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Abstract: Rare species tend to be especially sensitive to habitat disturbance, making them important
conservation targets. Thus, rarity patterns might be an important guide to conservation efforts.
Rabinowitz’s approach defines rarity using a combination of geographical range, habitat specificity,
and local abundance, and is frequently used in conservation prioritization. Herein, we use
Rabinowitz’s approach to classify the New World (NW) pitvipers (family Viperidae) regarding
rarity. We tested whether body size and latitude could predict rarity, and we compared rarity patterns
with extinction risk assessments and other prioritization methods in order to detect rare species not
classified as threatened or prioritized. Most NW pitvipers have large geographical ranges, high
local abundances, and narrow habitat breadths. There are 11.8% of NW pitviper species in the rarest
category and they occur along the Pacific coast of Mexico, in southern Central America, in the Andean
region of Ecuador, and in eastern Brazil. Rarity in NW pitvipers is inversely related to latitude but is
not related to body size. Our results indicate that additional species of NW pitvipers are threatened
and/or should be prioritized for conservation. Combining complementary approaches to detect
rare and threatened species may substantially improve our knowledge on the conservation needs of
NW pitvipers.

Keywords: geographical range; habitat breadth; local abundance; threatened species; extinction
risk; Viperidae

1. Introduction

There is growing evidence that rare species play key ecological roles in the functioning and
structuring of communities [1–3]. Additionally, rare species tend to be more affected by habitat
disturbance compared to common species [4–6], and should thus comprise important targets of
conservation programs [6]. A better understanding of rarity patterns is therefore necessary to help
with guiding conservation efforts [6].

In the context of populations and communities, ecologists tend to define rare species as those
showing low abundance and/or a small distribution area (see reviews in [7,8]). In conservation biology,
the meaning of rare is usually associated with extinction risk [6], given that low abundance and small
distribution areas are linked to heightened extinction risk of species [9]. Although the term rarity has
been broadly used, a more precise concept of rarity was proposed by Rabinowitz [10] as a combination
of three components: Small geographical range, high habitat specificity, and low local abundance.
The so-called “seven forms of rarity” of Rabinowitz [10] is often suggested to have some degree of
subjectivity in the classification of species (e.g., [11–13]). However, although several other strategies for
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the classification of rarity have been proposed (see review [6]), the “seven forms of rarity” approach is
still a simple, effective, and widely used framework to characterize rare species from ecological and
conservation points of view (e.g., [14–22]).

Rarity patterns resulting from the “seven forms of rarity” approach tend to be strongly correlated
with extinction risk assessed by traditional methods like the International Union for Conservation
of Nature (IUCN) categories and criteria [14,22]. In fact, this correlation is expected because most
methods aimed to detect extinction risk also use two of the criteria used to define rarity, geographical
range and population size, among their main criteria [23]. However, using just one aspect of rarity,
such as small geographical range, could lead to an underestimation of extinction risk of a species.
On the other hand, the interplay between processes at different scales that make species common or
rare can create associations between different components of rarity [24,25]. The investigation of such
associations is thus necessary for a better understanding of rarity and also has practical consequences
like the use of one aspect as a proxy for the other aspects when data are incomplete. Furthermore,
detecting intrinsic factors that could predict rarity and its different aspects from species trait data would
also help in conservation efforts by accelerating assessments of rarity and subsequent prioritization
exercises. Rarity patterns in tropical woody plants, for example, have a strong phylogenetic component,
indicating that related species tend to be similar regarding rarity [26]. In birds, abundance is negatively
related to body size, and range sizes are better predicted by habitat specificity, migratory status, and
clutch size of different species [27]. Thus, identifying correlations among the different aspects of
rarity and possible intrinsic factors that can predict rarity would help us to increase the efficacy of
conservation strategies.

