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ABSTRACT 

I evaluated regional biogeographical patterns of West Indian herpetofauna and 

assessed: (1) the small island effect (SIE); (2) nestedness patterns; (3) multiple species–

area relationship (SAR) models; (4) C- and Z-values, typically interpreted to represent 

insularity or dispersal ability; and (5) the average diversity of islands, among-island 

heterogeneity, γ-diversity, and the contribution of area effect towards explaining among-

island heterogeneity by using additive diversity partitioning approach. Moreover, I used a 

mixed-effects modeling approach to determine whether human population, island size, 

congener richness, and establishment experience in the US were correlated with the 

establishment success of introduced herpetofaunas in the West Indies. 

I found piecewise regression with three segments performed best, suggesting the 

SARs possess three different patterns that resulted from two area thresholds: a first one, 

delimiting the SIE, and a second one, delimiting evolutionary processes. Taxa with lower 

resource requirement, higher dispersal ability, and stronger adaptation to the environment 

generally displayed lower corresponding threshold values, indicating superior taxonomic 

groups could earlier end the SIE period and start in situ speciation as the increase of 

island size. Anti-nestedness occurred in the entire system, whereas high degree of 

nestedness could still occur in portions within the region. SARs were best modeled using 

the Cumulative Weibull and Lomolino relationships. The Cumulative Weibull and 

Lomolino regressions displayed both convex and sigmoid curves. The Cumulative 

Weibull regressions were more conservative than Lomolino at displaying sigmoid curves 

within the range of island size studied. The Z-value of all herpetofauna was overestimated 

by Darlington in 1957, and Z-values were ranked: (1) native > nonnative; (2) reptiles > 

amphibians; (3) snake > lizard > frog > turtle > crocodilian; (4) increased from lower to 
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higher level taxonomic groups. Additive diversity partitioning showed that area had a 

weaker effect on explaining the among-island heterogeneity for nonnative species than 

for native species. I found human population has no obvious impact on the establishment 

success of amphibians but a negative effect on reptiles and all species; island size has no 

obvious impact for each group; congener richness likely contributes negatively for 

amphibians but positively for reptiles and all species; establishment experience in the US 

has no obvious impact for amphibians but a positive impact for reptiles and all species. I 

suggest that we found support for Darwin’s naturalization hypothesis for amphibians 

whereas pre-adaptation hypothesis for reptiles. 

Although piecewise regressions with two segments have been widely used in SIE 

detection studies, they cannot clearly delimit three SAR patterns and may cause poor 

estimations for both slope and threshold value of the SIE. My findings suggest previous 

SIE detection studies conducted by the two-segment piecewise regression method should 

be reanalyzed. No matter the doubts about the existence of the SIE, the threshold value, 

where the slope changes, may be important for a successful application of island theory 

to conservation biogeography. Apart from area, it offers opportunity to assess variables 

such as habitat diversity, productivity, island age, energy and environmental 

heterogeneity that may predict species richness within the limits of the first threshold 

value. On the other hand, speciation may become the dominant process adding to the 

species richness of assemblages beyond the limits of the second threshold value, so the 

identification of such size threshold shines light on conservation biogeography over 

evolutionary time scales. Moreover, the comparison of threshold values will help 



Texas Tech University, De Gao, May 2017 
 

vii 
 

evaluate resource requirement, dispersal ability, as well as environmental adaptation 

among taxa. And this in turn will help set up taxon-specific conservation planning. 

A strong degree of nestedness implies that most species could be represented by 

conserving the largest (habitat or true) island. However, the low degree of nestedness 

shown in our result is consistent with the findings of our studies on the same set of 1668 

islands, which indicate that species richness of the largest island fail to reach half the 

number of species pool. Contrary to the concept of protecting the largest reserve, I 

conclude that an array of reserves of different size and endemism could contribute to the 

maximal diversity in a region. 

The Cumulative Weibull and Lomolino models are recorded to be sigmoid. 

However, in my study I found that they can display both convex and sigmoid curves, 

suggesting their flexibility has been underappreciated. Z-values may be overestimated if 

small islands are excluded from calculation. Species diversity is generated among islands, 

and within-island speciation rather than island area is the main source of new native 

species in this region. 

The complex geological history of the West Indies offers many opportunities for 

dispersal and vicariance to affect biotas. Also, human activities are having a profound 

impact on local biotas, including the herpetofaunas. The comparisons of Z-values and the 

contribution of area effect towards explaining among-island heterogeneity between native 

and nonnative species reflect human activities accelerating the rate of over-water 

dispersal and weakening the area effect within the region. The contrast between small 

average diversity and low Z-values paradoxically reveals: (1) the reduction of area leads 
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to a significant loss of species especially on small islands; (2) there are both extinctions 

and increases in among-island heterogeneity on small islands under natural and human-

mediated conditions, respectively; and (3) many herpetofaunal species have strong over-

water dispersal ability especially on islands of intermediate size. Human activities can 

temporarily enhance species richness on small islands, but also can disturb habitats and 

introduce predators and competitors, consequently increasing extirpations of populations 

and disrupting the complex but often fragile communities on large islands. 

My results imply that areas to target for early detection of nonnative reptiles are 

those that host closely related species, and areas to target for early detection of nonnative 

amphibians are those that host distantly related species. Moreover, nonnative reptiles that 

have a successful establishment experience in the US are more likely to establish in novel 

environments. These findings may help wildlife conservationists to target high-risk areas 

and species and develop effective management strategies for amphibians and reptiles 

respectively. 
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CHAPTER I 

GENERAL INTRODUCTION 

 

Oceanic islands, due to their discrete geographic isolation, differ distinctly from 

terrestrial ecosystem, offer great opportunities for species conservation, and are regarded 

as the natural laboratory for the study of biogeography and evolutionary ecolog. Island 

habitat heterogeneity and the gene flow barrier between the island and its neighboring 

islands or land are the most important driving forces leading to new species 

differentiation and formation. The colonized species from continents or nearby islands 

are then subjected to unique evolutionary processes, for example, geographic isolation, 

character displacement, and adaptive radiation. The accumulated mutations gradually and 

ultimately make colonized species into new indigenous species that are genetically 

different from the original one. One of the most distinctive features of the biota on 

oceanic islands is the large number of endemics occurring in small areas. The West 

Indies is a biodiversity hotspot, especially for amphibians and reptiles. Over 90% of the 

herpetofaunal species in the region are endemic, sometimes even to isolated areas within 

an island. 

A large majority of the vast complex of islands in West Indies is changing rapidly, 

resulting in dramatic alterations of habitats, and nearly all of them are mediated by 

human activities. Powell and Henderson pointed out human disturbances happened in 

fourfold. Firstly, natural resources exploitation: as the growth of human population, land 

that once sustained forests is cleared for homes, agriculture, and charcoal production, 

meanwhile cattle crop vegetation to bare soil, eliminating critical ground cover and food 
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for a variety of amphibians and reptiles. Secondly, tourism and development: as many 

islands’ economy increasingly base on tourism, development is rampant, and the 

development makes radical modifications to the environment and also the resources that 

necessary to sustain many amphibians and reptiles species. Thirdly, predator introduction: 

humans bring with them cats and dogs that prey on reptiles, and mongoose was 

introduced to many islands in the 19th century to control rodent populations that were 

having a deleterious effect on sugar production but also brought a catastrophic impact on 

ground-dwelling lizards and snakes. Fourthly, invasive species introduction: development 

for the tourist industry often entails bringing supplies (e.g., lumber, decorative plants) 

from the United States or other islands, and non-native herpetofaunal species sometimes 

arrive with them as stowaways. 

The West Indies region, with extensive tourism in many areas and limited local 

production of essential items such as food and building materials, has suffered from alien 

species introduction, native species extinction, and habitat degradation. So, my research 

aims to provide suggestions on conservation of the native and control of the nonnative 

from a regional scale. In order to reveal biogeographic patterns in this entire region, 

Darlington in 1957 determined the SAR for the West Indian herpetofauna using only 

seven islands (Cuba, Hispaniola, Jamaica, Puerto Rico, Montserrat, Saba, and Redonda). 

Subsequently, various methods such as SAR, additive diversity partitioning, parsimony 

analysis of distributions, phylogenetic analysis, chromosomal and genetic 

characterization, ecomorphological evolution, and fossil evidence were used for many 

taxa.  
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However, there are imperfections in the previous studies. First, small islands are 

ignored and most of these studies covered only a portion of the region, fewer than 200 

islands in each case. Second, there are methodological shortcomings in statistical 

analyses. Here, we evaluate biogeographical patterns of native and nonnative 

herpetofauna in the West Indies, on a scale not previously attempted, aiming to provide 

suggestions on conservation of the native and control of the nonnative from a regional 

scale. 

In Chapter II, we explored two biogeographical patterns: one is the small island 

effect and the other one is nestedness. In Chapter III, we continue the topic of species–

area relationship. Moreover, we explored the heterogeneity in biodiversity within and 

among islands using an additive approach. In Chapter Ⅳ, we analyzed some possible 

factors affecting the establishment success of introduced species. 
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CHAPTER II 

 DETECTING THE SMALL ISLAND EFFECT AND NESTEDNESS OF 

HERPETOFAUNA OF THE WEST (Published at Ecology and Evolution) 

 

Abstract 

To detect the small island effect (SIE) and nestedness patterns of herpetofauna of 

the West Indies, we derived and updated data on presence/absence of herpetofauna in this 

region from recently published reviews. We applied regression-based analyses, including 

linear regression and piecewise regressions with two and three segments, to detect the 

SIE and then used the Akaike’s information criterion (AIC) as a criterion to select the 

best model. We used the NODF (a nestedness metric based on overlap and decreasing fill) 

to quantify nestedness and employed two null models to determine significance. 

Moreover, a random sampling effort was made to infer about the degree of nestedness at 

portions of the entire community. We found piecewise regression with three segments 

performed best, suggesting the species–area relationships (SARs) possess three different 

patterns that resulted from two area thresholds: a first one, delimiting the SIE, and a 

second one, delimiting evolutionary processes. We also found that taxa with lower 

resource requirement, higher dispersal ability, and stronger adaptation to the environment 

generally displayed lower corresponding threshold values, indicating superior taxonomic 

groups could earlier end the SIE period and start in situ speciation as the increase of 

island size. Moreover, the traditional two-segment piecewise regression method may 

cause poor estimations for both slope and threshold value of the SIE. Thereby, we 

suggest previous SIE detection works that conducted by two-segment piecewise 

regression method, ignoring the possibility of three segments, need to be reanalyzed. 
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Anti-nestedness occurred in the entire system, whereas high degree of nestedness could 

still occur in portions within the region. Nestedness may still be applicable to 

conservation planning at portions even if it is anti-nested at the regional scale. While, 

nestedness may not be applicable to conservation planning at the regional scale even if 

nestedness do exist among sampling islands from a portion. 

Introduction 

Islands have been used as model systems in developing and testing theories in 

ecology and evolution (Brown and Lomolino 1998). The equilibrium theory of island 

biogeography (MacArthur and Wilson 1967), elaborating the relationship between 

immigration and the extinction of species to islands depending on their size and distance 

from the mainland (Preston 1962; MacArthur and Wilson 1963), was a recent milestone 

for this theme. MacArthur and Wilson’s (1967) theory provided impetus for numerous 

studies on species–area relationships (SARs) that concern the style in which biological 

diversity accumulates with area and have become one of the most fundamental patterns in 

nature (Lomolino 2000; Dengler 2009; Triantis et al. 2012). A potentially important 

feature of the SAR which is termed as the small island effect (SIE), depicting an 

anomalous feature of species richness on islands below a certain threshold area (Triantis 

and Sfenthourakis 2012), was first described decades ago by Niering (1963), MacArthur 

and Wilson (1967) and Whitehead and Jones (1969), and popularized 50 years later by 

the pioneering work of Lomolino (2000), Lomolino and Weiser (2001), and Triantis et al. 

(2006). Although the SIE has become more and more part of the theoretical framework of 

biogeography and biodiversity research, there are still several shortcomings in studies of 

the SIE, given the relatively short time since the patterns’ recognition and the limited 

number of studies addressing it. 
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First, existing SIE studies are usually flawed in some way (Dengler 2010), thus, it 

is seriously criticized and its existence is even challenged in recent years (Dengler 2010; 

Tjørve and Tjørve 2011; Wang et al. 2012). Typically, the SIE is detected by comparing 

uncorrected R
2
 value of regression models with and without SIE rather than by 

accounting for model complexity (Lomolino and Weiser 2001; Gentile and Argano 2005). 

This method may be seriously flawed as it is inadmissible to apply uncorrected R
2
 value 

as a criterion for selecting the best model from candidates with different number of fitted 

parameters (Loehle 1990; Quinn and Keough 2002; Dengler 2010). Other potential flaws 

in methodology include exclusion of islands without species and not including a wide 

range of different candidate models (Dengler 2010).  

Second, piecewise regression with two segments approach has been widely 

applied to find the upper limit of the SIE in the literature (Lomolino and Weiser 2001; 

Gentile and Argano 2005; Dengler 2010; Wang et al. 2012; Matthews et al. 2014; 

Morrison 2014). However, Lomolino and Weiser (2001) and Rosenzweig (2004) 

distinguished three periods at structuring the SAR: (1) SIE on small islands, (2) 

extinction/immigration and other ecological factors associated dynamics on islands of 

intermediate size, and (3) in situ speciation on large islands. Therefore, the two-segment 

approach may have limitations on delimiting three SARs. 

Finally, the concept of SIE is not appropriately discussed in the light of recent 

literatures. Dengler (2010) established the terminology SIE sensu stricto, describing 

situations that species richness varies independently of island size below a certain 

threshold area, and the terminology SIE sensu lato, describing situations that the SAR 

slope for small islands is flatter but not necessarily zero. But Dengler’s remarks have 
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been posteriorly criticized by Triantis and Sfenthourakis (2012) who noted that the 

precise meaning of the term SIE remains unresolved, as does the explanation for the 

phenomenon and even whether it exists; and the use of terms such as “SIE sensu stricto” 

and “SIE sensu lato” could further complicate the overall discussion. 

Due to the unresolved shortcomings and un-unified concept in studies of the SIE, 

taxon- and system-dependent threshold values have received very limited attention. 

Despite the dispute, here we applied regression-based analyses, including linear 

regression and piecewise regressions with two and three segments, to detect the SIE, 

mainly focusing on where the slope changes among taxa, and tried to provide new 

insights to contribute to the still insufficiently known SIE. 

Another important concept in determining inclusive distribution pattern on (true 

or habitat) islands is nestedness, depicting a scene in which species occurring at species-

poor islands are always present in a more species-rich island (Patterson and Atmar 1986). 

