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ABSTRACT

 

Habitat loss and fragmentation threaten a large proportion of terrestrial biodiversity,
and identifying the ecological traits associated with extinction proneness is of wide-
spread interest. We used a multivariate statistical approach to identify combinations
of ecological traits that best allowed us to identify extinction-prone amphibians and
reptiles in a fragmented landscape in north-eastern Bolivia. Extinction-prone
amphibians were rare and did not utilize the savannah matrix separating forest
islands, whereas extinction-prone reptiles were trophically specialized. Rarity and
matrix aversion are among the most widely reported correlates to extinction proneness,
and we argue that an increased understanding of their role as drivers of extinction
processes is necessary. We suggest that the absence of reptilian vertebrate predators
may exacerbate trophic cascades in habitat patches.
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INTRODUCTION

 

Humans are currently generating a mass extinction event in which

one third to one half of the world’s biodiversity is threatened with

extinction (Brooks 

 

et al

 

., 2002; Wilson 2002; Stockwell 

 

et al

 

.,

2003). Thus, an important task in applied ecology is to under-

stand which species are particularly vulnerable to extinction, and

identify the characteristics that put them at risk. Because habitat

loss and fragmentation are at the root of the global extinction

crisis (Reed, 2004), an extensive literature has developed around

the topic of extinction proneness in fragmented landscapes.

Although species may respond differently to fragmentation,

many species experience direct or indirect negative effects, some-

times resulting in local extirpation in habitat patches (i.e. these

species are ‘extinction prone’).

The equilibrium theory of island biogeography (ETIB) posits

that species richness increases with area because population size

is greater on larger patches than smaller ones, buffering species

on large patches from stochastic extinction events (MacArthur

& Wilson, 1967). One of the more persistent criticisms of the

ETIB is its neutrality with respect to species identity; at best the

theory can be used to predict an equilibrium number of species,

but it makes no predictions about the identity of those species

(Gilbert, 1980; Lomolino, 2000). Here we investigate the biology

underlying extinction proneness in an effort to aid in the under-

standing why some species are more likely to go extinct in small

habitat patches than others.

Although some traits hypothesized to be associated with

extinction proneness are important to some taxonomic groups

but not others (e.g. arboreality has been hypothesized as a trait

increasing extinction proneness in rainforest mammals (cited in

Viveiros de Castro & Fernandez, 2004), several general traits have

been suggested to increase extinction proneness across different

taxa. Among the most widely identified characteristics thought

to be associated with extinction proneness are: abundance (rare

species are more extinction prone than common ones), body size

(large-bodied species are more extinction prone than small species),

trophic group (species at higher trophic levels are more extinction

prone than species at lower levels), and matrix use (extinction

prone species do not utilize the matrix separating habitat patches).

This list is not exhaustive, and additional traits have been identified

and reviewed (Henle 

 

et al

 

., 2004). Because few clear patterns

emerge across studies from consideration of single traits, it has been

suggested that extinction proneness may be more meaningfully

considered in light of combinations of characteristics (Davies

 

et al

 

., 2004; Henle 

 

et al

 

., 2004; Driscoll & Weir, 2005). Herein we take

a multivariate statistical approach to investigate the combinations

of characters that result in extinction proneness of amphibians

and reptiles in a patchy landscape in north-eastern Bolivia.

 

MATERIALS AND METHODS

 

We sampled amphibians and reptiles at the El Refugio Huanchaca

Biological Station (14

 

°

 

45

 

′ 

 

S, 61

 

°

 

00

 

′ 

 

W) from September 2002

to March 2004. Our sampling included the three major habitats

represented at the site: continuous primary forest, a seasonally

flooded savannah (locally called a pampa), and forest islands

surrounded by the savannah (Fig. 1). Although the origin of
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forest islands has not been studied at El Refugio, the site is

located in an ecological transition zone where moist Amazonian

forest meets and intergrades with dry forest and savannahs

(Killeen & Schulenberg, 1998), and it has been suggested that

forest islands in nearby savannahs arose via fragmentation of

continuous forest by way of natural wildfires (Langstroth, 2001).

Visual inspection of aerial photographs from 1967 to 1968 and

satellite images from the present day indicate almost no detectable

changes in the shape or arrangement of the forest islands.

