Morph+Cong+EU+SA+Africa+Other

	Lat+Range+EU+SA+Africa+Other

	Morph+YBP+Mass+Cong

	Repro+Mass+General

	Repro+General+Range

	YBP+Morph+Cong

	Repro+Cong+YBP

	General+Range

	Mass+Range

	Lat+Mass

	Mass+Morph

	YBP

	NSP

	Range

	Lat

	Morph

	General

	Repro

	Cong

	Mass

	SA

	EU

	Africa

	Other

	NULL

	


Table 2.  (a) Models considered for multi-model selection of success of non-indigenous fishes in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable. 
(a)
	Model
	K
	AIC
	ΔAIC
	W

	ALL
	12
	91.391
	0.000
	0.500

	Repro+Cong+YBP
	4
	92.418
	1.027
	0.299


(b)
	Variable
	MAE
	SE
	∑Wi

	Cong
	2.023
	0.759
	0.957

	Repro
	0.000
	0.000
	0.877

	YBP
	0.009
	0.014
	0.872

	Morph
	-0.586
	0.847
	0.617

	Mass
	-0.077
	0.158
	0.572

	General
	-0.123
	0.147
	0.571

	Africa
	0.298
	1.114
	0.554

	EU
	-1.460
	1.083
	0.551

	SA
	-0.961
	1.032
	0.546

	Range
	-0.003
	0.006
	0.510

	Lat
	-0.035
	0.029
	0.506


Table 3.  (a) Models considered for multi-model selection of spread of non-indigenous fishes in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.

(a)
	Model
	K
	AIC
	ΔAIC
	W

	Morph+Cong+EU+SA+Africa+Other
	7
	402.300
	0.000
	0.737

	Africa
	3
	405.100
	2.800
	0.182


(b)
	Variable
	MAE
	SE
	∑Wi

	Africa
	2.887
	1.444
	0.919

	Morph
	-0.798
	1.457
	0.759

	Other
	-0.636
	1.286
	0.750

	EU
	-0.731
	0.848
	0.750

	Cong
	-0.179
	0.801
	0.745


Table 4.  (a) Models considered for multi-model selection of success of non-indigenous reptiles and amphibians in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.
(a)
	Model
	K
	AIC
	ΔAIC
	W

	Range
	2
	47.779
	0.000
	0.265

	General+Range
	3
	49.134
	1.355
	0.134

	Mass+Range
	3
	49.428
	1.649
	0.116

	Lat+Range+EU+SA+Africa+Other
	6
	49.608
	1.829
	0.106

	Repro+General+Range
	4
	50.667
	2.888
	0.062

	YBP
	2
	51.330
	3.551
	0.045


(b)
	Variable
	MAE
	SE
	∑Wi

	Range
	0.042
	0.029
	0.702

	General
	0.058
	0.090
	0.221

	Mass
	-0.037
	0.078
	0.167

	Lat
	0.003
	0.011
	0.137

	Other
	0.175
	0.238
	0.135

	Africa
	-0.188
	0.321
	0.135

	EU
	-0.081
	0.201
	0.125

	Repro
	0.000
	0.000
	0.093

	YBP
	0.002
	0.003
	0.077


Table 5.  (a) Models considered for multi-model selection of spread of non-indigenous reptiles and amphibians in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.

 (a)
	Model
	K
	AIC
	ΔAIC
	W

	Morph+YBP+Mass+Cong
	6
	277.100
	0.000
	0.449

	Morph+Cong+EU+SA+Africa+Other
	7
	278.700
	1.600
	0.202

	Lat+Range+Mass+Morph+Cong+EU+SA+Africa+Other
	10
	279.200
	2.100
	0.157

	YBP+Morph+Cong
	5
	279.800
	2.700
	0.116


(b)

	Variable
	MAE
	SE
	∑Wi

	Morph
	11.139
	6.665
	0.993

	Cong
	-0.121
	2.895
	0.935

	Mass
	-1.766
	1.182
	0.674

	YBP
	0.094
	0.050
	0.582

	SA
	-1.640
	2.064
	0.369

	Africa
	0.948
	1.882
	0.369

	Other
	-0.143
	1.684
	0.369

	Lat
	-0.008
	0.038
	0.167

	Range
	0.002
	0.010
	0.167


Table 6.  (a) Models considered for multi-model selection of success of non-indigenous birds in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.
(a)
	Model
	K
	AIC
	ΔAIC
	W