Since Darlington (1957) described nested patterns, numerous studies have investigated 

nestedness in a wide range of taxa on both islands and fragmented habitats (e.g. Patterson 

and Atmar 1986; Perry et al. 1998; Fischer and Lindenmayer 2005; Schouten et al. 2007), 

by using a variety of metrics to quantify the level of nestedness. Debate is ongoing 

among these metrics, each with different bias (Atmar and Patterson 1993; Wright et al. 

1998; Almeida-Neto et al. 2008; Ulrich et al. 2009). The nestedness metric based on 

overlap and decreasing fill (NODF) proposed by Almeida-Neto et al. (2008), is currently 

considered one of the most appropriate nestedness metrics (Almeida-Neto et al. 2008; 

Ulrich and Almeida-Neto 2012; Wang et al. 2013; Matthews et al. 2015). The NODF 

metric allows nestedness to be calculated independently of matrix size or shape 
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(Almeida-Neto et al. 2008; Morrison 2013). Meanwhile, the other metrics applied in 

much of the previous work on nestedness have been criticized as inappropriate, and after 

recalculation nestedness is thought to be less common than previously reported 

(Matthews et al. 2015).  

However, the fact of nestedness or anti-nestedness is important for strategic 

conservation planning because it contributes to the SLOSS (“single large or several 

small”) debate (Ovaskainen 2002) and the minimum set problem (Watson et al. 2011), 

informing protected area placement and design in fragmented landscapes (Triantis and 

Bhagwat 2011). Moreover, speciation occurring within large islands could lead to species 

endemism, decreasing the likelihood of nestedness in a system (Whittaker and 

Fernández-Palacios 2007). However, if large islands are excluded and species richness is 

mainly governed by extinction/immigration dynamics, nestedness pattern could possibly 

occur according to the classical island biogeography theory (MacArthur and Wilson 1967; 

Patterson and Atmar 1986; Kadmon 1995). To date, although there are numerous 

nestedness studies, patterns in a whole system are predominantly studied, while patterns 

in portions of a system are almost overlooked. 

The West Indies is a biodiversity hotspot (Myers et al. 2000), especially for 

amphibians and reptiles. Over 90% of the herpetofaunal species in the region are endemic, 

sometimes even to isolated areas within an island (Hedges 2001). In order to understand 

the biogeographic patterns of herpetofauna in this entire region, we aim to investigate: (1) 

whether the SARs possess two area thresholds instead of one; (2) how the threshold 

values vary among taxonomic groups; (3) whether the community composition of 

herpetofauna is nested in the whole or portion of the West Indies. 
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Methods 

Study area and data 

The West Indies comprises over 3000 islands, cays, and emergent rocks 

belonging to three main island groups: Bahamas, Greater Antilles, and Lesser Antilles. 

We derived complete herpetological species lists for each island from Powell and 

Henderson (2012), who recorded over 1000 species on 749 islands. We digitized islands 

using basemaps in ArcMap 10 and ArcGlobe 10 (ESRI, Redlands, CA, USA), including 

not only the 749 islands included in Powell and Henderson (2012) but also hundreds of 

small explored islands that have no herpetofaunal species, for a total of 1668 islands 

varying in area by over 10 orders of magnitude, from 3.9×10
-5

 km
2
 to 1.1×10

5
 km

2
 

(Figure 2.1). The resulting map was projected by a UTM_18N coordinate system with 

WGS_1984 datum. 

The species records were classified into three superior taxonomic groups: reptiles, 

Anolis lizards, and Eleutherodactylus frogs; and three corresponding inferior taxonomic 

groups: amphibians, Sphaerodactylus lizards, and Peltophryne frogs respectively. As 

compared with the inferior groups, taxa in the superior groups are better adapted to the 

environment and therefore more likely to survive. Most amphibians have skins that 

provide little barrier to evaporative water loss, so they appear to balance their water 

budgets on a time scale from hours to days. In contrast, reptiles have less permeable skins 

and their time scale to balance the water budgets can range from days to months (Pough 

et al. 1998). Compared with Sphaerodactylus lizards that can only be found at ground 

level, Anolis lizards, as a famous case of adaptive radiation, are more ecologically 

adaptive, with species adapted to use different parts of the structural environment, such as 
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ground, grass, twigs, tree trunks, and the canopy, in correspond with their morphological 

differences (Losos 2009). Compared with Peltophryne frogs, frogs in the genus 

Eleutherodactylus, which comprise the dominant frog fauna of the West Indies, contains 

terrestrial-breeding frogs that lay eggs on land or tree leaves, and these eggs later hatch 

into miniatures of the adults, bypassing the tadpole stage, and that reproductive mode can 

occur in a cave, on a mountain top, or high in a tree without direct dependency on water; 

this greatly enhances viability in a water-deficient and space-limited environment 

(Hedges 1993). 

Regression-based detection of the SIE 

To detect the SIE, a variety of breakpoint regression models have been applied 

(Dengler 2010). Among these models, the left-horizontal with one threshold function 

(equation 1) proposed by Lomolino and Weiser (2001), defining a situation where species 

richness varies independently of area below a certain threshold and the two-slope 

function (equation 2) proposed by Gentile and Argano (2005), defining a situation where 

the SAR slope for small islands is flatter but not necessarily zero are most widely used. 

These two models, however, possess only one threshold. Here, we introduce another two 

models with two thresholds: the left-horizontal with two thresholds function (equation 3), 

and the three-slope function (equation 4). To examine the existence and upper limit of the 

SIE, we compared the four breakpoint regression models (equation 1–4) with the power 

model (equation 5). We used the power function as the basic function mainly for three 

reasons. First, it is widely used in most SIE studies (Gentile and Argano 2005; Triantis et 

al. 2012; Wang et al. 2012). Second, it usually fits the island SAR well (Dengler 2009; 

Triantis et al. 2012). Third, its model parameters have biological significance (Martín and 



Texas Tech University, De Gao, May 2017 
 

11 
 

Goldenfeld 2006; Triantis et al. 2012). In our data set there are few very large islands 

outbidding the small ones either in species richness or area, which potentially generates 

the outlier effect, so regression analyses were fitted in log S-space to ensure continuity 

and normality (Davies and Gather 1993; Barnett and Lewis 1994). 

log S = c1 + (log A > T1) z1 (log A – T1)                                                            (1) 

log S = (log A ≤ T1) (c1 + z1 log A) + (log A > T1) (c2 + z2 log A) (2) 

log S = c1 + (log A > T1 AND log A ≤ T2) z1 (log A – T1) + (log A > T2) (c2 + z2 log A) (3) 

log S = (log A ≤ T1) (c1 + z1 log A) + (log A > T1 AND log A ≤ T2) (c2 + z2 log A)  

            + (log A > T2) (c3 + z3 log A) (4) 

log S = c1 + z1 log A                                                                                        (5) 

In these equations, S stands for species richness, A for area, while ci (intercept), zi (slope) 

and Ti (breakpoint) are fitted parameters. The logical AND operator combines two logical 

operands that have a value true or false. The expression combined by logical AND 

evaluates to true if both operands log A > T1 and log A ≤ T2 evaluate to true; if either or 

both of the operands for the logical AND operator are false, the result of the expression is 

false. The logical expressions in brackets return value 1 if they are true and 0 if they are 

false. In this analysis, all 1668 islands including a large number of small ones that have 

no species record were involved in each taxonomic group, and species richness for 

islands that have no species record was log-transformed as log (S + 1) since log 0 is 

undefined. 

We used a minimum residual sum of squares (RSS) method to estimate the 

threshold values (minimum RSS value will provide a maximum r
2
, as r

2
 = 1 – 

 

RSS

SS total
). 
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For equation 1 to 4, the parameters were estimated by using nonlinear estimation 

procedures based on iteration. Because equation 1 is continuous and breakpoint lying 

between two adjacent data points will influence the RSS value of the model, we 

incremented the breakpoint values (T1) by 0.001 and ran 9439 regressions for each 

taxonomic group (Figure A.1). Equation 2 is discontinuous and breakpoint lying between 

two adjacent data points will not influence the RSS value of the model, so we assigned the 

breakpoint values (T1) to the log-transformed area values of each island and ran 1667 

regressions for each taxonomic group (Figure A.2). Equation 3 is continuous at T1 but 

discontinuous at T2, so we assigned the second breakpoint values (T2) to the log-

transformed area values of each island, and at any particular value of T2, T1 was 

incremented from the minimum log-transformed area value to T2 by 0.001. We recorded 

the minimum RSS value produced by the iteration of T1 for each particular value of T2, so 

that the second breakpoint (T2) was determined prior to the first one (T1). After T2 was 

determined, we run iteration of T1 again to look for the T1 that produced the minimum 

RSS value (Figure A.3). Equation 4 is discontinuous, so we assigned the first breakpoint 

values (T1) to the log-transformed area values of each island, and at any particular value 

of T1, T2 was assigned to the log-transformed area values between T1 and the maximum 

log-transformed area value. We recorded the minimum RSS value produced by the 

iteration of T2 for each particular value of T1, so that the first breakpoint (T1) was 

determined prior to the second one (T2). After T1 was determined, we run iteration of T2 

again to look for the T2 that produced the minimum RSS value (Figure A.4). Sample 

results for all regressions are graphed in Figure 1.2 and Figure A.5. 
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The Akaike’s information criterion (AIC) was applied as a criterion for model 

selection (Burnham and Anderson 2002). For each model in each taxonomic group, we 

calculated the log-likelihood (log L), which was used to determine AIC. For the model 

selection, we calculated the difference in AIC (∆AIC) and Akaike weights (ω) for all 

models to evaluate each model’s probability of providing the best explanation of the data. 

Detection of nestedness 

Islands that have no species record were excluded and presence–absence matrices 

were created for Anolis lizards (571 islands), Sphaerodactylus lizards (373 islands), 

Eleutherodactylus frogs (119 islands), and Peltophryne frogs (12 islands). To quantify 

nestedness in our datasets, we used the NODF metric as it is widely regarded as the most 

robust (Almeida-Neto et al. 2008; Morrison 2013; Strona and Fattorini 2014; Matthews et 

al. 2015). NODF scores range from 0 (no nestedness) to 100 (perfect nestedness), and 

increase as nestedness increases. 

To determine whether an observed NODF value is significantly different from 

values expected for a randomly assembled community, there are many null models to 

choose from. The least constrained binary null model is the equiprobable–equiprobable 

(EE) model, which does not constrain the marginal totals and lets individuals float within 

the matrix, but keeps the occurrence constrained (Ulrich 2006), and has been criticized as 

inappropriate due to an inflation of type I error (Ulrich et al. 2009). In contrast, the fixed–

fixed (FF) model that constrains matrix size, fill, marginal totals and frequency, is the 

most constrained binary null model (Ulrich et al. 2009). Because the FF model is more 

conservative and more of the original elements are retained, it is evaluated as appropriate 
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null algorithms (Ulrich et al. 2009; Matthews et al. 2015). However, although the FF 

model decreases the occurrence of type I error, it may therefore increase the risk of type 

II error (Ulrich and Gotelli 2007). To ensure that our results were not biased owing to 

null model choice, we examined the significance of nestedness by using not only the FF 

model but also the cored–cored (CC) model suggested by Beckett et al. (2014). The CC 

model conserves features of shape and fill, an intermediate between the EE and FF 

models in constraint.  

Although a number of studies have tested nestedness for many taxa in a system, to 

our knowledge no study has tested nestedness within both whole and portion of a system. 

If species assemblage in a system is anti-nested, we are also interested in whether 

nestedness may still occur in any portion within the system. Thus, we conducted the 

following steps to calculate NODF scores of possible portion within the system for each 

group: 

1) Randomly choose n columns (islands) from the presence–absence matrix and form a 

new matrix, in which, 3 ≤ n < the complete island number (571, 373, 119, and 12 for 

Anolis lizards, Sphaerodactylus lizards, Eleutherodactylus frogs, and Peltophryne frogs 

respectively). 

2) Check if there are “0” rows in the new matrix. If there are, then delete them. 

3) Check if the newly formed matrix is filled wholly by “1”. If the matrix is composed by 

“1” only, then assign “0” to the NODF score for this sampling. Otherwise, 
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4) Order presence–absence matrix by decreasing number of islands occupied by each 

species (rows) from top to bottom and decreasing number of species present (columns) 

from left to right. 

5) Calculate NODF score. 

6) Repeat step 1–5 for 10
10

, 10
8
, 10

6
, and 10

4
 times for Anolis lizards, Sphaerodactylus 

lizards, Eleutherodactylus frogs, and Peltophryne frogs respectively. 

We performed all analyses using R 3.1.1 (R Development Core Team 2014). We 

used the VEGAN package (Oksanen et al. 2013) for NODF calculation, and applied 

FALCON package (Beckett et al. 2014) to test nestedness significance. Traditionally, the 

number of null matrices used to make up the ensemble is fixed by the user. This method 

is effective providing that the ensemble is large enough to have statistical power. In the 

literature, authors usually use 1000 null models in their ensembles (e.g. Wang et al. 2010; 

Morrison 2013; Matthews et al. 2015) without concerns about undersampling or 

oversampling. In contrast, FALCON includes a bootstrap method for adaptive 

determination of ensemble size to ensure robust statistics and minimal computational 

load (Beckett et al. 2014). 

Results 

Regression-based analyses for detection of the SIE 

After accounting for model complexities, model selection based on AIC identified 

the left-horizontal with two thresholds function (equation 3) as the most parsimonious 

model (∆AIC = 0) for Peltophryne frogs and the three-slope function (equation 4) as the 

most parsimonious model (∆AIC = 0) for the rest groups (Table 2.1). In contrast, there 
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was no support for the left-horizontal with one threshold function (equation 1), the two-

slope function (equation 2), and the power function (equation 5; all ∆AIC ≥ 11.91) (Table 

2.1). According to Akaike weights (ω), the chance that the left-horizontal with two 

thresholds function was the best among the tested models was overwhelming (ω = 100%) 

for Peltophryne frogs. And the chance that the three-slope function was the best among 

the tested models was overwhelming (all ω ≥ 96%) for reptiles, amphibians, Anolis 

lizards, Sphaerodactylus lizards, and Eleutherodactylus frogs (Table 2.1). 

Piecewise regressions with three segments were always better than those with two 

segments, suggesting the existence of two breakpoints (T1 and T2) in the data sets. We 

compared both T1 and T2 values between superior and inferior taxonomic groups, and 

found T1 values were smaller in superior taxonomic groups than in inferior taxonomic 

groups either by the three-slope method (reptiles -0.603 vs. amphibians 1.354; Anolis 

lizards -0.652 vs. Sphaerodactylus lizards 1.302; Eleutherodactylus frogs 1.302 vs. 