Human population density in the area is low, and El Refugio

abuts the 1.5 Mha Noel Kempff Mercado National Park, so we

assume that the patterns we describe represent faunal assembly

in a naturally fragmented landscape, where anthropogenic

influences such as hunting and forest conversion are minimal.

Forested habitats were sampled using pitfall traps with drift

fences (Corn, 1994). Drift fences were installed in 12-m linear

arrays with four 19-L buckets buried in the ground. Seven sites in

continuous forest were sampled, with paired arrays at five sites

and single arrays at two sites. These 12 arrays were sampled for a

total of 3072 trap days. Sampling on 24 forest islands was based

on area such that ‘small’ forest islands (< 2.5 ha) were sampled

with one pitfall array and ‘large’ forest islands (2.5–8.0 ha)

received two pitfall arrays. The 36 trap arrays on forest islands

were sampled for a total of 6692 trap days. Seasonal flooding

precluded the use of pitfall traps in the savannah, so animals were

sampled using funnel traps with 12-m straight-line drift fences

(Corn, 1994). We sampled four sites in the savannah with one

array each for a total of 707 trap days. In order to assess sampling

efficiency in the three habitats, we visually inspected individual-

based species accumulation curves, and compared our observed

species counts from each habitat to a species richness estimate

from each habitat using extrapolated species richness estimates

from program EstimateS (Colwell, 1997). We used two metrics,

the Chao 1 and Chao 2 estimators, which have been recommended

as robust species richness estimators (Walther & Moore, 2005).

Sampling efficiency can be estimated as S

 

obs

 

/S

 

est

 

, with values near

1 indicating that most of the species estimated to occur at a site have

actually been observed. We note that the difference in sampling

method in the pampa relative to forested habitats may have

resulted in the apparent absence of some species that do occur in

the pampa. Because sampling effort was more than twice as great

on forest islands than continuous forest, it is probable that exclu-

sively forest species (i.e. those classified as extinction prone) are

truly absent (or very rare) on forest islands.

Eighteen months of sampling across the three main habitat

types resulted in the observation of 92 species of amphibians and

reptiles, but because we were concerned with extinction prone-

ness (i.e. species absent from habitat patches) we considered only

species that had been recorded from the continuous forest at El

Refugio. Extinction prone species were therefore defined as

species that occurred in continuous forest at El Refugio, but were

not observed in the savannah or on forest islands during our

surveys. We encountered a total of 50 species in continuous forest.

Of these, seven species were removed because they could not be

identified to species and therefore we were unable to score their

ecological traits. The tortoises 

 

Geochelone carbonaria

 

 Spix and

 

Geochelone denticulata

 

 Linnaeus were removed from the data set

because our sampling was not targeted at these large terrestrial

species. Therefore, analyses were performed on the remaining 21

species of amphibians and 20 species of reptiles (see Appendix S1

in Supplementary Material).

We incorporated a total of eight characteristics in our multi-

variate analyses. Body size was included as the greatest mass (g)

recorded for each species during the sample period. In cases

where we did not have body size data from El Refugio, we used a

mass estimate from the literature based on the same or similarly

sized species (Duellman, 2005). We used the number of trapping

sites where a species was observed (occupancy) as an estimate of

Figure 1 Inset: Location of El Refugio 
(black dot) adjacent to the Noel Kempff 
Mercado National Park (grey). In the map of 
the study site, forest is indicated in black, 
forest islands are outlined, and pampa is 
white. The approximate location of trap 
lines is indicated by white dots in the forest 
and black dots in the pampa. Forest islands 
reported on here are indicated by number.
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rarity. There is a strong relationship between abundance and

distribution (Hanski 

 

et al

 

., 1993), and we felt that being wide-

spread, rather than numerically abundant, was the most relevant

metric from the perspective of extinction proneness. Because our

sampling was not equivalent across the landscape, we scaled the

observations to the number of traps in the habitats where a species

occurred. Thus, if a species was encountered in three traps in the

continuous forest and seven on forest islands, we calculated its

index of rarity as 10/48 = 0.21. We assigned species to one of

eight distribution categories based on occurrence in different

biogeographical provinces in South America: Neotropical (species

occurring throughout tropical South America and into Central

America), tropical South America, Amazonia, Cerrado, Amazon

and Cerrado, Chaco, Cerrado and Chaco, and endemic (only

known from El Refugio). Geographical range data for amphibians

were obtained from the Global Amphibian Assessment website

(www.globalamphibians.org) in March 2006. A similar data

source for reptiles is lacking, so we used the number of degrees

of latitude spanned by a species’ distribution as a proxy for

geographical range (Reed, 2003). Data on geographical range of

reptiles were acquired from the EMBL reptile database (www.

embl-heidelberg.de/

 

∼

 

uetz/LivingReptiles.html) in October 2006.