Vipers (family Viperidae) comprise about 350 snake species distributed in most continents. New
World (NW) vipers are all in the subfamily Crotalinae (pitvipers), comprising about 12 genera and 150
species (~ 43% of all vipers [28]) distributed throughout the Americas [29]. NW pitvipers diverged
from their Old World relatives around 28 million years ago and arrived in the New World from a single
invasion into North America [30–32]. Once their ancestor reached the NW, pitvipers rapidly occupied
virtually all terrestrial habitats available [29,30,32,33] and are today conspicuous predators in most
NW ecosystems. There is a large body of literature on the biology of NW pitvipers, especially focusing
on their medical importance [34,35], complex venom apparatus [36–38], and feeding habits [29,39,40].
Additionally, compared to other snake lineages and reptiles in general, vipers are significantly more
threatened, mainly due to habitat loss and persecution by humans [41–43]. Given their high extinction
risk but substantial availability of biological information, NW pitvipers comprise an interesting
snake lineage to explore rarity patterns, the intrinsic factors affecting these patterns, and the possible
associations between rarity and extinction risk.

Herein, we compiled a dataset of NW pitvipers to categorize species according to Rabinowitz [10].
Additionally, we explored how rarity is distributed across space and among lineages. If rare species
are located in a more restricted area and/or lineage, this could guide conservation efforts. We also
investigated whether intrinsic factors predict rarity patterns. We expected that body size and latitude
could predict rarity and thus could be used as proxies in circumstances where data on distribution,
habitat breadth or population abundance are not available. We chose these variables because body size
is frequently related to life history traits and range size, and abundance was found to be related to
latitude in some clades (see additional details in Predicting rarity below). Finally, we compared the
rarity patterns found with assessments of extinction risk and other prioritization methods in order to
detect rare species which may have so far been overlooked in conservation efforts. As Rabinowitz’s
classification uses three different criteria (geographical ranges, local abundances, and habitat breadths)
to define rare species, we expect that some rare species would not be listed as threatened and/or
prioritized for conservation, and thus, this would demonstrate that assessments of rarity could provide
an additional tool to guide conservation efforts for these key ecological species.
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2. Materials and Methods

2.1. Rarity Patterns

We used literature and unpublished information to characterize the geographical range (GR),
habitat breadth (HB), and local abundance (LA) of 143 species of NW pitvipers (see Tables S1–S3). We
follow the taxonomy of the Reptile Database as of August, 2015 [28], except for some island populations
of Crotalus (see [43,44]). Each variable considered was dichotomized (see details below). As a result,
we built a table with the eight combinations of these variables in the table cells (cf. Rabinowitz [10]).
We then categorized species in four rarity categories (see [14]): Not rare (NR), which includes those
species that are not rare in any of the three aspects of rarity; low intermediate (LI), with species that are
rare in one aspect; high intermediate (HI), with species that are rare in two aspects; and rarest (RT),
with species that are rare in all three aspects.

Locality data used to calculate GR of each species were gathered mostly from literature (scientific
papers, theses, dissertations, books, reports etc.), but also from museum databases (including
VertNet [45]), and from an unpublished database for species that occur in Brazil [46] (see Table
S1). Each resulting map was compared to the maps provided by Campbell and Lamar [29] to exclude
possible erroneous localities. In a few cases in which locality data were not available, we obtained data
directly from published distribution maps.

We estimated GR using a map depicting the point occurrences of a given species and drawing the
smallest convex polygon connecting external points and that encompasses the remaining points (cf.
extent of occurrence, EOO [47]). We then excluded areas that were clearly unsuitable habitat (using
literature and unpublished information on degree of habitat specialization) and that represented over
1% of the total polygon. In order to make very small distributions more realistic, we considered a
buffer of five km radius centered at each point of occurrence. For island endemics, we used the area
of the island as the species’ GR. For most species, the area of our GR was the same as the EOO [47],
but in some, the GR obtained was up to one fourth the EOO (e.g., Bothrops asper; see Table S4). We
then dichotomized the distribution of GRs using its median: GR > 82,900 km2 = wide distribution;
GR < 82,900 km2 = restricted distribution). All spatial analyses were performed in the software
Quantum GIS [48].