Peltophryne frogs 3.365) or by the left-horizontal with two thresholds method (reptiles -

2.215 vs. amphibians 0.675; Anolis lizards -0.515 vs. Sphaerodactylus lizards 0.625; 

Eleutherodactylus frogs 0.555 vs. Peltophryne frogs 2.995) (Table 2.1). Except for the 

comparison between Eleutherodactylus frogs and Peltophryne frogs, we also found T2 

values were smaller in superior taxonomic groups than in inferior taxonomic groups 

either by the three-slope method (reptiles 0.946 vs. amphibians 3.365; Anolis lizards -

2.804 vs. Sphaerodactylus lizards 3.069) or by the left-horizontal with two thresholds 

method (reptiles -0.603 vs. amphibians 3.365; Anolis lizards 2.804 vs. Sphaerodactylus 

lizards 3.069) (Table 2.1). 
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We compared the slope of the first segment (z1) between the three-slope method 

and the two-slope method, and found the z1 parameters were all significantly different 

from zero (all p < 0.01) either in the two-slope approach or in the three-slope approach 

for each taxonomic group. We also found that z1 values in the three-slope approach were 

generally lower than those in the two-slope approach. For example, z1 had a decrease of 

71.4%, 48.4%, 43.8%, and 76.9% from the two-slope approach to the three-slope 

approach for amphibians, Anolis lizards, Sphaerodactylus lizards, and Eleutherodactylus 

frogs respectively.  

Results of nestedness survey 

Considering all four taxonomic groups in the entire region, NODF values tended 

towards the anti-nested end of the NODF spectrum, that is the values were much closer to 

0 than 100 (mean value = 13.463; range = 3.562–35.088) (Table 2.2). Besides, NODF 

values for the four groups were not significantly lower than the means of randomly 

generated matrices under either the FF null model or the CC null model, which indicates 

that the species compositions of all four taxa have anti-nested structure (Table 2.2). 

Considering any possible portion of islands within the region, NODF values 

tended towards both ends of the NODF spectrum (range = 0–100, 0–75, 0–100, and 0–

88.889 for Anolis lizards, Sphaerodactylus lizards, Eleutherodactylus frogs, and 

Peltophryne frogs, respectively) (Figure 2.3), indicating that even if the species 

compositions in the whole system have anti-nested structure, nested pattern is likely to 

occur in some portions of the system.  
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Discussion 

To date, although there are a number of SIE and nestedness studies, surveyed 

objectives are predominantly focused at a high taxonomic level, such as plants, birds, and 

mammals, with fewer than 200 (habitat or true) islands in each case. Our study is among 

the first to test the biogeographical patterns at genus, a more meticulous taxonomic level, 

involving 1668 islands, a scale not previously attempted. Besides, our study is among the 

first attempt to explore nestedness at both whole and portion level. Our study on 

herpetofaunas thus fills in a significant gap, contributes to the recent heated disputes on 

the SIE theory (Dengler 2010; Tjørve and Tjørve 2011; Wang et al. 2012; Triantis and 

Sfenthourakis 2012) and nestedness (Matthews et al. 2015), and expands our horizons on 

nestedness at different spatial scales. 

We found piecewise regressions with three segments were better than those with 

two segments, suggesting there are three different SAR patterns that resulted from two 

area thresholds. Our findings strongly support the theory proposed by Lomolino and 

Weiser (2001) and Rosenzweig (2004), who have argued that there are three biological 

scales of species–area curve with three corresponding dominant processes of species 

addition. Our results are convincible as our analyses meet the criteria generally 

considered necessary for the unambiguous detection of SIE (Dengler 2010): 1) including 

not only the intermediate and large islands but also hundreds of small islands that have 

few or no herpetofaunal records; 2) comparing most relevant models; 3) selecting models 

in the same S-space (log S-space); and 4) accounting for model complexity by using AIC 

when comparing models with different numbers of parameters. The two-slope approach 

is always better than the left-horizontal with one threshold approach; and the three-slope 

approach is also likely to be better than the left-horizontal with two thresholds approach 
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(except for Peltophryne frogs) at explaining the data. This may be due to the fact that the 

discontinuous functions are more flexible than the two left-horizontal functions, and the 

flexibility may in turn improve their fitness to compensate the increment of parameter 

number. Although the left-horizontal with two thresholds function is selected as the best 

model for Peltophryne frogs, the slope at islands of intermediate size (z1) is 

unrealistically higher than the slope at large islands (z2). And this may be due to small 

number of islands being occupied (n = 12), an inadequate sample size for robust 

modelling (Chase and Bown 1997). 

Currently, piecewise regressions with two segments have been widely used in SIE 

studies (Lomolino and Weiser 2001; Gentile and Argano 2005; Dengler 2010; Wang et al. 

2012; Matthews et al. 2014; Morrison 2014). However, three SAR patterns with three 

different z values cannot be fully depicted by two segments, and the two-segment 

regression is likely to cause islands of intermediate size to split into two factions: one 

faction along with small islands to delimit the SIE, and the other faction along with large 

islands to delimit evolutionary processes. Thereby, the two-segment regression could 

possibly lead to poor estimations of both slope (for the two-slope approach) and threshold 

value (for both the two-slope approach and the left-horizontal with one threshold 

approach) of the SIE. And that may explain why z1 values in the three-slope approach 

were much lower than those in the two-slope approach in our study.  

Although the z1 parameters (in the discontinuous functions) were significantly 

different from zero, the z1 values in the three-slope function were in the range 0.003–

0.080, with an average of 0.019, which is very close to zero. Three main hypotheses have 

been proposed to explain the SIE: First, within the range of the SIE, species richness is 
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area-independent, presumably because populations are unstable and entire fauna could be 

wiped out by storms, tidal surges or other stochastic events (MacArthur and Wilson 1967; 

Losos 1996). Second, some habitat types are removed with the reduction of area (Niering 

1963; Triantis et al. 2006), obliterating species, especially habitat specialists 

(Sfenthourakis and Triantis 2009). Furthermore, small islands receive greater amounts of 

nutrient influxes per unit area from the surrounding system than large islands, such that 

island area alone is not a sufficient predictor of species richness (Anderson and Wait 

2001; Barrett et al. 2003). However, even if small islands receive greater amounts of 

nutrient subsidies, there is no evidence that they can be used by herpetofaunal species, 

therefore, nutrient subsidies may play little role in the system. Moreover, the long human 

presence and high frequency of human influence continuously supply new colonists to 

some small islands but also transform previous land-use types into anthropogenic 

biotopes such as cultivation and settlements (Sfenthourakis 1996), hosting some 

herpetofaunal species that coexist with humans (Raxworthy and Nussbaum 2000; 

Henderson and Powell 2001), counteracting the occurrence of stochastic events and the 

loss of critical habitat due to area reduction. And that may explain why slopes at the 

lower end were approaching to zero but not equal to zero. 

As compared with inferior taxonomic groups, species in superior taxonomic 

groups greatly enhances viability in a water-deficient and space-and-resource-limited 

environment, lowering the extinction rates when they colonize an island and making 

themselves effective dispersers. This inference is consistent with the fact that superior 

taxonomic groups have a wider distribution, for example, 738, 571, and 119 islands for 

Reptiles, Anolis lizards, and Eleutherodactylus frogs vs. 124, 373, and 12 islands for 
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Amphibians, Sphaerodactylus lizards, and Peltophryne frogs. It is clear that there are 

three different species–area patterns in our system. Within the first threshold (T1), species 

richness slightly increases with island size, likely because habitat type and habitat quality 

decrease as area gets smaller and smaller (Niering 1963; Losos 1996). When area is so 

small that species of inferior taxonomic groups cannot survive, superior taxonomic 

groups may still sustain viable populations, so their species richness is still area-

dependent. That is why the first threshold values (T1) of superior taxonomic groups are 

lower than that of inferior taxonomic groups. On the other hand, beyond the second 

threshold (T2), species richness steeply increases with island size, likely because larger 

islands have lower extinction rates, higher immigration rates (MacArthur and Wilson 

1967), larger population size (Gilpin and Diamond 1976), higher diversity of habitats, 

higher coverage of each habitat type (Lomolino 1990; Lomolino and Weiser 2001), and 

higher chance of internal geographical isolation (Losos 1996). As compared with the 

inferior groups, taxa in the superior groups may have a wider distribution on an island 

because of the better adaptation to their environment, and thus, it is more likely to occur 

that unfavorable habitats among populations keep them from mating with one another or 

mating throughout a population is not random if the population extends over a broad 

geographic range. So, when area is not too large that species of inferior taxonomic groups 

are still governed by habitat diversity, carrying capacity and extinction/immigration 

dynamics, superior taxonomic groups may have already entered into the evolutionary 

stage. That is why the second threshold values (T2) of superior taxonomic groups are also 

lower than that of inferior taxonomic groups. Our results provide evidence for the 

prediction made by Lomolino and Weiser (2001) who stated that the upper limit of the 
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threshold values tended to be higher for species groups with relatively high resource 

requirements and low dispersal abilities. 

MacArthur and Wilson (1967) stated that the range of insular z values was 0.20–

0.35, Rosenzweig (1995) later narrowed it to 0.25–0.33. However, beyond the second 

threshold (T2), the z values (0.42–0.94) were very high according to the three-slope 

function, reflecting species diversity is governed by not only the dynamics of 

immigrations but also considerable and rapid in site speciation (Lomolino 2000). This 

result is consistent with that of Losos and Schluter (2000), who suggested that within-

island speciation exceeds immigration as a source of new species on large islands, 

whereas speciation is rare on small islands. This result is also consistent with the findings 

of our previous studies on the same set of 1668 islands, which indicate the total β-

diversity can be explained largely by in site speciation rather than island size (Gao and 

Perry, in submission). Speciation occurring within large islands will in turn lead to 

species endemism in large islands, decreasing the likelihood of nestedness and increasing 

the likelihood of anti-nestedness in a system (Whittaker and Fernández-Palacios 2007). 

Apart from within-island speciation, human introductions have become a new mode of 

entering the region for some species, many of which are not native to the West Indies. 

For instance, Anolis carolinensis (native to USA) has arrived on Anguilla with the 

development of tourism (Eaton et al. 2001). The human mediated species introduction is 

much likely to be island specific and may decrease the nestedness as well. 

Although the whole system is unlikely to be nested, some portions within the 

system may still be nested as they get a relatively high NODF score, and such a high 

NODF score may correlate with a high matrix fill (Almeida-Neto et al. 2008). However, 
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this relationship has been argued not an analytical artifact but simply a consequence of 

the concept of nestedness, because matrix fill corresponds to the degree of species 

occupancy (Almeida-Neto et al. 2008). There are many factors representing different 

mechanisms at explaining nestedness. According to the classical island biogeography 

theory (MacArthur and Wilson 1967), the probability of immigration increases as island 

isolation decreases, and the probability of extinction increases as island area decreases. A 

high degree of nestedness in a matrix in which fragments are sorted by area suggests the 

importance of extinction. In this case, species with larger area requirements have a 

greater risk of extinction, and thus, a predictable sequence of extinction occurs in relation 

to island size (Patterson and Atmar 1986). A high degree of nestedness in a matrix sorted 

by isolation indicates the importance of immigration. In this case, nestedness is due to 

predictable dispersal limitation, such that nestedness occurs due to differential 

immigration to islands (Kadmon 1995). In addition to area and isolation, some other 

factors may also be important in producing nested patterns, such as habitat nestedness 

(Honnay et al. 1999), habitat quality (Hylander et al. 2005; Triantis and Bhagwat 2011), 

and disturbance (Fleishman and Murphy 1999; Wang et al. 2013). In this respect, our 

finding shines light on the further research to determine and compare the factors 

producing nested patterns at different areas. 
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Table 2.1 Results of breakpoint and traditional species–area regression analyses of herpetofauna on 1668 islands in the West Indies. Model performance is 

assessed using Akaike information criterion (AIC)-based model selection among a set of candidate models. For each model, the fitted parameters (c, z and T), the 

log-likelihood (log L), number of estimable parameters (K), Akaike’s information criterion (AIC), Akaike differences (∆AIC), and Akaike weights (ω) are 

presented. T is log10 of the area in km2 of the breakpoint. * left-horizontal 1 refers to left-horizontal with one threshold; left-horizontal 2 refers to left-horizontal 

with two thresholds. 

Group Model* 
Parameter estimate 

 
Model selection 

c1 c2 c3 z1 z2 z3 T1 T2 K log(L) AIC ∆AIC ω 

Reptiles linear 0.357   0.151      3 -257.13 520.26 238.91 0.00 

two-slope 0.244 0.271  0.080 0.310  -0.603   6 -140.63 293.26 11.91 0.00 

left-horizontal 1 0.099   0.309   -0.564   4 -174.02 356.03 74.68 0.00 

three-slope 0.244 0.280 0.031 0.080 0.297 0.421 -0.603 0.946  9 -131.67 281.35 0.00 0.96 

left-horizontal 2 0.021 0.271  0.127 0.310  -2.215 -0.603  7 -136.96 287.92 6.57 0.04 

Amphibians linear 0.043   0.028      3 1404.93 -2803.86 1336.67 0.00 

two-slope 0.024 -2.163  0.014 0.828  2.804   6 1994.28 -3976.57 163.96 0.00 

left-horizontal 1 0.015   0.808   2.639   4 1939.10 -3870.20 270.33 0.00 

three-slope 0.009 -0.118 -2.720 0.004 0.139 0.941 1.354 3.365  9 2079.27 -4140.53 0.00 1.00 

left-horizontal 2 -0.009 -2.720  0.129 0.941  0.675 3.365  7 2063.55 -4113.10 27.43 0.00 

Anolis lizards linear 0.119   0.060      3 731.14 -1456.28 451.82 0.00 

two-slope 0.077 -0.326  0.031 0.340  1.123   6 927.93 -1843.86 64.24 0.00 

left-horizontal 1 0.036   0.271   0.681   4 887.71 -1767.42 140.68 0.00 

three-slope 0.048 0.075 -1.193 0.016 0.114 0.600 -0.652 2.804  9 963.05 -1908.10 0.00 0.96 

left-horizontal 2 0.018 -1.193  0.113 0.600  -0.515 2.804  7 957.81 -1901.62 6.48 0.04 

Sphaerodactylus 

lizards 

linear 0.048   0.029      3 1571.18 -3136.35 1025.87 0.00 

two-slope 0.031 -1.557  0.016 0.628  2.676   6 2035.03 -4058.06 104.16 0.00 

left-horizontal 1 0.010   0.456   2.049   4 1987.58 -3967.15 195.07 0.00 

three-slope 0.020 -0.104 -1.970 0.009 0.126 0.724 1.302 3.069  9 2090.11 -4162.22 0.00 1.00 

left-horizontal 2 0.003 -1.970  0.107 0.724  0.625 3.069  7 2072.27 -4130.55 31.67 0.00 

Eleutherodactylus 

frogs 

linear 0.033   0.022      3 1586.63 -3167.26 1388.83 0.00 

two-slope 0.021 -3.330  0.013 1.056  3.365   6 2218.10 -4424.20 131.89 0.00 

left-horizontal 1 0.023   0.840   2.735   4 2168.49 -4328.98 227.11 0.00 

three-slope 0.005 -0.136 -0.980 0.003 0.126 0.561 1.302 3.947  9 2287.04 -4556.09 0.00 1.00 

left-horizontal 2 -0.012 -0.980  0.095 0.561  0.555 3.947  7 2250.32 -4486.63 69.46 0.00 

Peltophryne frogs linear 0.008   0.006      3 3066.04 -6126.08 1208.52 0.00 

two-slope 0.004 -17.596  0.003 3.711  4.871   6 3639.96 -7267.92 66.68 0.00 

left-horizontal 1 0.006   3.710   4.742   4 3523.12 -7038.24 296.36 0.00 

three-slope 0.004 0.000 -3.702 0.003 0.000 0.905 3.365 3.947  9 3580.26 -7142.52 192.08 0.00 

left-horizontal 2 -0.004 -2.506  1.203 0.655  2.995 3.555  7 3674.30 -7334.60 0.00 1.00 
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Table 2.2 Summary of results obtained from calculation of NODF for Anolis lizards, Sphaerodactylus 

lizards, Eleutherodactylus frogs, and Peltophryne frogs in the West Indies. Given are observed NODF 

values, the maximum NODF values obtained from random sampling (NODFmax), and Monte Carlo-derived 

probabilities that the matrix was randomly generated under null model FF and CC. 