The geographical ranges of the two reptiles known only from El

Refugio were scored as 1

 

°

 

. Matrix use was scored as a bivariate

term based on presence or absence in the grassland surrounding

forest islands. We used fecundity as an index of reproductive

potential. Because we did not collect these data at El Refugio, we

used the largest clutch size reported in the literature. As a metric

of trophic position, we distinguished species known to include

vertebrates as a regular part of their diet from species that feed

primarily on arthropods. Data on diet were taken from Cadle &

Green (1993) for snakes and Ávila-Pires (1995) for lizards.

Finally, in the case of reptiles, we distinguished snakes from

lizards. The first six variables were included in analyses of both

amphibians and reptiles, whereas the last two variables were

included for reptiles only (none of the amphibian species

included in our analyses feed primarily on vertebrates).

We included the variables described above (six for amphibi-

ans, eight for reptiles) in an Analysis of Similarity (ANOSIM)

using the program 

 



 

 (Clarke & Warwick, 2001). The

ANOSIM compares multivariate similarity within and between

factor levels and calculates a test statistic (Global R) describing

the similarity between factor levels (in this case extinction-prone

vs. non-extinction-prone species). Global R can range from 0 to

1.0, with greater values indicating greater differentiation (greater

dissimilarity) between factor levels. The significance of Global R

is tested by way of 999 randomizations of the observed dissimi-

larity matrix. Because our independent variables were measured

on different scales, we used the standardized Euclidian distance

similarity algorithm. We tested all unique combinations of

independent variables and selected the term or combination of

terms resulting in the greatest Global R-value as our best model

of extinction proneness. Taxonomy for amphibians was taken

from the Amphibian Species of the World database (http://

research.amnh.org/herpetology/amphibia/index.php), and rep-

tiles from the EMBL reptile database.

 

RESULTS

 

Species accumulation curves (with 95% confidence intervals)

appear to be reaching an asymptote in all three habitats, and

comparisons of observed species richness with estimated rich-

ness yield sampling efficiencies of 0.72, 0.88, and 0.91 in forest,

forest islands, and savannah, respectively (Table 1, Fig. 2). Of the

41 species included in our analyses, 17 occurred exclusively in

continuous forest and were therefore classified as extinction

prone (Table 2). These 17 species included 10 of 20 reptiles

(50%) and seven of 21 amphibians (33%). For amphibians, the

combination of the two terms describing rarity and matrix use

allowed us to best differentiate extinction prone species (Global

 

R

 

 = 0.243, 

 

P

 

 = 0.015; Fig. 3). For reptiles, the best model only

included trophic specialization (Global 

 

R

 

 = 0.324, 

 

P

 

 = 0.015;

Fig. 3). Results of Global R for all combinations of variables are

included in Appendix S2 in Supplementary Material.

Table 1 Observed and estimated species richness in each of the 
three macrohabitats. Efficiency is the average of observed richness 
divided by the species richness estimators

Habitat Observed S Chao 1 Chao 2 Efficiency

Forest 50 67.5 71.3 0.72

Forest islands 52 57.5 60.4 0.88

Savannah 41 43.6 46.7 0.91

Figure 2 Individual-based species 
accumulation curves (with 95% confidence 
intervals) for the three macrohabitats 
sampled. Diamonds indicate forest samples, 
forest islands are indicated by squares, and 
circles indicate pampa samples.
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DISCUSSION

 

Two characteristics, matrix use and rarity, best differentiated

extinction-prone amphibians, and are among the most fre-

quently reported correlates of extinction proneness (Gascon

 

et al

 

., 1999; Davies 

 

et al

 

., 2000; Henle 

 

et al

 

., 2004). Although

matrix aversion is often cited as an important correlate to extinc-

tion proneness, surprisingly little is known about why some spe-

cies are more matrix-averse than others. For amphibians at El

Refugio, part of the answer may be revealed by consideration of

the biogeographical affinities of extinction-prone species. All the

extinction-prone amphibians except one had an Amazonian dis-

tribution (the one exception, 

 