	General+Range
	3
	89.178
	0.000
	0.097

	Lat
	2
	89.198
	0.020
	0.096

	Range
	2
	89.365
	0.187
	0.088

	NULL
	1
	89.603
	0.425
	0.078

	SA
	2
	89.861
	0.683
	0.069

	Lat+Mass
	3
	90.130
	0.952
	0.060

	General
	2
	90.180
	1.002
	0.059

	Mass+Range
	3
	90.374
	1.196
	0.053

	EU
	2
	90.493
	1.315
	0.050

	NSP
	2
	90.547
	1.369
	0.049

	Cong
	2
	91.046
	1.868
	0.038

	Repro+General+Range
	4
	91.148
	1.970
	0.036

	Mass
	2
	91.331
	2.153
	0.033

	Morph
	2
	91.450
	2.272
	0.031

	Africa
	2
	91.512
	2.334
	0.030

	Other
	2
	91.512
	2.334
	0.030

	YBP
	2
	91.513
	2.335
	0.030

	Repro
	2
	91.585
	2.407
	0.029


(b)
	Variable
	MAE
	SE
	∑Wi

	Range
	0.001
	0.001
	0.279

	General
	-0.064
	0.070
	0.202

	Mass
	-0.056
	0.083
	0.172

	Lat
	0.005
	0.006
	0.160

	Repro
	0.000
	0.005
	0.080

	SA
	-0.051
	0.064
	0.075

	EU
	0.031
	0.050
	0.056

	Morph
	-0.021
	0.072
	0.055

	Cong
	0.023
	0.038
	0.054

	NSP
	0.001
	0.001
	0.049

	YBP
	0.000
	0.001
	0.044

	Africa
	0.008
	0.033
	0.036


Table 7.  (a) Models considered for multi-model selection of spread of non-indigenous birds in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.

(a)
	Model
	K
	AIC
	ΔAIC
	W

	ALL
	13
	448.800
	0.000
	0.995


(b)
	Variable
	MAE
	SE
	∑Wi

	Morph
	3.606
	12.142
	1.000

	Cong
	-4.988
	5.231
	1.000

	Mass
	-4.649
	3.455
	0.999

	Repro
	2.137
	0.560
	0.998

	YBP
	0.168
	0.113
	0.998

	General
	-3.944
	2.121
	0.998

	SA
	2.004
	8.036
	0.997

	Africa
	-6.013
	9.219
	0.997

	EU
	-15.967
	7.706
	0.997

	Range
	0.027
	0.016
	0.997

	Lat
	0.496
	0.251
	0.997


Table 8.  (a) Models considered for multi-model selection of success of non-indigenous mammals in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.

(a)
	Model
	K
	AIC
	ΔAIC
	W

	NSP
	2
	31.675
	0.000
	0.617

	YBP
	2
	34.486
	2.811
	0.151

	Repro+Cong+YBP
	4
	35.272
	3.597
	0.102


(b)
	Variable
	MAE
	SE
	∑Wi

	NSP
	-0.172
	0.093
	0.617

	YBP
	0.015
	0.012
	0.337

	Cong
	-0.306
	0.343
	0.190

	Repro
	-0.005
	0.006
	0.113


Table 9.  (a) Models considered for multi-model selection of spread of non-indigenous mammals in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.

(a)
	Model
	K
	AIC
	ΔAIC
	W

	ALL
	13
	134.300
	0.000
	0.853


(b)
	Variable
	MAE
	SE
	∑Wi

	Cong
	25.428
	15.788
	1.000

	Morph
	41.989
	16.745
	1.000

	EU
	-13.117
	12.807
	1.000

	SA
	4.405
	12.605
	1.000

	Africa
	16.127
	20.532
	1.000

	Mass
	-3.091
	4.226
	0.963

	Range
	0.055
	0.034
	0.963

	Lat
	1.054
	0.399
	0.963

	YBP
	0.029
	0.034
	0.854

	Repro
	-0.283
	0.329
	0.853

	General
	4.897
	2.075
	0.853


Table 10.  (a) Models considered for multi-model selection of success of non-indigenous vertebrates (all taxa) in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.

(a)
	Model
	K
	AIC
	ΔAIC
	W

	ALL
	12
	284.706
	0.000
	0.571

	YBP+Morph+Cong+Repro+Mass+General
	7
	287.254
	2.548
	0.160

	Repro+Cong+YBP
	4
	287.837
	3.131
	0.119


(b)
	Variable
	MAE
	SE
	∑Wi

	Repro
	0.000
	0.000
	0.898

	YBP
	0.014
	0.007
	0.889

	Cong
	0.625
	0.310
	0.887

	General
	-0.130
	0.080
	0.789

	Mass
	-0.126
	0.107
	0.777

	Morph
	-0.027
	0.509
	0.768

	Range
	0.003
	0.002
	0.658

	Africa
	0.584
	0.429
	0.584

	SA
	0.107
	0.252
	0.582

	Other
	0.519
	0.347
	0.582

	Lat
	-0.010
	0.010
	0.582


Table 11.  (a) Models considered for multi-model selection of spread of non-indigenous vertebrates (all taxa) in peninsular Florida with ΔAIC of 4.000 or less. Models are ranked by their associated Akaike’s Information Criterion (AIC) values, and include the number of parameters (K), differences in AIC between each model and the highest ranked model (ΔAIC), and associated AIC weights (W). (b) The parameter weights (∑Wi) for each variable present in models within 4 AIC units of the highest ranked model. Included are the model average estimates (MAE) and associated unconditional standard errors (SE) for each variable.

(a)
	Model
	K
	AIC
	ΔAIC
	W

	ALL
	13
	1811.600
	0.000
	1.000


(b)
	Variable
	MAE
	SE
	∑Wi

	Morph
	4.956
	3.451
	1.000

	Other
	0.995
	3.246
	1.000

	General
	0.373
	0.540
	1.000

	Lat
	0.138
	0.084
	1.000

	YBP
	0.114
	0.016
	1.000

	Range
	0.036
	0.008
	1.000

	Repro
	0.000
	0.001
	1.000

	Cong
	-0.061
	1.848
	1.000

	SA
	-0.851
	2.872
	1.000

	Mass
	-1.927
	0.741
	1.000

	EU
	-3.637
	3.070
	1.000


�This sentence has no connection to anything else in the intro.
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