Group 
Number 

of Species 

Number 

of islands 
Fill (%) NODF NODFmax 

P 

FF CC 

Anolis lizards 285 571 0.71 7.636 100.000 0.898 0.094 

Sphaerodactylus 

lizards 
163 373 0.95 3.562 75.000 0.919 0.918 

Eleutherodactylus 

frogs 
170 119 1.65 7.567 100.000 0.935 0.999 

Peltophryne frogs 15 12 19.44 35.088 88.889 0.927 0.392 
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Figure 2.1 Map of the West Indies, showing the distribution of 1668 studied islands. 
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Figure 2.2 Sample results of breakpoint and traditional species–area regression analysis 

for six taxonomic groups: (A) reptiles, (B) amphibians, (C) Anolis lizards, (D) 

Sphaerodactylus lizards, (E) Eleutherodactylus frogs, (F) Peltophryne frogs. Five 

different models were fitted to each taxonomic group in log S-space. 
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Figure 2.3 The histogram of NODF, an index for nestedness, derived from random 

sampling for (A) Anolis lizards, (B) Sphaerodactylus lizards, (C) Eleutherodactylus frogs, 

and (D) Peltophryne frogs. In each group, density is scaled to maximum of one. The red 

dashed line indicates the NODF score calculated for the entire system of each group. 
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CHAPTER III 

SPECIES–AREA RELATIONSHIPS AND ADDITIVE PARTITIONING OF 

DIVERSITY OF NATIVE AND NONNATIVE HERPETOFAUNA OF THE WEST 

INDIES (Published at Ecology and Evolution) 

 

Abstract   

To evaluate regional biogeographical patterns of West Indian native and 

nonnative herpetofauna, we derived and updated data on presence/absence of all 

herpetofauna in this region from recently published reviews. We divided the records into 

24 taxonomic groups and classified each species as native or nonnative at each locality. 

For each taxonomic group and in aggregate we then assessed: (1) multiple species–area 

relationship (SAR) models; (2) C- and Z-values, typically interpreted to represent 

insularity or dispersal ability; and (3) the average diversity of islands, among-island 

heterogeneity, γ-diversity, and the contribution of area effect towards explaining among-

island heterogeneity by using additive diversity partitioning approach. We found: (1) 

SARs were best modeled using the Cumulative Weibull and Lomolino relationships; (2) 

The Cumulative Weibull and Lomolino regressions displayed both convex and sigmoid 

curves; (3) The Cumulative Weibull regressions were more conservative than Lomolino 

at displaying sigmoid curves within the range of island size studied. The Z-value of all 

herpetofauna was overestimated by Darlington (1957), and Z-values were ranked: (1) 

native > nonnative; (2) reptiles > amphibians; (3) snake > lizard > frog > turtle > 

crocodilian; (4) increased from lower to higher level taxonomic groups. Additive 

diversity partitioning showed that area had a weaker effect on explaining the among-

island heterogeneity for nonnative species than for native species. Our findings imply that 
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the flexibility of Cumulative Weibull and Lomolino has been underappreciated in the 

literature. Z-value is an average of different slopes from different scales, and could be 

artificially overestimated due to oversampling islands of intermediate to large size. Lower 

extinction rate, higher colonization, and more in situ speciation could contribute to high 

richness of native species on large islands, enlarging area effect on explaining the 

between-island heterogeneity for native species, whereas economic isolation on large 

islands could decrease the predicted richness, lowering the area effect for nonnative 

species. For most small islands less affected by human activities, extinction and dispersal 

limitation are the primary processes producing low species-richness pattern, which 

decreases the overall average diversity with a large among-island heterogeneity 

corresponding to the high value of this region as a biodiversity hotspot. 

Introduction  

The species–area relationship (SAR; MacArthur and Wilson 1967), one of the 

closest things to a rule in ecology, has great utility for assessing species diversity and 

conservation needs. The shape of SARs provides information about underlying ecological 

processes and has been used in theoretical explorations of island biogeography, 

macroecology, species abundance distribution, and neutral models (Lomolino 2000; 

Pueyo 2006; Gavin and Sibanda 2012; Rybicki and Hanski 2013). SARs have been 

instrumental in studying scale-dependent and other effects on biodiversity (Turner and 

Tjørve 2005; Gerstner et al. 2014). Comparing SARs among taxa and regions helps 

explore dispersal and origination histories (Wilkinson 2003; Knapp 2005; Stark et al. 

2006). Finally, insights from SARs have been applied in optimal reserve design (Neigel 

2003), identifying biodiversity hotspots (Fattorini 2007), and assessing the impact that 

habitat fragmentation exerts on diversity (Harcourt and Doherty 2005). Due to its 
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generality, ecologists and conservationists are interested in mathematical modeling SARs 

to explore the scale-dependent relationship based on the shape of the selected model 

(Lomolino and Weiser 2001; Guilhaumon et al. 2010; Simaiakis et al. 2012). Although 

Power model (Arrhenius 1921) and Exponential model (Gleason 1922) are most 

commonly invoked, sigmoid models, which have received more and more attention 

recently (Lomolino 2000; Lomolino and Weiser 2001; Triantis et al. 2012), are found to 

be applicable when the spatial range exceeds three orders of magnitude (Triantis et al. 

2012). 

Despite its broad applicability, there are several limitations of the SAR. First, for 

some organisms, samples from fixed areas are difficult to obtain, and species richness can 

only be expressed in units of sampling effort (Crist and Veech 2006). Second, differences 

in the relative abundances of species are often ignored (Gotelli and Colwell 2001). Third, 

as we demonstrate in this paper, species are generally not homogeneously distributed 

among islands, and the heterogeneity in biodiversity within (α) and among (β) islands 

cannot be revealed by the SAR. What’s more, β-diversity among islands is only partly 

explained by island area, thereby, SAR alone cannot quantify how much of the total β-

diversity is due to area (βarea), and how much is due to other factors (βreplace; Golodets et al. 

2011; Zajac et al. 2013). However, the comparison of the diversity within (α) and among 

(β) islands and the contributions made by area (βarea) and other factors (βreplace) is 

important for strategic conservation planning because a low α-diversity with a high β-

diversity suggests that species assemblages are heterogeneous among islands and species 

are often endemic to individual islands, while a high α-diversity with a low β-diversity 

indicates that species assemblages are homogenous and species within each island are a 
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subsample of the same species pool (Francisco-Ramos and Arias-González 2013); a low 

βarea with a high βreplace suggests that factors such as in situ speciation and human 

introduction may have a greater role in influencing patterns of β-diversity, while a high 

βarea with a low βreplace indicates that species richness varies in a more predictable manner 

determined by factors such as habitat diversity, carrying capacity, and 

extinction/immigration dynamics as envisioned by MacArthur and Wilson (1967; 

Lomolino and Weiser 2001; Triantis and Bhagwat 2011). 

Area can only explain a portion of species richness. Other factors, such as 

competition, dispersal, colonization, and speciation also play important roles in 

influencing species richness (Crist and Veech 2006). The logarithmic transformation of 

the power function (logS = C + Z logA) is thus often used to calculate the C- and Z-values, 

which are generally thought to be indicators of isolation (Rosenzweig 1995), dispersal 

ability (Simaiakis et al. 2012), anthropogenic influence (Ficetola and Padoa-Schioppa 

2009), scale of sampling (Crawley and Harral 2001), trophic rank (Holt et al. 1999), 

energy or latitude (Storch et al. 2005), habitat diversity (Tjørve and Turner 2009), species 

diversity (Nilsson et al. 1988), or abundance distribution (Tjørve et al. 2008). The Z-

value, which tends to be less variable, is more often used (Lomolino 2000; Watling and 

Donnelly 2006). MacArthur and Wilson (1967) stated that the range of insular Z-values 

was 0.20–0.35. Rosenzweig (1995) later narrowed it to 0.25–0.33. These ranges have 

later become a standard reference for numerous studies. Below which, the low Z-values 

are thought to be an indicator of recent island formation, small degree of island isolation, 

and strong dispersal ability; consequently, the reduction of area fails to lead to a 

significant loss of species (Drakare et al. 2006; Triantis et al. 2008; Simaiakis et al. 2012). 
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But as the increase of study interests on small islands (Lomolino 2000; Triantis et 

al. 2006) and the improvement of calculation methods represented by the applications of 

piecewise regression and information theory (Gentile and Argano 2005; Dengler 2010; 

Matthews et al. 2014), scholars have argued that the species–area pattern is comprised of 

more than one SAR, whereby processes operating at different spatial scales lead to 

different Z-values (Losos and Schluter 2000; Lomolino and Weiser 2001; Rosenzweig 

2004; Morrison 2014; Gao and Perry 2016). Lomolino and Weiser (2001) and 

Rosenzweig (2004) even proposed three biological scales of species–area curve with 

three corresponding dominant processes of species addition and Z-values ranges: (1) 

stochastic extinction forces structure insular communities on small islands with Z-values 

ranging from 0.10 to 0.20; (2) extinction/immigration dynamics on islands of 

intermediate size with Z-values ranging from 0.25 to 0.45; (3) speciation on relatively 

large islands with Z-values higher than 0.60. And this proposal has been proved by Gao 

and Perry (2016), who recently detected the small island effect (SIE) of herpetofauna of 

the West Indies by using a three-segment piecewise regression approach. Thereby, we 

hypothesize that the overall Z-value is an average of the three Z-values of different scales, 

and the Z-value calculated from intermediate to large islands could lead to an 

overestimation of the overall Z-value. 

The West Indies is a biodiversity hotspot (Myers et al. 2000), especially for 

amphibians and reptiles. Over 90% of the herpetofaunal species in the region are endemic, 

sometimes even to isolated areas within an island (Hedges 2001). In order to reveal 

biogeographic patterns in this entire region, Darlington (1957) determined the SAR for 

the West Indian herpetofauna using only seven islands (Cuba, Hispaniola, Jamaica, 
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Puerto Rico, Montserrat, Saba, and Redonda). Subsequently, various methods such as 

SAR (Wright 1981; Losos 1996; Ricklefs and Lovette 1999), additive diversity 

partitioning (Francisco-Ramos and Arias-González 2013), parsimony analysis of 

distributions (Trejo-Torres and Ackerman 2001), phylogenetic analysis (Rodríguez-

Robles et al. 2007; Seal et al. 2011), chromosomal and genetic characterization 

(Giannoulis et al. 2014), ecomorphological evolution (Brandley and de Queiroz 2004), 

and fossil evidence (Hall et al. 2004) were used for many taxa.  

However, there are several imperfections in the current studies concerning SAR. 

First, small islands are ignored and most of these studies covered only a portion of the 

region, fewer than 200 islands in each case. Second, the power model is used by default, 

without evaluation of other possible candidate models. Third, the comparison of the 

diversity within and among islands and the contributions made by area and other factors 

remain blank. Fourth, although humans now become a major geological and 

environmental force (Corlett 2015), studies for nonnative species are still insufficient. 

Here, we evaluate biogeographical patterns of native and nonnative herpetofauna in the 

West Indies, on a scale not previously attempted, comparing (1) SAR models, (2) Z-

values, and (3) the heterogeneity in biodiversity within and among islands. The aims of 

the study are to investigate: (1) whether sigmoid instead of convex models provide a 

better performance; (2) whether the Z-value is overestimated in previous studies and how 

Z-values vary among groups; (3) whether area plays the same role towards explaining the 

among-island heterogeneity for native and nonnative species. 

Methods 

Study area and data 
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The West Indies comprises over 3000 islands, cays, and emergent rocks 

belonging to three main island groups: Bahamas, Greater Antilles, and Lesser Antilles. 

We derived complete herpetological species lists for each island from Powell and 

Henderson (2012), who recorded more than 1000 species on 749 islands. We digitized 

islands using basemaps in ArcMap 10 and ArcGlobe 10 (ESRI, Redlands, CA, USA), 

including not only the 749 islands included in Powell and Henderson (2012) but also 

hundreds of small explored islands that have no herpetofaunal species, for a total of 1668 

islands varying in area by over 10 orders of magnitude, from 3.9×10
-5

 km
2
 to 1.1×10

5
 

km
2
 (Figure 2.1). The resulting map was projected by a UTM_18N coordinate system 

with WGS_1984 datum. 

Species–area relationship 

The species records were classified into 24 taxonomic groups: all species, all 

native species, all nonnative species, all amphibian, amphibian native, amphibian 

nonnative, all reptile, reptile native, reptile nonnative, frog, frog native, frog nonnative, 

turtle, turtle native, turtle nonnative, lizard, lizard native, lizard nonnative, snake, snake 

native, snake nonnative, crocodilian, crocodilian native, and crocodilian nonnative. 

Power and Exponential are by far the best known models, whereof Power model is the 

most frequently applied to species–area data in literature. Recent work indicates that the 

shape of SAR curves in arithmetic space is often sigmoid rather than convex and has an 

upper asymptote, and thus attempts to model the SARs by using various functions have 

emerged. Dengler (2009) listed as many as 23 possible models, among which eight are 

commonly used and summarized by Guilhaumon et al. (2010). We investigated eight 

candidate models (Power, Exponential, Negative exponential, Monod, Rational, Logistic, 
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Lomolino, and Cumulative Weibull), including both convex and sigmoid models, to 

analyze SARs in each group. The Akaike’s information criterion (AIC) was applied as a 

criterion for model selection (Burnham and Anderson 2002). We also calculated Akaike 

weights (ω) for all models to evaluate each model’s probability of providing the best 

explanation of the data. Moreover, we calculated the first and second derivatives of the 

Lomolino and Cumulative Weibull to test the shape of the maximum-likelihood curves fit 

for each taxonomic group, and we also applied a bootstrapping approach which 

resampled the data points 10000 times and gave bootstrapped estimates of parameters and 

the probability that inflexion point occurs within the range of observed island size. 