We estimated HB of each species using literature data to obtain the number of major habitat types
in which the species can be found, considering gross vegetation types: Desert, non-desert open habitats
(grassland, shrubland, and savanna), and forests (Table S2). We then dichotomized the distribution
of number of habitat types using its median: > one habitat type = wide habitat breadth; one habitat
type = narrow habitat breadth (Table S2). To estimate LA of each species, we used a simplification of
the ACFOR (abundant, common, frequent, occasional, rare) scale [49] with three categories (abundant,
common, and rare), which refer only to the apparent abundance found in the literature (see Table S3).
For each species we assigned a value from one to three (rare to abundant). For dichotomization, we
used the mean of these values (1.98; one = rare; two and three = not rare) instead of its median (2), as
this would make dichotomization impossible. We failed to find LA data for 16 species. Thus, of the
143 species of New World pitvipers considered herein, we had enough data to analyze rarity for 127
species (88% of the species).

We analyzed the associations between the three rarity variables (GR, HB, and LA) using log-linear
models [50,51]. We fitted alternative log-models to the frequencies of species in each combination of
the three rarity variables. The models expressed all combinations of associations among variables
in a multi-way contingency table. We started with a full model (all possible associations between
two variables plus the association of the three variables) and then we tested sequentially the loss of
fit caused by the removal of each one of these associations [51]. The loss of fit in these sequential
comparisons was gauged by the log-likelihood ratio test (LRT) with the Chi-square test. A significant
loss of fit when an association was removed was considered support for such association. The first
step in this forward selection procedure was to compare through LRT the model with all interactions
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with the model without the three-way interaction. If the test showed a non-significant loss of fit, we
inferred that the data did not support the three-way association between the three forms of rarity.
In this case, we proceeded by testing the significance of the three two-way associations (that is, the
association between GR and HB, GR and LA, HB and LA). In each of these tests we compared through
LRT the model with the target two-way interaction (but with the other remaining interactions) with
the model with all two-way interactions. Each of these three tests then allowed us to identify if there
was evidence for one of the associations among pairs of rarity forms (for instance, if species with small
geographic range and small populations were more frequent than expected if these two states were
independent, and so on). We performed these analyses in R 3.1.3 (R Core Team, Vienna, Austria) [52].

2.2. Predicting Rarity

We explored if body size and latitude can predict rarity in NW pitvipers. Body size is frequently
related to several life history aspects in animals [53], and might affect abundance (see [54]) and home
range size (e.g., [55–57]). In snakes, body size can also be tied to aspects often predicting generation
time, such as time of sexual maturity, fecundity, and lifespan (e.g., [58,59]). Thus, body size could
potentially predict rarity in snakes. We collected data for body size (total length, i.e., snout-vent length
plus tail length) through an extensive literature review (see Table S5).

Latitude could also predict rarity patterns among NW pitvipers. According to Rapoport’s rule, in
temperate zones species tend to have larger geographical ranges than in the tropics [60–64] and species
occurring in tropical regions tend to have narrower habitat breadth than those in temperate zones [65–67].
Additionally, there is evidence that species abundance is positively related to latitude [68,69]. To
evaluate if latitude predicts rarity patterns across NW pitvipers, we used the latitude of the centroid of
the geographical range of each species.

To investigate if body size and latitude predict rarity, we used Bayesian phylogenetic
generalized mixed models implemented in the R package MCMCglmm [70]. Under this approach
phylogenetic relatedness is incorporated as a covariance matrix. We followed the approach of Verde
Arregoitia et al. [71] and used body size and latitude as fixed effects and the rarity ranking categories
as an ordinal dependent variable. We assigned a rank ranging from 1 to 4 to our rarity categories
(cf. [14]), in which the lower value represents the rarest category and the higher value indicates the
not rare category. We implemented our models using the codes by Verde Arregoitia et al. [71] and
the phylogeny generated in Alencar et al. [31]. We ran the analyses for at least 10,000,000 steps to
achieve convergence, discarding the first 10% iterations as burn-in. We verified convergence using the
Heidelberger and Welch’s convergence diagnostic [72], checking for the autocorrelation of successive
samples and through visual inspection of trace plots. We considered associations as significant when
the 95% credible intervals did not include zero.