Dendropsophus minutus

 

 Peters, is a

member of a species complex widespread throughout tropical

South America). Macrohabitat tends to be the most important

niche dimension for sorting amphibians (Toft, 1985), and species

that evolved in forested Amazonian habitats would not be

expected to make frequent use of large, open habitats (Heyer,

1988). Therefore, we might ascribe the association between

extinction proneness and matrix aversion to the observation that

extinction-prone species are adapted for a forest lifestyle, and

presumably are physiologically incapable of tolerating hot, dry

matrix conditions. Consistent with this notion, one recent study

has demonstrated that species are more extinction prone near

the edges of their geographical range (Swihart 

 

et al

 

., 2006). But in

this study, many non-extinction-prone species also have an

Amazonian distribution pattern. We therefore suggest that the

ultimate drivers of matrix use in amphibians involve interspecific

variation in water balance physiology, coupled with species-

specific thresholds of adequate habitat necessary to support viable

populations. In other words, some species may utilize matrix

habitat if it comprises a relatively small proportion of the total

landscape, but the same species may become ‘matrix-averse’ as

the proportion of matrix habitat increases (Andren, 1994), and

this critical habitat threshold may depend on the physiology of

water balance (Young 

 

et al

 

., 2005).

Table 2 Characteristics of extinction prone species. Note that because all frogs included here eat invertebrates only, their diet was not included 
in analyses

Species

Body 

size (g) Occupancy Distribution

Geographical 

range

(km2/°latitude) Fecundity

Matrix 

use

Vertebrate 

Diet Taxon

Amphibia

Allobates brunneus Cope 0.5 0.08 Amazonian 1,921,618 27 0 Frog

D. parviceps Boulenger 2.1 0.08 Amazonian 4,498,155 385 0 Frog

Dendropsophus minutus Peters 5 0.08 South American 11,088,235 600 0 Frog

Eleutherodactylus cf. peruvianus Stejneger 4 0.08 Amazonian 3,573,171 32 0 Frog

Hypsiboas fasciatus Gunther 6.8 0.08 Amazonian 5,212,480 1755 0 Frog

Leptodactylus mystaceus Spix 12 0.33 Amazonian 7,165,295 246 0 Frog

Phyllomedusa camba de la Riva 22.7 0.08 Amazonian 978,720 375 0 Frog

Reptilia

Anilius scytale Linnaeus 39.5 0.08 Amazonian 20 15 0 Yes Snake

Apostolepis phillipsi Harvey 3 0.08 El Refugio 1 8 0 Yes Snake

Chironius quadricarinatus Boie 47 0.08 Cerrado-Chaco 15 11 0 Yes Snake

Drepanoides anomalous Jan 39.1 0.08 Amazonian 15 13 0 Yes Snake

Drymarchon corais Boie 4000 0.08 Neotropical 50 11 0 Yes Snake

Hoplocersus spinosus Fitzinger 60 0.42 Cerrado 14 6 0 No Lizard

Mabuya nigropunctata Spix 40.8 0.50 Amazonian-Cerrado 19 6 0 No Lizard

Mastigodryas bifoassatus Raddi 11.5 0.08 South American 30 6 0 Yes Snake

Tupinambis merianae Dumeril and Bibron 175 0.08 Cerrado-Chaco 27 29 0 Yes Lizard

Tupinambis teguixin Linnaeus 1000 0.17 South American 30 5 0 Yes Lizard

Figure 3 Non-metric multidimensional scaling plot showing 
separation of extinction-prone from non-extinction-prone species 
based on best-fit models.
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It has been suggested that the availability of breeding habitat

may play a more important role in the distribution of amphibian

species in fragmented landscapes (Zimmerman & Bierregaard,

1986). At El Refugio, some species only breed in and adjacent to

the Rio Paraguá, and were excluded from the analyses; the

remaining species are terrestrial breeders (i.e, 

 

Allobates

 

, 

 

Eleu-

therodactylus

 

, some 

 

Leptodactylus

 

) or breed in small pools, which

were present in both continuous forest and forest islands ( J.I.