We also analyzed the linear function of the power model (logS/logA) to compare 

Z-values among different species groups and compare the Z-value of all herpetofauna 

obtained here with that calculated by Darlington (1957). Because the logarithm of zero is 

undefined, and any data transformation such as log(S + 1) biases C- and Z-values when 

comparing among studies (Williamson 1981). To avoid biasing the parameters, only 

islands with recorded species were analyzed. Although removing observations is not 

favored, we believe sacrificing some data in exchange for an unbiased result was 

worthwhile (Russell et al. 2004). 

Additive diversity partitioning 

Alpha diversity is the diversity of a single island or location; β-diversity is the 

number of species in a region that are not observed on an island due to multiple localities; 

and γ-diversity is the total diversity of a region. Because typically α-diversity is measured 

with respect to some fixed spatial scale, rather than a scale that varies by several orders of 
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magnitude, we replaced α-diversity with the average diversity of islands in our dataset 

(hereafter referred to as “a” for brevity) and β-diversity with among-island heterogeneity 

(hereafter referred to as “b” for brevity). We used additive diversity partitioning to 

quantify the heterogeneity in biodiversity by comparing the diversity within (a) and 

among (b) islands and by comparing the contributions made by area (barea) and other 

factors (breplace). In the additive approach, diversity can be explored across spatial scales 

(Gering and Crist 2002), and γ-diversity (regional scale) is partitioned into the sum of the 

average diversity of islands (a) and among-island heterogeneity (b). Because a, b, and γ-

diversity are measured using the same units, their relative importance can be quantified 

(Crist and Veech 2006).  

Although understanding the spatial scale at which diversity is generated is 

important, we also must know the reasons that cause one or more species to be missing 

from an island. When a species is missing from an island, one reason might be that the 

island is not large enough. So, we used additive diversity partitioning combined with 

SAR to partition b into barea, which represents the average difference between a and the 

diversity predicted for the largest sample (Smax) and breplace, the average number of 

missing species that are not explained by area. 

In order to unify the calculation method, we estimated Smax by using the Lomolino 

model (we use Lomolino because Cumulative Weibull did not provide parameter 

estimation for nonnative crocodilians) for each group. 

We performed all analyses using R 2.15.2 (R Development Core Team 2012), and 

used the MMSAR package (Guilhaumon et al. 2010) for modeling the SARs. 
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Results 

Species richness increased as island area increased (Figure 3.1), and the positive 

SARs for the nonnative are consistent with Helmus et al. (2014). A significant positive 

correlation (p < 0.05) existed between island area and the number of herpetofaunal 

species, except for the turtle nonnative (p = 0.16) and crocodilian nonnative (p = 0.68) 

groups (Figure 3.1). In the nonnative groups, extremely large values of species richness 

sometimes existed in small-area islands and extremely small values of species richness 

existed in large-area islands (Figure 3.1). Further, species–area plots of the native groups 

were more convergent to the regression line than those of the nonnative groups. 

Species richness showed a phase of rapid rise across small-island areas followed 

by a subsequent flattening toward an asymptote. The model with lower AIC value 

indicates stronger evidence for being better over the others. However, according to 

Burnham and Anderson (2002), models with AIC differences (∆AIC) between zero and 

two have equal support, whereas models that differ from the best model by between four 

and seven have limited support, and those that differ from the best model by 10 or more 

have no support. So, in our study, the model with the lowest AIC and models with ∆AIC 

no higher than two were all considered equally the best; e.g., for amphibian species group 

(Table 3.1), the second-best fit model had a ∆AIC of 30, which was > 2, so only one 

relationship (Cumulative Weibull) was selected for this group. However, for all species 

and all nonnative species groups, the second-best fit model had a ∆AIC ≤ 2, so two 

relationships were considered equally for these two groups. Exponential and Monod were 

never selected as best models; Negative Exponential was selected only once; Rational 

and Logistic were selected three times; Power five times. The two most popular models 

were Cumulative Weibull (12 times) and Lomolino (eight times; Table 3.1).  
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The Lomolino regressions displayed sigmoid curves for native amphibians, native 

frogs, and nonnative turtles, but convex curves for the other taxonomic groups; whereas 

the Cumulative Weibull regressions displayed sigmoid curves only for native amphibians 

and native frogs, but convex curves for the rest groups (Table 3.2). Moreover, the 

Lomolino regressions had a higher probability that an inflexion point occurs within the 

range of observed island size than the Cumulative Weibull regressions for each 

taxonomic group (Table 3.2). 

Darlington (1957) used seven islands to calculate the Z-value of all herpetofauna 

in this region. However, these seven islands are a subset of intermediate to large islands. 

In this study, as many small islands were taken into consideration, the Z-value of all 

herpetofauna was much lower than Darlington’s result, suggesting the exclusion of small 

islands could lead to an overestimation (Figure 3.2). Here, the Z-values were in the range 

-0.01–0.20 for herpetofauna in the West Indies, and Z-values were higher for increasingly 

higher taxonomic groups; i.e., Z-values for native snake, snake, all reptile, and all species 

were 0.15, 0.17, 0.19, and 0.2, respectively. We recognized four patterns when 

comparing Z-values among groups: (1) native > nonnative; (2) reptiles > amphibians; (3) 

snake > lizard > frog > turtle > crocodilian; (4) increased from lower to higher level 

taxonomic groups. The C-value of all herpetofauna (0.58) was high as compared with the 

range 0.524±0.048 for vertebrate studies (Triantis et al. 2012). 

According to the additive diversity partitioning for each group (Figure 3.3), a 

explained only 0.12%–0.67% of the variation in island species richness (mean = 0.25%). 

On the contrary, b explained more than 99% of the variation in island species richness. 

Thus, in this region and for these taxa, b ≈ γ-diversity.  
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We also compared barea and breplace for each group (Figure 3.3). The proportion of 

barea to the total b ranged from a low of 3.9% in nonnative snakes to 49.7% in native 

crocodilians, with an average of 22.8%. The proportion of breplace to the total b was 77.2% 

on average, about three times the proportion of barea.  

In the native species groups, the proportion of barea to the total b ranged from a 

low of 20.9% in native snakes to 49.7% in native crocodilians, with an average of 32.5%. 

In the nonnative species groups, the proportion of barea to the total b ranged from a low of 

3.9% in nonnative snakes to 13.7% in nonnative amphibians, with an average of 8.7%. 

Thus, the area effect played a much less important role in nonnative species than in native 

taxa. 

Discussion 

We found the Cumulative Weibull and Lomolino models were better than the 

traditional Power and Exponential models to our data. Although Cumulative Weibull and 

Lomolino are categorized as sigmoid models in the literature (Lomolino 2000; Dengler 

2009; Tjørve 2009; Guilhaumon et al. 2010), here we found and proved these two models 

displayed both convex and sigmoid shapes when applied to different groups (Figure 3.3; 

Table 3.2; Text B.1). Our result is consistent with Gentile and Argano (2005), who found 

the Lomolino model can be convex under some conditions. However, this result is 

inconsistent with Triantis et al. (2012), who stated the estimated inflexion point of 

sigmoid regressions often occurs outside the range of observed areas, and thus the fitted 

shape is convex in form rather than sigmoid. On the contrary, the fitted convex curves of 

Cumulative Weibull and Lomolino in our dataset were absolutely convex shape, without 

inflexion points lying outside the area range. And this conclusion is confirmed through 



Texas Tech University, De Gao, May 2017 
 

50 
 

calculations of the first and second derivatives of Lomolino and Cumulative Weibull, 

through which, we further found that assuming all parameters are positive, Lomolino 

displays sigmoid shape if z e  and Cumulative Weibull displays sigmoid shape if 1f   

(Text B.1). So, compared with the traditional Power and Exponential models, the 

Cumulative Weibull and Lomolino models are superior in that: (1) a J-shaped portion that 

may occur at the lower end can explain the minimum-area effect that holds that below a 

certain area threshold no species would accumulate because there would not be enough 

area for species to support viable populations (Heatwole and Levins 1973; Lomolino 

1990; Simaiakis et al. 2012); and (2) their underappreciated flexibility can switch shapes 

between convex and sigmoid.  

Compared with the C-value for the main taxonomic groups summarized by 

Triantis et al. (2012), the overall C-value in this study was high among vertebrate studies. 

The high C-value demonstrates that amphibians and reptiles require less space to sustain 

viable populations than other vertebrates, given the small body size and distinctive 

physiology of many species. For instance, frogs in the genus Eleutherodactylus 

(Eleutherodactylidae), which comprise the dominant frog fauna of the West Indies, 

contains terrestrial-breeding frogs that lay eggs on land or tree leaves, and these eggs 

later hatch into miniatures of the adults, bypassing the tadpole stage (Hedges 1993), and 

that reproductive mode can occur in a cave, on a mountain top, or high in a tree without 

direct dependency on water; this greatly enhances viability in a water-deficient and 

space-limited environment.  

If small islands are excluded from the calculation, Z-value will only represent the 

SAR from intermediate to large scale. Thereby, the exclusion of small islands could lead 
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to an overestimation of the overall Z-value. Compared with the Z-values ranges pointed 

by MacArthur and Wilson (1967) and Rosenzweig (1995), the negative value of -0.01 for 

nonnative crocodilians may due to small number of islands (n = 9), an inadequate sample 

size for robust linear modelling (Chase and Bown 1997). However, the remaining Z-

values (0.02–0.20) were also very low. 

Over 1300 species have been recorded in the region, with as many as 407 on the 

single largest island, however, a explained only 0.12%–0.67% of γ-diversity. The small a 

(0.81) indicates low species evenness, and this is because most of the islands across a 

large spatial range are small, and over 900 (about half) are not known to support any 

herpetofaunal species. The low Z-values and small a may partly due to the fact that the 

“zero” islands (islands with no recorded species) are removed when calculating Z-values 

but included when calculating a. Moreover, the low Z-values and small a paradoxically 

reveal that (1) the reduction of area leads to a significant loss of species especially on 

small islands; and (2) the low Z-values are an average effect from three different scales, 

but cannot reflect strong dispersal abilities at all these scales. For instance, native 

crocodilians have a much lower Z-value than native lizards, however, native crocodilians 

occupies only 39 islands as compared with 737 for native lizards, indicating Z-value may 

not be a precise indicator of dispersal ability. Moreover, nonnative species groups have 

even lower Z-values than native species groups, and this may reveal different species-

richness scenarios at different scales: First, speciation is impossible for nonnative species 

on large islands, instead, considerable human activities facilitate the dispersal of 

nonnative species on intermediate and large islands. The long human presence and high 

frequency of movements into, out of, and within the region have resulted in many 
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herpetofaunal species functioning as effective dispersers. For instance, the development 

of the tourist industry often entails extensive movements of materials (e.g., lumber, 

decorative plants) among which herpetofaunal species sometimes stowaway (Powell and 

Henderson 2012). The trade in live animals (e.g., pets and food) also has played an 

important role (Perry and Farmer 2011; Powell et al. 2011). Second, many small islands 

have no recorded species, reducing the average diversity; whereas other small islands 

harbor relatively many species, lowering Z-values especially for nonnative species. At 

least some of this discrepancy likely results from human activities, which continuously 

supply new colonists to some islands but also transform previous land-use types into 

anthropogenic biotopes such as cultivation and settlements (Sfenthourakis 1996), hosting 

some herpetofaunal species that coexist with humans (Raxworthy and Nussbaum 2000; 

Henderson and Powell 2001). 

The increase of Z-values from lower to higher taxonomic groups is an inevitable 

result of the positive SARs. Because when a lower taxonomic group is combined with 

another one, species increments become larger and larger as the increase of island size, 

leading to a higher resultant Z-value. 

Herpetofaunal species may be removed with a reduction of area (Triantis et al. 

2006; Sfenthourakis and Triantis 2009). This situation is particularly detrimental to 

habitat specialists (Sfenthourakis and Triantis 2009). Moreover, many very small islands 

are subject to episodic instability and catastrophic events, such as devastation by storms 

or inundation by tidal surges, which can lead to total species extinction (MacArthur and 

Wilson 1967). Extinction event rather than colonization is thought to be the primary 

process producing species–area patterns (Rand 1969; Losos 1996; Perry et al. 1998). 
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However, in this study, we found colonization can still be an important process on small 

islands, and this conclusion is consistent with that of Russell et al. (2004), who suggested 

that human activities can be a decisive factor affecting species richness. 

Area explained only around 22.8% of the total b. The proportion of breplace to the 

total b was as high as 77.2%, suggesting rapid within-island speciation is a main source 

of new species in this region; e.g., the adaptive radiation of anoles (Losos 2009). Our 

findings are consistent with those of Losos and Schluter (2000), who indicated that very 

few species present on small islands cannot also be found on nearby large islands. Apart 

from within-island speciation, human introductions, although minor, has become a new 

mode of entering the region for some species, many of which are not native to the West 

Indies, enlarging the among-island heterogeneity. For instance, Anolis carolinensis 

(native to USA) has arrived on Anguilla with the development of tourism (Eaton et al. 

2001). 

Area is even weaker at explaining the among-island heterogeneity for nonnative 

herpetofaunal species, because nonnative species are introduced via human activities that 

might be directly caused by economic development instead of island area (Powell et al. 

2011). Normally, the larger the island, the larger human population and richer natural 

resources there would be, so economic development may have a positive correlation with 

island size. However, this is not always the case. For example, the US–Cuban trade 

embargo strongly increases Cuban economic isolation (Helmus et al. 2014), lowering the 

estimated Smax and therefore decreasing area effect towards explaining the among-island 

heterogeneity for nonnative species. On the other hand, larger islands have lower 
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extinction rate, higher colonization, and more in situ speciation than smaller islands, 

maximizing the estimated Smax for native species. 

Suitable herpetofaunal habitats are deteriorating on many (maybe most) islands as 

a consequence of human activities (Perry and Farmer 2011; Powell and Henderson 2012). 