2.3. Rarity and Other Assessments of Extinction Risk or Prioritization

Categorizations under the IUCN criteria [47] were gathered from the IUCN Red List [42], from
assessments by the IUCN Snake and Lizard Red List Authority, and from the recent assessment of
Brazilian snakes for species endemic to Brazil (see [43]). We assessed the remaining species for which
previous IUCN categorizations were not available using the IUCN categories and criteria [47] (see
Table S4). Continuing declines in habitat quality under criterion B were inferred visually using maps
of human influence index [73], superimposed on distribution maps, combined with information on the
ability of species to persist in disturbed habitats (obtained in the literature or by specialist consultation).

We also compared our rarity categorization of New World pitvipers of this study (only the rarest,
RT category) with those of the Mexican red list [74], the Threat Index of Maritz et al. ([43] for the World
vipers), and conservation status assessments using the Environmental Vulnerability Score (EVS; [75])
for Central American [76] and Mexican species [77].
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3. Results

3.1. Rarity Patterns

We found marked rarity patterns within NW pitvipers (Figure 1 and Table S4). Considering each
component separately, most species have a narrow habitat breadth (78.7% of the species inhabit a single
habitat type) or are locally common (79.5%), and around half of them (55.9%) are widely distributed
(GR > 82,900 km2).
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Figure 1. Number of species of New World pitvipers in each rarity cell (letters A to F after each
number) of the method proposed by Rabinowitz [10]. The species depicted is Bothrops pauloensis, from
southeastern Brazil.

Regarding the rarity types of Rabinowitz ([10]; cells A to H in Figure 1), one type does not occur
in NW pitvipers (cell C in Figure 1; large GR, broad HB, and low LA; Table S4) and two types comprise
less than 5% of the species, with 3.15% of species with small GR, broad HB, and high LA (cell E in
Figure 1; Table S4) and 0.8% of species with small GR, broad HB, and low LA (cell G in Figure 1;
Table S4). A great number of the NW pitvipers (30.7%) has large GR, narrow HB, and high LA (cell B in
Figure 1; Table S4) and 28.3% of the species have small GR, narrow HB, and high LA (cell F in Figure 1;
Table S4). Thus, cells B and F represent the majority (59%) of the rarity patterns characterizing the NW
pitvipers (Figure 1; Table S4). Besides, 11.8% of the species are in cell H (small GR, narrow HB, and low
LA) and 7.9% in cell D (large GR, narrow HB, low LA; Figure 1; Table S4). As for our rarity categories,
11.8% of the species are in the rarest category (cell H), 37.0% are in high intermediate (cells D, F, and G),
33.8% are in low intermediate (cells B, C, and E), and 17.3% are in the not rare category (cell A). Using
log-linear models, we found significant, positive associations between GR and HB (χ2 = 7.75, p = 0.005,
1 df ) and between HB and LA (χ2 = 5.66, p = 0.017, 1 df ). This indicates that the most parsimonious
model predicting the number of species in each rarity category includes the association between GR
and HB and the association between HB and LA.

Species in the rarest category occur along the Pacific coast of Mexico, in southern Central America,
especially in Costa Rica and Panamá, in the Andean region of Ecuador, and in a narrow area in
eastern Brazil (Figure 2A). When both higher rarity categories (high intermediate and rarest) are
considered together, rare pitvipers are found in the southwestern United States, throughout Central
America from southwestern Mexico to Panamá, and in central and northern South America (Figure 2B).
When the distribution of rare pitvipers (high intermediate and rarest; Figure 2A,B) is compared to
pitviper richness hotspots throughout the Americas ("hottest" areas in Figure 2D), there is a relatively
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Figure 2. Maps depicting the species richness of New World pitvipers, according to different rarity and
threat status categories. (A) Distribution of the rarest species (category RT); (B) distribution of rare
species considering both higher rarity categories (HI and RT); (C) distribution of threatened species
(IUCN (International Union for Conservation of Nature) categories critically endangered, endangered,
and vulnerable); (D) species richness of all New World pitvipers.

In general, rarity patterns do not seem to be phylogenetically conserved across NW pitvipers
(Figure 3) with the exception of Central American lineages (Bothriechis, Cerrophidion, Mixcoatlus, and
Ophryacus), which show high concentration of rare species (High Intermediate and Rarest; Figure 3). In
other lineages (e.g., Bothrops, Crotalus), rare species are frequently endemic to islands or to Central and
North American mountains (Figure 3 and Figure S1).
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3.2. Predicting Rarity

Latitude but not body size predicted rarity in NW pitvipers. Bayesian phylogenetic models
suggested an effect of latitude on rarity, i.e., the probability of a lineage being rare decreases with
increasing latitude (Table S6).