Watling, pers. obs.). Thus, we believe that the combination of

critical habitat thresholds and physiology we describe above, and

not the absence of breeding habitat per se, underlies interspecific

variation in extinction proneness. Our knowledge of habitat

utilization by tropical amphibians is too fragmentary to try to

establish critical habitat thresholds necessary for individual

species, but we suggest that identifying these ultimate drivers of

matrix aversion will contribute significantly to our understanding

of how species respond to habitat fragmentation.

Rarity, as measured by distribution throughout the landscape

at El Refugio, was an ecological correlate to extinction proneness

for amphibians. Rarity is a complex ecological phenomenon, and

various definitions of rarity have been discussed (Rabinowitz

 

et al

 

., 1986; Kunin & Gaston, 1997; Maina & Howe, 2000). Like

matrix aversion, rarity has been implicated as an important

correlate to extinction proneness across many different studies

(Davies 

 

et al

 

., 2004; Henle 

 

et al

 

., 2004). Rare species are presumed

to be extinction prone because their small population size puts

them at greater risk of local extinction because of demographic or

environmental stochasticity (O’Grady 

 

et al

 

., 2004). However, the

problem with including rarity in a discussion of extinction prone-

ness is that it is difficult to know whether rare species are truly

absent from patchy habitats (or the matrix) or if their low density

makes it unlikely to find individuals during a field survey (i.e.

apparent rarity may be a sampling artefact; Hanski 

 

et al

 

., 1993).

In the case of reptiles, extinction-prone species were trophi-

cally specialized. Compared to amphibians, reptiles are larger

bodied and therefore have greater metabolic demands (Peters,

1983). This relatively high metabolic demand combined with

trophic specialization (i.e. including vertebrates in their diet)

implies that reptiles may be more susceptible to the resource

limitation that sometimes characterizes patchy habitats (Lomolino,

1985; Paklovacs, 2003), and our observations suggest that this

may be the case at El Refugio. We note, however, that in some

types of patchy habitats, reptiles are able to take advantage of

plentiful food resources and reach larger body sizes (Boback,

2003) or higher densities (Rodda, 2002) than their counterparts

in continuous habitat. It therefore remains to be seen whether

our results may be applied to other types of fragmented land-

scapes. If reptilian vertebrate predators are indeed extinction

prone in many patchy landscapes, their absence from habitat

patches may exacerbate trophic cascades caused by the loss of

large predators that often occurs in fragmented systems (i.e.

mesopredator release; Terborgh 

 

et al

 

., 1997).

In considering the ecological correlates to extinction proneness

(those species present in continuous habitat but absent from

habitat patches), some consideration must be given to the mech-

anisms underlying fragmentation. In the present case, wildfire is

the suspected cause of fragmentation. Although we lack quantita-

tive data describing time since fragmentation, wildfires occurred

at El Refugio during the time of this study, and it is possible that

the extinction-prone species we describe may be absent in habitat

patches because of an aversion to wildfire, rather than fragmen-

tation per se. Similarly, in landscapes fragmented by anthropogenic

forest destruction, extinction proneness may be at least partly

attributable to anthropogenic activities in patches (i.e. hunting),

exacerbating the direct effects of fragmentation (Tabarelli 

 

et al

 

.,

2004). It will be necessary to accumulate observations from a variety

of landscape types in order to conduct a synthetic meta-analysis of

landscape effects on extinction proneness to determine the extent

to which observations from one landscape (and more specifically,

one agent of fragmentation) may be generalized to other landscapes.

Our data indicate that combinations of traits do not necessarily

provide more insight into the ecological correlates of extinction

proneness than consideration of single traits alone. No models

including more than two terms ever resulted in Global R-values

greater than models including only two terms, suggesting that

inclusion of many traits may obscure patterns of extinction

proneness. It has been suggested that combinations of traits may

interact synergistically to influence extinction proneness (Davies

 

et al

 

., 2004). Interestingly, Davies 

 

et al

 

. (2004) found that rare,

specialized beetle species were extinction prone in a landscape in

Australia, mirroring traits we correlate with extinction proneness

in amphibians and reptiles. Similarly, Swihart 

 

et al

 

. (2003, 2006)

found that composite niche breadth terms were good predictors

of vertebrate occupancy rates in fragmented landscapes in Indiana,

USA. We suggest that future studies investigate the biology of

matrix aversion and rarity, two traits that appear to be associated

with extinction proneness of many animal taxa in a range of

patchy landscapes.
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