Consequently, the probability of alien species becoming established is increased, and 

Powell et al. (2011) strongly recommended that an early detection and monitoring system 

for alien species be established in this region. If current trends continue, as in other 

regions of the world (e.g., Whitaker 1973; Perry et al. 1998), we suggest that a number of 

endemic West Indian herpetofaunal species will be extirpated from large islands and 

might survive solely (if at all) on tiny offshore islets. A Z-value of around 0.3 obtained by 

Darlington (1957) suggests if the area is reduced by 90 % then the number of species it 

supports will be halved. However, our study demonstrated that Z-value is scale dependent, 

so the loss rate of species against area reduction is also scale dependent rather than 

constant across scales, and native species on large islands are most sensitive to area 

reduction. Thereby, we also recommend that conservation priority should be given to 

large and habitat-rich islands with the most species-rich community to maximize the 

number of endemic species preserved.  
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Table 3.1 Evaluation of all candidate models based on the Akaike’s information criterion values (AIC), the difference between the AIC values (∆AIC), the 1 
Akaike weights (ω), and the rank of functions (r) for each taxonomic group. 2 

Name Code Formula 
Number of 

parameters 
Shape Asymptote 

 All Species 

AIC ∆AIC ω r 

Power Power S=cAz 2 Convex No  4752.0 0.0 0.63 1 

Exponential Expo S=c+zlog(A) 2 Convex No 8746.7 3994.7 0.00 8 

Negative exponential Negexpo S=c(1-exp(-zA)) 2 Convex Yes 5374.0 622.0 0.00 5 

Monod Monod S=c/(1+zA-1) 2 Convex Yes 5448.0 696.0 0.00 7 

Rational function Ratio S=(c+zA)/(1+fA) 3 Convex Yes 5332.8 580.8 0.00 4 

Logistic Logist S=c/(1+exp(-zA+f)) 3 Sigmoid Yes 5408.8 656.8 0.00 6 

Lomolino Lomolino S=c/(1+zlog(f/A)) 3 Sigmoid/Convex Yes 4755.0 3.0 0.14 3 

Cumulative Weibull Weibull S=c(1-exp(-zAf)) 3 Sigmoid/Convex Yes 4754.0 2.0 0.23 2 

 

All Native  
 

All Nonnative  
 

All Amphibian 
 

Amphibian Native 

AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r 

4415.3 0.0 0.61 1 

 

1343.8 220.7 0.00 6 

 

-601.4 94.4 0.00 3 

 

-1162.5 416.7 0.00 6 

8627.0 4211.7 0.00 8 1661.3 538.2 0.00 7 3422.1 4117.9 0.00 8 3220.4 4799.6 0.00 8 

4741.0 325.7 0.00 6 1144.7 21.6 0.00 4 -574.4 121.4 0.00 5 -1560.9 18.3 0.00 2 

4754.9 339.6 0.00 7 1976.6 853.5 0.00 8 696.7 1392.5 0.00 7 -223.2 1356.0 0.00 7 

4701.3 286.0 0.00 4 1123.1 0.0 0.60 1 -591.2 104.6 0.00 4 -1480.3 98.9 0.00 3 

4702.8 287.5 0.00 5 1204.7 81.6 0.00 5 -169.2 526.6 0.00 6 -1383.2 196.0 0.00 5 

4417.9 2.6 0.17 3 1124.6 1.5 0.29 2 -665.8 30.0 0.00 2 -1409.3 169.9 0.00 4 

4417.3 2.0 0.22 2 1126.5 3.4 0.11 3 -695.8 0.0 0.99 1 -1579.2 0.0 1.00 1 

 

Amphibian Nonnative 
 

All Reptile 
 

Reptile Native 
 

Reptile Nonnative 

AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r 

-2510.0 216.3 0.00 6 

 

4357.8 0.0 0.67 1 

 

4075.4 75.5 0.00 2 

 

343.6 193.3 0.00 6 

-2198.6 527.7 0.00 7 8021.9 3664.1 0.00 8 7917.3 3917.4 0.00 8 620.8 470.5 0.00 7 

-2693.1 33.2 0.00 4 4937.1 579.3 0.00 6 4419.3 419.4 0.00 6 167.7 17.4 0.00 4 

-1979.9 746.4 0.00 8 4993.0 635.2 0.00 7 4449.0 449.1 0.00 7 918.1 767.8 0.00 8 

-2718.4 7.9 0.01 3 4880.7 522.9 0.00 5 3999.9 0.0 1.00 1 150.3 0.0 0.77 1 

-2621.0 105.3 0.00 5 4872.2 514.4 0.00 4 4311.7 311.8 0.00 5 213.6 63.3 0.00 5 

-2726.3 0.0 0.63 1 4362.1 4.3 0.08 3 4077.7 77.8 0.00 4 155.1 4.8 0.07 3 

-2725.2 1.1 0.36 2 4359.8 2.0 0.25 2 4077.4 77.5 0.00 3 153.5 3.2 0.16 2 

 3 

 4 

 5 
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Name Code Formula 
Number of 

parameters 
Shape Asymptote 

 Frog  

AIC ∆AIC ω r 

Power Power S=cAz 2 Convex No  -615.8 97.0 0.00 3 

Exponential Expo S=c+zlog(A) 2 Convex No 3421.3 4134.1 0.00 8 

Negative exponential Negexpo S=c(1-exp(-zA)) 2 Convex Yes -591.2 121.6 0.00 5 

Monod Monod S=c/(1+zA-1) 2 Convex Yes 689.2 1402.0 0.00 7 

Rational function Ratio S=(c+zA)/(1+fA) 3 Convex Yes -607.3 105.5 0.00 4 

Logistic Logist S=c/(1+exp(-zA+f)) 3 Sigmoid Yes -181.4 531.4 0.00 6 

Lomolino Lomolino S=c/(1+zlog(f/A)) 3 Sigmoid/Convex Yes -682.3 30.5 0.00 2 

Cumulative Weibull Weibull S=c(1-exp(-zAf)) 3 Sigmoid/Convex Yes -712.8 0.0 1.00 1 

 

Frog Native 
 

Frog Nonnative 
 

Turtle  
 

Turtle Native 

AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r 

-1143.0 412.1 0.00 6 

 

-2639.3 213.4 0.00 6 

 

-3507.6 259.9 0.00 6 

 

-6540.2 8.0 0.01 3 

3227.5 4782.6 0.00 8 -2329.3 523.4 0.00 7 -3084.0 683.5 0.00 7 -5680.4 867.8 0.00 8 

-1542.0 13.1 0.00 2 -2822.8 29.9 0.00 4 -3759.6 7.9 0.02 2 -6299.6 248.6 0.00 5 

-232.2 1322.9 0.00 7 -2111.4 741.3 0.00 8 -2906.4 861.1 0.00 8 -6073.8 474.4 0.00 7 

-1462.1 93.0 0.00 3 -2846.8 5.9 0.04 3 -3757.1 10.4 0.01 3 -6371.8 176.4 0.00 4 

-1362.1 193.0 0.00 5 -2762.1 90.6 0.00 5 -3648.6 118.9 0.00 5 -6134.6 413.6 0.00 6 

-1439.0 116.1 0.00 4 -2852.7 0.0 0.85 1 -3756.9 10.6 0.00 4 -6548.2 0.0 0.58 1 

-1555.1 0.0 1.00 1 -2848.6 4.1 0.11 2 -3767.5 0.0 0.97 1 -6547.5 0.7 0.41 2 

 

Turtle Nonnative 
 

Lizard  
 

Lizard Native 
 

Lizard Nonnative 

AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r 

-3524.4 205.8 0.00 6 

 

3950.1 121.9 0.00 3 

 

3819.9 328.4 0.00 3 

 

-1999.0 75.4 0.00 6 

-3441.7 288.5 0.00 7 6734.9 2906.7 0.00 8 6631.2 3139.7 0.00 8 -1633.2 441.2 0.00 7 

-3730.2 0.0 0.66 1 4157.8 329.6 0.00 6 3887.2 395.7 0.00 6 -2020.0 54.4 0.00 4 

-3275.3 454.9 0.00 8 4254.9 426.7 0.00 7 4234.8 743.3 0.00 7 -1304.9 769.5 0.00 8 

-3707.9 22.3 0.00 3 3838.3 10.1 0.01 2 3586.1 94.6 0.00 2 -2057.1 17.3 0.00 3 

-3702.1 28.1 0.00 5 3828.2 0.0 0.99 1 3491.5 0.0 1.00 1 -2002.1 72.3 0.00 5 

-3706.6 23.6 0.00 4 3955.4 127.2 0.00 5 3823.2 331.7 0.00 5 -2074.4 0.0 0.97 1 

-3728.9 1.3 0.34 2 3952.1 123.9 0.00 4 3822.5 331.0 0.00 4 -2067.1 7.3 0.03 2 

 6 

 7 

 8 

 9 
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Name Code Formula 
Number of 

parameters 
Shape Asymptote 

 Snake  

AIC ∆AIC ω r 

Power Power S=cAz 2 Convex No  -546.8 0.0 0.60 1 

Exponential Expo S=c+zlog(A) 2 Convex No 2113.4 2660.2 0.00 8 

Negative exponential Negexpo S=c(1-exp(-zA)) 2 Convex Yes 323.6 870.4 0.00 5 

Monod Monod S=c/(1+zA-1) 2 Convex Yes 689.1 1235.9 0.00 7 

Rational function Ratio S=(c+zA)/(1+fA) 3 Convex Yes 155.5 702.3 0.00 4 

Logistic Logist S=c/(1+exp(-zA+f)) 3 Sigmoid Yes 490.7 1037.5 0.00 6 

Lomolino Lomolino S=c/(1+zlog(f/A)) 3 Sigmoid/Convex Yes -544.5 2.3 0.19 3 

Cumulative Weibull Weibull S=c(1-exp(-zAf)) 3 Sigmoid/Convex Yes -544.7 2.1 0.21 2 

 

Snake Native 
 

Snake Nonnative 
 

Crocodilian  
 

Crocodilian Native 

AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r AIC ∆AIC ω r 

-874.5 0.0 0.59 1 

 

-3029.9 115.0 0.00 6 

 

-5987.4 32.8 0.00 3 

 

-6556.7 14.8 0.00 3 

1948.7 2823.2 0.00 8 -2945.3 199.6 0.00 7 -5541.8 478.4 0.00 8 -6230.9 340.6 0.00 8 

-173.3 701.2 0.00 5 -3137.0 7.9 0.01 5 -5918.4 101.8 0.00 5 -6469.7 101.8 0.00 5 

104.5 979.0 0.00 7 -2846.2 298.7 0.00 8 -5594.1 426.1 0.00 7 -6242.6 328.9 0.00 7 

-331.1 543.4 0.00 4 -3141.6 3.3 0.13 2 -5945.5 74.7 0.00 4 -6497.6 73.9 0.00 4 

-74.0 800.5 0.00 6 -3144.9 0.0 0.66 1 -5618.3 401.9 0.00 6 -6254.3 317.2 0.00 6 

-872.3 2.2 0.20 3 -3141.5 3.4 0.12 3 -6020.2 0.0 0.92 1 -6571.5 0.0 0.79 1 

-872.5 2.0 0.21 2 -3140.6 4.3 0.08 4 -6015.3 4.9 0.08 2 -6568.8 2.7 0.21 2 

 

Crocodilian Nonnative 

AIC ∆AIC ω r 

-8476.0 28.8 0.00 4 

-8294.3 210.5 0.00 7 

-8499.3 5.5 0.06 2 

-8345.8 159.0 0.00 6 

-8497.4 7.4 0.02 3 

-8455.1 49.7 0.00 5 

-8504.8 0.0 0.92 1 

- - - - 

 10 

 11 
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Table 3.2 Shape exploration of the Lomolino and Cumulative Weibull regressions for each taxonomic group. For each model, the fitted parameters (c, z, and f) 12 
were obtained by using a maximum-likelihood approach; 95% confidence intervals on the regression parameters as well as the probability of appearance of an 13 
inflexion point within the range of observed areas were estimated by using a bootstrapping approach. 14 
1L refers to Lomolino; W refers to Cumulative Weibull. 15 
2C refers to convex curve; S refers to sigmoid curve. 16 

Group  Model1  

Maximum-likelihood approach 

 

Bootstrapping approach 

c  z  f  Shape2 
c 

 
z 

 
f 

 
Inflexion 

(%) 2.5%  97.5% 2.5%  97.5% 2.5%  97.5% 

All Species  L  1.4E+6  1.7  3.8E+11  C  3.8E+2  2.6E+7  1.4  5.4E+1  1.2E+4  2.3E+16  19.77 

 W  7.5E+7  1.0E-8  5.4E-1  C  3.3E+5  1.2E+10  6.2E-11  4.4E-6  3.5E-1  6.1E-1  0.00 

All Native  L  2.6E+5  1.8  4.0E+9  C  3.7E+2  2.5E+7  1.4  4.8E+1  1.4E+4  5.2E+17  12.64 

 W  1.6E+8  2.2E-9  6.1E-1  C  1.6E+4  7.4E+9  4.1E-11  2.1E-5  3.3E-1  7.1E-1  0.05 

All 

Nonnative 

 L  1.0E+1  2.2  2.7E+2  C  5.5  2.2E+1  1.7  9.3E+3  5.6E+1  4.0E+3  28.20 

 W  9.2  1.8E-2  6.8E-1  C  5.4  1.9E+1  1.6E-5  3.5E-2  4.6E-1  1.7  2.15 

All 

Amphibian 

 L  1.8E+2  2.0  1.4E+5  C  1.9E+1  3.1E+5  1.7  2.1E+5  2.2E+3  2.2E+11  24.72 

 W  9.6E+1  4.3E-4  7.2E-1  C  7.6E+1  3.1E+8  3.0E-10  1.1E-3  5.2E-1  1.0  2.76 

Amphibian 

Native 

 L  7.7E+1  6.4  1.7E+4  S  2.4E+1  1.3E+5  1.8  7.3E+4  2.8E+3  1.1E+10  54.16 

 W  7.5E+1  9.5E-6  1.1  S  7.0E+1  2.0E+8  6.9E-11  3.3E-4  5.8E-1  1.9  33.31 

Amphibian 

Nonnative 

 L  3.6  2.1  4.3E+2  C  1.6  3.6E+1  1.6  6.3E+3  6.1E+1  3.6E+5  22.81 

 W  3.6  1.8E-2  5.9E-1  C  1.7  2.8E+2  6.0E-7  3.0E-2  4.6E-1  1.5  2.18 

All Reptile  L  5.2E+5  1.7  1.1E+11  C  1.6E+2  3.5E+7  1.4  1.3E+2  1.4E+4  1.5E+16  9.82 

 W  5.5E+8  1.2E-9  5.4E-1  C  1.0E+2  9.4E+9  6.0E-11  2.5E-2  3.2E-1  6.2E-1  0.00 

Reptile 

Native 

 L  6.8E+5  1.8  3.3E+10  C  3.0E+2  2.6E+7  1.3  6.9E+1  1.6E+4  2.9E+18  7.81 

 W  4.6E+8  6.8E-10  6.0E-1  C  5.3E+5  9.2E+9  2.9E-11  1.5E-6  3.0E-1  7.1E-1  0.00 

Reptile 

Nonnative 

 L  7.0  2.2  2.2E+2  C  3.8  1.3E+1  1.7  4.7E+8  5.2E+1  3.1E+3  33.18 

 W  6.1  1.8E-2  7.1E-1  C  3.7  1.8E+1  1.3E-8  3.8E-2  4.5E-1  3.6  2.42 

Frog  L  1.7E+2  2.0  1.3E+5  C  1.9E+1  3.1E+5  1.7  1.7E+5  2.1E+3  2.4E+11  24.79 

 W  9.6E+1  4.2E-4  7.2E-1  C  7.6E+1  3.3E+8  2.5E-10  1.1E-3  5.2E-1  1.0  2.61 

Frog Native  L  9.2E+1  3.2  2.8E+4  S  2.2E+1  1.5E+5  1.8  8.2E+4  2.7E+3  8.5E+9  53.10 

 W  7.5E+1  1.2E-5  1.1  S  7.0E+1  1.8E+8  7.2E-11  3.5E-4  5.7E-1  2.1  33.43 

Frog 

Nonnative 

 L  3.3  2.1  3.8E+2  C  1.6  2.7E+1  1.6  2.1E+4  6.2E+1  1.5E+5  26.37 

 W  3.3  1.9E-2  5.9E-1  C  1.6  1.7E+1  3.6E-7  3.0E-2  4.7E-1  2.0  1.58 

Turtle  L  2.8  2.4  3.0E+2  C  1.6  4.1  1.7  1.4E+2  1.1E+2  2.6E+3  35.06 

 W  2.5  9.1E-3  8.0E-1  C  1.6  3.8  2.2E-4  2.8E-2  4.5E-1  1.4  10.50 

Turtle 

Native 

 L  7.6  1.6  2.5E+5  C  2.3E-3  3.0E+3  9.5E-3  3.0E+110  8.9E+1  6.5E+11  13.57 

 W  4.9  5.2E-3  4.5E-1  C  6.6E-1  4.8E+4  1.6E-7  1.2E-2  4.0E-1  1.6  0.05 
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Turtle 

Nonnative 

 L  1.4  3.1  1.7E+2  S  4.8E-2  3.0  1.4E-3  8.3E+35  3.4E+1  2.6E+5  60.30 

 W  1.4  6.0E-3  9.1E-1  C  6.5E-1  3.1  7.6E-60  5.3E-2  6.0E-1  2.2E+1  7.20 

Lizard  L  1.3E+4  1.7  3.2E+8  C  1.8E+2  2.3E+7  1.3  2.8E+2  1.1E+4  3.4E+19  22.36 

 W  6.0E+8  9.6E-10  5.1E-1  C  2.1E+2  7.8E+9  4.3E-11  4.8E-4  2.9E-1  1.3  3.82 

Lizard 

Native 

 L  2.1E+4  1.7  4.3E+8  C  1.8E+2  2.1E+7  1.3  3.9E+2  8.7E+3  7.4E+20  27.93 

 W  2.4E+4  1.5E-5  5.5E-1  C  2.0E+2  6.6E+9  2.9E-11  1.7E-4  2.7E-1  1.7  10.40 

Lizard 

Nonnative 

 L  5.4  1.7  1.4E+3  C  2.2  2.5E+1  1.4  2.6E+2  6.1E+1  9.9E+5  12.47 

 W  5.0  2.9E-2  4.5E-1  C  2.0  1.4E+1  1.9E-5  4.4E-2  3.6E-1  1.6  0.48 

Snake  L  4.7E+4  1.5  6.9E+11  C  8.7  1.8E+6  1.5  3.0E+3  2.5E+2  3.5E+15  11.58 

 W  1.6E+5  2.0E-6  4.4E-1  C  7.2  9.2E+8  3.2E-10  4.1E-2  4.1E-1  5.7E-1  0.00 

Snake 

Native 

 L  3.4E+5  1.6  1.7E+13  C  7.9  2.3E+6  1.5  5.0E+2  3.4E+2  9.8E+14  12.10 

 W  7.7E+8  2.8E-10  4.7E-1  C  7.0  1.3E+9  1.6E-10  4.4E-2  4.3E-1  5.3E-1  0.00 

Snake 

Nonnative 

 L  1.4  2.6  1.7E+2  C  4.7E-1  5.0  1.8  9.9E+130  1.6E+1  6.4E+3  44.72 

 W  1.4  1.4E-2  7.4E-1  C  5.4E-1  6.5E+1  3.3E-184  2.6E-2  5.3E-1  8.8E+1  5.05 

Crocodilian  L  2.7  1.6  9.7E+3  C  2.8E-2  1.3E+3  3.1E-3  2.7E+15  6.4E+1  4.6E+11  12.23 

 W  2.1  1.4E-2  4.6E-1  C  5.7E-1  2.5E+4  5.3E-10  3.0E-2  3.7E-1  3.1  0.63 

Crocodilian 

Native 

 L  2.2  1.6  2.0E+4  C  2.2E-2  6.0E+3  1.0E-3  2.0E+10  2.2E+1  4.0E+14  10.60 

 W  1.7  1.6E-2  4.2E-1  C  3.9E-1  3.7E+4  1.6E-7  4.0E-2  3.5E-1  1.4  0.40 

Crocodilian 

Nonnative 

 L  5.9E-1  2.0  2.7E+3  C  9.2E-3  6.3E+2  2.0E-1  2.1E+147  1.9E+1  2.1E+11  17.52 

 W  -  -  -  -  1.1E-1  3.8E+3  1.8E-169  1.7E-2  4.0E-1  7.9E+1  3.64 

 17 
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Figure 3.1 Base-10 log transformed linear regression, showing the relationship between 

herpetofaunal species richness and island area (km
2
) for each taxonomic group. 
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Figure 3.2 A comparison of the Z-value outcomes among 748 islands conducted in 

current study, seven islands used by Darlington (1957), and islands of intermediate to 

large size, showing the inclusion of small islands could lower the Z-value. 
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Figure 3.3 Combination of SAR and additive diversity partitioning, showing species–

area curve and a, b, γ-diversity for each taxonomic groups. b is partitioned into barea 

(contributions made by area) and breplace (contributions made by other factors). 
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CHAPTER Ⅳ 

A STUDY OF THE FACTORS AFFECTING THE ESTABLISHMENT SUCCESS 

OF INTRODUCED HERPETOFAUNAS IN THE WEST INDIES USING A 

MIXED-EFFECTS MODELING APPROACH 

 

Abstract  

We used a mixed-effects modeling approach to determine whether human 

population, island size, congener richness, and establishment experience in the US were 

correlated with the establishment success of introduced herpetofaunas in the West Indies. 

We derived and updated data on success/failure of the establishment of introduced 

herpetofaunas in the West Indies from recently published reviews and divided the records 

into three taxonomic groups, including amphibians, reptiles, and all species. For each 

taxonomic group and in aggregate, we applied binomial mixed models (generalized linear 

mixed models, GLMMs) to explore the relationship between establishment probability 

and the four continuous variables, incorporating a mixed effect of three categorical 

variables, including species name, island name, and island bank. Bayesian analysis was 

applied to obtain 95% credible intervals for each model parameter. We found human 

population has no obvious impact on the establishment success of amphibians but a 

negative effect on reptiles and all species; island size has no obvious impact for each 

group; congener richness likely contributes negatively for amphibians but positively for 

reptiles and all species; establishment experience in the US has no obvious impact for 

amphibians but a positive impact for reptiles and all species. We suggest that we found 

support for Darwin’s naturalization hypothesis for amphibians whereas pre-adaptation 

hypothesis for reptiles. Our results imply that areas to target for early detection of 



Texas Tech University, De Gao, May 2017 
 

77 
 

nonnative reptiles are those that host closely related species, and areas to target for early 

detection of nonnative amphibians are those that host distantly related species. Moreover, 

nonnative reptiles that have a successful establishment experience in the US are more 

likely to establish in novel environments. 

Introduction 

Biological invasions have aroused much attention of the international scientific 

community for their negative impacts on ecology, economies, and public health 

(Simberloff and Rejmánek 2011). Moreover, anthropogenically assisted introduction of 

invasive species is the major cause of biodiversity loss besides the destruction and 

modification of habitats (Mack et al. 2000; McGeoch et al. 2010). Identifying factors that 

affect establishment success of introduced species has thus become a feasible tool to 

control biological invasions (Forsyth et al. 2004). However, broad generalizations 

regarding biological invasion remain elusive because determinants that influence 

establishment success on some taxa may exert no or quite the opposite function on others 

(Hayes and Barry 2008; Tingley et al. 2011; Ferreira et al. 2012), reflecting confounding 

factors and case-specific conservation planning.  

To date, some factors are tested or thought to have a potential influence on the 

establishment success. First, in general, the more transport and commerce between two 

locations, the greater the risk of species being moved, thus the magnitude of invasive 

species problem is proportional to connectivity (Perry and Vice 2009). Human population 

is positively correlated with their demands for food, pets, building materials and 

ornamental plants (Powell et al. 2011), and through the transport of which, nonnative 

species are moved. So, human population of an island is a representative of connectivity 
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and can be a potential factor affecting invasion. Second, as would be expected from basic 

principles of island biogeography, islands subjected to the most introductions tend to be 

large (MacArthur and Wilson 1967; Powell et al. 2011). Due to species–area relationship 

(SAR; MacArthur and Wilson 1967; Lomolino 2000), island size is positively correlated 

with diversity of the native community, and the larger the island, the larger human 

population and richer natural resources there would be, so island size normally has a 

positive correlation with economic development (Helmus et al. 2014; Gao and Perry 

2016). Both biodiversity of the native community and economic development may in turn 

influence invasion success (Tingley et al. 2011; Powell et al. 2011). Third, Darwin (1859) 

postulated two seemingly contradictory hypotheses regarding the possibility of 

introduced species to establish viable populations in new environments. In the 

naturalization hypothesis, Darwin proposed that introduced species that are closely 

related to native congeners would be less successful in establishing viable populations 

than species with no native congeners, because closely related species share similar life-

history traits, predators, and pathogens, and hence, introduced species closely related to 

species in the native assemblage would have to compete with relatives for resources and 

exploit similar ecological niches. Whereas, in the pre-adaptation hypothesis, Darwin 

recognized the reverse possibility and proposed that aliens are more likely to successfully 

establish in areas where native congeners are present because shared traits between aliens 

and native congeners may pre-adapt aliens to their novel environment, thereby facilitating 

establishment (Darwin 1859; Duncan and Williams 2002; Ferreira et al. 2012). Fourth, 

good invaders tend to have a past record of being invasive elsewhere (Kolar and Lodge 

2001; Marchetti et al. 2004). In the West Indies, a growing number of introductions 
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represent species that originated in the Caribbean or elsewhere, became established 

outside their native ranges, most notably in Florida, and were then introduced back into 

the region (Powell et al. 2011). So, we are interested in whether the successful 

establishment experience of introduced species in the US could influence their 

establishment success in the West Indies. 

The West Indies is a biodiversity hotspot (Myers et al. 2000), especially for 

amphibians and reptiles. Over 90% of the herpetofaunal species in the region are endemic, 

sometimes even to isolated areas within an island (Hedges 2001). However, the West 

Indies region, with extensive tourism in many areas and limited local production of 

essential items such as food and building materials, is the scene of multiple introduction 

events, and the number of known introductions of herpetofaunal species continues to 

grow with some species becoming invasive (Powell et al. 2011; Borroto-Páez et al. 2015). 

The primary pathways for introductions are inadvertent and associated with either the 

ever-growing pet trade or stowaways in cargo and ornamental plants (Powell et al. 2011). 

Here we use data on successful and failed establishment of introduced 

herpetofaunal species across the region and build up binomial mixed models, examining 

the effects of human population, island size, congener richness, and establishment 

experience on establishment success for amphibians, reptiles, and all species, respectively. 

Methods 

Study area and data 

The West Indies comprises over 3000 islands, cays, and emergent rocks 

belonging to three main island groups: Bahamas, Greater Antilles, and Lesser Antilles. 
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Out of the 3000 islands, currently, over 600 were recorded to have herpetofaunal species 

introductions. To test whether human population, island size, congener richness, and 

establishment experience were correlated with the establishment success of introduced 

herpetofaunas in this region, data on successful and unsuccessful establishment as well as 

congener richness were obtained from Powell and Henderson (2012). Human population 

for each related island was acquired through Google search. Data on the related island 

size were taken from Gao and Perry (2016). Data on establishment experience in the US 

were acquired from from Powell et al. (2011). Apart from these numeric variables, 

islands from the same island bank may share a similar economy and human activity 

environment, thereby may not be independent of each other. To account for that, we 

included and coded island bank as a random effect in our analyses. Moreover, to account 

for shared species-level traits and island-level geographic characteristics, species name 

and island name were also included as random effects.  

Mixed-effects modeling 

Human population, island size, and congener richness were log-transformed to 

improve continuity and normality. For islands that have no human population record and 

for introduction events that have no congener species, 1 instead of 0 was log-transformed 

since log 0 is undefined. Then the log-transformed human population, island size, and 

congener richness were z-transformed (subtraction of the mean and division by the 

standard deviation so that the transformed variable has a mean of 0 and a standard 

deviation of 1) to facilitate modeling convergence (Korner-Nievergelt et al. 2015). We 

generated generalized linear mixed models (GLMMs) for three taxonomic groups: 

amphibians, reptiles, and all species, respectively, with establishment success and failure 
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as the dependent variable; human population, island size, congener richness, 

establishment experience as the numeric predictors; and species, island, and island bank 

as the random effects, in which, island was nested with island bank. 

We applied Laplace approximation to fit model, which is an analytic method to 

solve integrals that often used in Bayesian statistics to obtain the posterior distribution of 

parameters. To assess model fit, we looked at the goodness of fit plot by comparing the 

fitted values with the data. If the model would fit the data well, the data would be on 

average equal to the fitted values. Thus, we add a line to the plot with intercept zero and 

slope one. Admittedly, binary data cannot lie on this line because they can only take on 

the two discrete values zero or one. However, the mean of the zero and one values should 

lie on the line if the model fits well. Therefore, we calculated the mean for suitably 

selected classes of fitted values (here we chose a class width of 0.1). Then, we calculated 

means of every class and added these to the plot together with a standard error. Besides, 

we also checked model overdispersion, and an overdispersion value over 1.4 would 

suggest serious overdispersion (Korner-Nievergelt et al. 2015).  

We used improper prior distributions and directly simulated 10000 values from 

the joint posterior distribution of the model parameters to obtain the posterior distribution. 

These simulations were used to obtain 95% credible intervals for each parameter. Finally, 

a plot showing 95% credible intervals for each regression coefficient was made to better 

interpret the results. 

We used “glmer” function to fit the models, which uses the Laplace 

approximation. We used “sim” function to obtain the posterior distribution. All analyses 
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were performed by using R 3.1.1 (R Development Core Team 2014), and the “glmer” and 

“sim” functions are executed by using the ARM package (Gelman and Su 2015). 

Results 

Of 620 reported herpetofaunal introductions in this region, 474 (76%) resulted in 

successful establishment while 146 (24%) failed. Of the 474 established cases, 332 (70%) 

were reptiles, while 142 (30%) were amphibians. Of the 146 unsuccessfully established 

cases, 118 (81%) were reptiles, while 28 (19%) were amphibians. 

Observations were close to the fitted values for reptiles and all species, however, 

the means of the observed data for amphibians did not fit so well to the fitted value as 

reptiles and all species (Figure 4.1). For low to medium presence probabilities, the model 

overestimates presence probabilities for amphibians. Overdispersion values for 

amphibians, reptiles, and all species were 0.79, 0.78, and 0.80, respectively, indicating a 

tolerable overdispersion. 

The function “sim” drew random samples from the posterior distribution of the 

model parameters, then, these simulations were used to obtain 95% credible intervals for 

model parameters (Figure 4.2). We found human population has no obvious impact on 

the establishment success of amphibians but a negative effect on reptiles and all species; 

island size has no obvious impact for each group; congener richness likely contributes 

negatively for amphibians but positively for reptiles and all species; establishment 

experience in the US has no obvious impact for amphibians but a positive impact for 

reptiles and all species. 
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Discussion 

Threats faced by native species due to growing human population have been 

clearly documented (e.g. Henderson and Powell 2001; Powell et al. 2011; Powell and 

Henderson 2012). However, the response of nonnative species to growing human 

population is almost neglected. In our study, the negative effect of human population on 

the establishment of nonnative reptiles suggests that habitat degradation, deforestation, 

and introduction of alien predators may impede most reptilian invasions despite some 

successful invaders that can be well adapted to human-influenced resources, acting as 

habitat generalist or human commensals (Raxworthy and Nussbaum 2000; Henderson 

and Powell 2001). Whereas the unobvious effect of human population on the 

establishment of nonnative amphibians maybe due to two facts: on one hand, amphibians 

are not as easily transported as reptiles through commercial activities (Powell et al. 2011), 

so, human population may not be that significantly related to the inadvertent 

introductions of amphibians as compared to that of reptiles, weakening the positive effect; 

on the other hand, alien predators, such as cats, dogs, mongooses, raccoons, oppossums, 

and monkeys (Powell et al. 2011; Powell and Henderson 2012), use very similar habitat 

types as do the introduced reptiles, especially lizards, which make up the majority of 

reptilian introductions (Powell et al. 2011), however, introduced frogs utilize aquatic, 

semi-aquatic, terrestrial or arboreal habitats, effectively avoiding much conflict with alien 

predators, weakening the negative effect as well. 

Island size has no obvious effects for each group, which confirms our speculation 

that island size plays a double-edged sword role in invasion success. On one hand, the 

larger the island, the larger human population and more frequent human activities there 

would be (Helmus et al. 2014; Gao and Perry 2016), facilitating the arrival of nonnative 
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species. On the other hand, the larger the island, the richer native species and alien 

predators there would be (Tingley et al. 2011; Powell et al. 2011), forbidding the 

establishment of nonnative species through competition and predation. Moreover, on 

some large islands, government bureaus and organizations aim to implement certain 

policies and raise the awareness of people to protect the wildlife, lowering the 

establishment success of introduced species (Powell and Henderson 2012; Borroto-Páez 

et al. 2015). 

Previous tests of Darwin’s hypotheses in plants and animals have produced 

equivocal results. Some support the naturalization hypothesis (Rejmánek 1996; 1998), 

some support the pre-adaptation hypothesis (Duncan and Williams 2002; Tingley et al. 

2011; Ferreira et al. 2012), and even some support neither one (Lambdon and Hulme 

2006; Ricciardi and Mottiar 2006). Globally, establishment probability of introduced 

herpetofaunas is found higher in the presence of native congeners and increases with 

increasing congener richness (Tingley et al. 2011; Ferreira et al. 2012). In our study, 

model predictions showed congener richness contributes positively to establishment 

probability for reptiles, supporting Darwin’s pre-adaptation hypothesis, which was 

consistent with the global pattern (Tingley et al. 2011; Ferreira et al. 2012). However, 

congener richness likely contributed negatively to establishment probability for 

amphibians, supporting Darwin’s naturalization hypothesis, which was at odds with those 

of Ferreira et al. (2012), but similar to those of Rejmánek (1996, 1998) and van Wilgan 

and Richardson (2011). Our analysis does not indicate why introduced reptiles were more 

likely to be successful and introduced amphibians were less likely to be successful where 

there were native congeners, however, as Darwin first proposed, the positive effect 
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indicates habitat and abiotic suitability of the novel environment (Thuiller et al. 2010; 

Tingley et al. 2011), whereas the negative effect reflects that competition for resources 

and similar ecological niches results in an exclusive interaction between introduced 

species and native congeners (Rejmánek 1996; Rejmánek 1998). But, admittedly, 

fundamental niches can be very different between two species even in the same genus 

(van Wilgan and Richardson 2011, 2012; Ferreira et al. 2012). For instance, Anolis 

lizards, as a famous case of adaptive radiation, are very ecologically adaptive, with 

species adapted to use different parts of the structural environment, such as ground, grass, 

twigs, tree trunks, and the canopy, in correspond with their morphological differences 

(Losos 2009). Because of the scale of our analysis, our findings likely do not indicate 

outcomes associated with direct species interaction, whether introduced species share the 

similar niches with their native congeners is certainly important to examine in future 

studies. 

Usually, good invaders tend to have a past record of being invasive elsewhere 

because of their strong capability of invasion (Kolar and Lodge 2001; Marchetti et al. 

2004; Powell et al. 2011). In our examinations, establishment experience in the US likely 

to have a positive relationship with establishment success of reptiles rather than that of 

amphibians. The unobvious result for amphibians might be due to the limited scale of our 

analysis. First, we have only examined establishment experience in the US, however, 

admittedly, introduced amphibians have been exported within the Caribbean region, to 

the US, as well as countries within the European Union and Asia (Powell et al. 2011), so 

establishment experience in the US may not fully explain the capability of invasion for all 

introduced amphibians. In fact, there is only Cuban treefrog (Osteopilus septentrionalis) 
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which is determined to have the establishment experience in the US in our dataset, and 

data across different forms of amphibians are not represented. Although absence of the 

establishment experience in the US, Rainfrogs (genus Eleutherodactylus), among the 

most commonly introduced amphibians within the Caribbean region (e.g. Platenberg and 

Boulon 2006; Perry and Gerber 2011), have also displayed strong capability of invasion, 

and 59 out of 64 (92%) introduction cases have a successful establishment result. 

Moreover, it takes a timespan of several years or even longer to conclude establishment 

success of an invasion, and current unsuccessful establishment experience in a location 

may not necessarily mean unsuccessful in the future. For instance, Cuban treefrogs were 

relatively rare on St. Maarten/St.-Martin in the 1980s, but had become almost ubiquitous 

by the early 1990s (Powell et al. 1992). 

Because reptiles made up the majority of the data set, all species and reptiles were 

similar with respect to regression coefficients for each variable (Figure 4.2). The model 

did not fit so well for amphibians, maybe because there were 142 successful 

establishment cases as compared to 28 unsuccessful ones, and an inequivalent number 

between the two categories may influence mode fitness (Tingley et al. 2016). What’s 

more, we acknowledge that there are other factors, such as biological traits, propagule 

pressure, climate matching, phylogenetic relatedness, and introduction effort (Blackburn 

and Duncan 2001; Bomford et al. 2009; van Wilgan and Richardson 2012; Tingley et al. 

2016) that may also determine establishment success, however, were not incorporated in 

our analyses due to limited data resources. These additional factors are certainly 

important to consider in future studies. 
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Our results imply that areas to target for early detection of nonnative reptiles are 

those that host closely related species, and areas to target for early detection of nonnative 

amphibians are those that host distantly related species. Moreover, nonnative reptiles that 

have a successful establishment experience in the US are more likely to establish in novel 

environments. These findings may help wildlife conservationists to target high-risk areas 

and species and develop effective management strategies for amphibians and reptiles 

respectively. In addition, with economic growth, the number of introductions and the 

consequent number of established populations in the region is still increasing and long-

term monitoring system for alien species is necessary to be established in this region to 

timely refine the prediction and adjust management strategies. Lastly, because the region 

is highly fragmented both geographically and politically, we strongly agree with the 

suggestion proposed by Powell et al. (2011) that an increased regional cooperation and an 

increased scrutiny of transported goods and animals to and from the islands are clearly 

necessary for fighting invasive species in general and invasive herpetofauna in particular. 
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Figure 4.1 Goodness of fit plot for (upper) amphibians, (middle) reptiles, and (lower) all 

species, depicting observed establishment success versus fitted values. Open circles 

represent success (1) or failure (0) jittered in the vertical direction; orange dots represent 

mean (and 95% confidence intervals given as vertical bars) of the observations within 

classes of width 0.1 along the x-axis. The dotted line indicates perfect coincidence 

between observation and fitted values. 
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Figure 4.2 Regression coefficients describing effects of human population, island size, 

congener richness, and establishment experience on establishment success for amphibians, 

reptiles, and all species. Triangles, circles, and squares represent posterior means; lines 

represent 95% credible intervals. 
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CHAPTER Ⅴ 

GENERAL SUMMARY 

 

My research has made contributions both theoretically and practically. For the 

theoretical significance: first, we found and proved the methodological shortcoming of 

detecting the SIE in current studies. Second, we found nestedness could occur within an 

anti-nested system. Third, Z-value is an average of different slopes from different scales, 

and could be artificially overestimated due to oversampling islands of intermediate to 

large size. Fourth, we found the flexibility of some model functions in depicting SARs 

has been underappreciated.  

For the practical significance: first, the three-segment piecewise regression could 

provide a more precise value for the first threshold to delimit the SIE, which help set up 

the minimum area of a natural reserve for a taxon. Second, nestedness may still be 

applicable to conservation planning at portions even if it is anti-nested at the regional 

scale. Third, Z-value is scale dependent and native species on large islands are most 

sensitive to area reduction. Thereby, we recommend that conservation priority should be 

given to large and habitat-rich islands with the most species-rich community to maximize 

the number of endemic species preserved. Fourth, areas to target for early detection of 

nonnative reptiles are those that host closely related species, and areas to target for early 

detection of nonnative amphibians are those that host distantly related species. Fifth, 

nonnative reptiles that have a successful establishment experience in the US are more 

likely to establish in novel environments. 
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Although the species–area relationship has great utility for assessing species 

diversity and conservation needs, other factors, such as elevation and distance to 

mainland or other islands may also play an important role in influencing species richness, 

however, were not incorporated in my analysis. Elevation may have a positive 

relationship with habitat complexity or habitat diversity, whereas distance to mainland or 

other islands may facilitate species dispersal either natural or anthropogenically assisted, 

so these two factors may positively affect species richness on islands. In this respect, my 

work shines light on the fact that further research is needed to determine the importance 

of other factors. 

Admittedly, nonnative species introduction and native species extinction are still 

ongoing. Some species may not be listed on the species list, while some species on the 

list may already gone extinct, leading to an under- or overestimation for each island of 

the dataset used in my analysis. However, the dataset comprise 748 islands, and the large 

number of islands incorporated in my analysis could balance influence of 

underestimation against influence of overestimation among islands to some degree, 

moreover, the logarithmic transformation of species richness could also minimize the 

error, thereby, I think the results of biogeographical patterns explored here are reliable. 

Besides, I suggest that a long-term monitoring system for alien species should be 

established in this region to timely update the analysis and prediction and adjust 

management strategies. 
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APPENDICES 

A. SUPPLEMENTARY INFORMATION FOR CHAPTER II 

 

Figure A.1 The iterative process used in left-horizontal with one threshold approach to 

determine the breakpoint for each taxonomic group. The breakpoint that returns a 

minimal residual sum of squares (RSS) was chosen. 
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Figure A.2 The iterative process used in two-slope approach to determine the breakpoint 

for each taxonomic group. The breakpoint that returns a minimal residual sum of squares 

(RSS) was chosen. 
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Figure A.3 The iterative process used in left-horizontal with two thresholds approach to 

determine the breakpoints for each taxonomic group. The breakpoints that return a 

minimal residual sum of squares (RSS) were chosen. The second breakpoint was obtained 

prior to the first one. 
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Figure A.4 The iterative process used in three-slope approach to determine the 

breakpoints for each taxonomic group. The breakpoints that return a minimal residual 

sum of squares (RSS) were chosen. The first breakpoint was obtained prior to the second 

one. 
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Figure A.5 Detailed display of each model function fitted to each taxonomic group. 

Black, blue, red, green, and orange lines indicate linear, two-slope, left-horizontal with 

one threshold, three-slope, and left-horizontal with two thresholds, respectively. 
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B. SUPPLEMENTARY FIGURES FOR CHAPTER III 

 

Text B.1 Calculations of the first and second derivatives of Lomolino and Cumulative 

Weibull to test the shapes of all native species, native reptiles, and native amphibians. 

First derivative of Lomolino: 
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Second derivative of Lomolino: 
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The positive or negative nature of ''S is determined by 
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is always positive in our case. For all native species and native 

reptile species groups of experiment results of c, z, and f (Table 2), we have log 0.59z 

(base = e),1 log 0z  , and log 1 0z    which means 
   log /

log 1 1 log 0
f A

z z z    . 

So '' 0S  , which means the graph of S  is concave down. 

But for native amphibian species group, log 1.85z  (base = e), so1 log 0z  . Then 

we substitute the parameters value into 
   log /

log 1 1 log
f A

z z z   and get: if

8886.65A (km
2
), '' 0S  ; if 8886.65A (km

2
), '' 0S  ; and if 8886.65A (km

2
), '' 0S  . 

That means the graph of S  is sigmoid shape. 

 

First derivative of Cumulative Weibull: 
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Second derivative of Cumulative Weibull: 

 
'

'' 1 1 'exp( zA ) A exp( zA )(A )f f f fS czf      
  

 

    1 1 2exp( zA )( z)fA A exp( zA )(f 1)Af f f f fczf            



Texas Tech University, De Gao, May 2017 
 

114 
 

 2 2 2zf exp( zA )A exp( zA )(f 1)Af f f fczf           

  2A exp( zA ) zfA f 1f f fczf       

The positive or negative nature of ''S is determined by zfA f 1f   , because 

2A exp( zA )f fczf   is always positive in our case. For all native species and native 

reptile species groups of experiment results of c , z , and f , we have f 1 0  and 

zfA 0f   which means zfA f 1 0f    . So '' 0S  , which means the graph of S  is 

concave down. 

But for native amphibian species group, f 1 0  . Then we substitute the parameters 

value into zfA f 1f   and get: if 4158.96A (km
2
), '' 0S  ; if 4158.96A (km

2
), '' 0S  ; 

and if 4158.96A (km
2
), '' 0S  . That means the graph of S  is sigmoid shape. 

In summary, Lomolino and Cumulative Weibull displayed convex shape in all native 

species and native reptile species groups, but displayed sigmoid shape in native 

amphibian species group. Assuming all parameters are positive, Lomolino can display 

sigmoid shape if z e  and Cumulative Weibull can display sigmoid shape if 1f  . 

 