3.3. Rarity and Other Assessments of Extinction Risk or Prioritization

When rarity patterns are compared to categorizations of extinction risk using IUCN categories and
criteria (Table 1; Table S4), 20 species (91.0%) of the 22 threatened species (vulnerable, VU; endangered,
EN; and critically endangered, CR) are in the higher rarity categories (high intermediate and rarest)
and two (9.1%) are in the low intermediate category (specifically in the category E). For near threatened
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(NT) species, two (33.3%) are in low intermediate, three (50.0%) are in high intermediate, and one
(16.7%) in the rarest category. Just 22 (23.7%) of least concern (LC) species are in not rare, 38 (40.9%) are
in low intermediate, 29 (31.2%) are in high intermediate, and four (4.3%) are in rarest. Finally, one
(16.7%) data deficient (DD) species is in low intermediate, three (50%) species are in high intermediate
and two (33.3%) in rarest. Additionally, there is a relatively high congruence in the distribution of the
species in the rarest category (RT; Figure 2A) and threatened species (Figure 2C).

Table 1. Categories of rarity (based on Rabinowitz [10]) of New World pitvipers in relation to the
categories of the IUCN. CR = Critically endangered; DD = data deficient; EX = extinct; EW = extinct in
the wild; EN = endangered; LC = least concern; NT = near threatened; VU = vulnerable. Numbers for
threatened categories (CR, EN, and VU) are in bold.

IUCN Categories
Rarity Category EX EW CR EN VU NT LC DD Total

Not Rare 0 0 0 0 0 0 22 0 22
Low Intermediate 0 0 0 2 0 2 38 1 43
High Intermediate 0 0 6 2 4 3 29 3 47

Rarest 0 0 1 3 4 1 4 2 15
Total 0 0 7 7 8 6 93 6 127

Furthermore, among our 15 rarest species, four are listed as endangered or threatened in the
Mexican red list of threatened species [74], two were assessed as having a high threat index in
Maritz et al. [43] prioritization, and six and three species were already suggested to show high
vulnerability to extinction through EVS in Mexico [77] and in Central America [76], respectively
(Table 2).

Table 2. Comparison of the categorization of New World pitvipers of this study (only the rarest,
RT category) with those of extinction risk assessments by IUCN ([42] for the World), Secretaría de
Medio Ambiente y Recursos Naturales ([78] for Mexico), Johnson et al. ([76] for Central America),
Wilson et al. ([77] for Mexico), and the Threat Index of Maritz et al. ([43] for the World). Categories in
the Mexican red list are: A = Amenazada (threatened) and P = En Peligro de Extinción (endangered).
Category H (high vulnerability species) in the studies using the Environmental Vulnerability Score
(EVS) system indicates a score ≥ 14 (see [75]). An empty cell indicates that the species was not assessed.

Rarest Species in this
Study (Category RT) IUCN Mexican Red

List EVS Mexico EVS Central
America

Among top 30
Threat Index in
Maritz et al. [43]

Bothriechis thalassinus CR H no
Bothrocophias campbelli EN no

Bothrops ayerbei DD no
Bothrops venezuelensis DD no

Cerrophidion sasai LC H no
Cerrophidion tzotzilorum LC yes

Cerrphidion wilsoni EN H no
Crotalus caliginis EN no

Crotalus catalinensis VU A H no
Crotalus intermedius VU A H no
Crotalus muertensis VU H no
Crotalus stejnegeri LC A H no

Crotalus transversus LC P H yes
Mixcoatlus browni VU H no
Porthidium arcosae NT no

4. Discussion

Our results show that most New World pitvipers have a narrow habitat breadth or are locally
common, and around half of them are widely distributed. Twenty-two species (17.3%) are in the not
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rare category and fifteen (11.8%) are in the highest rarity category (Rarest). Most of the latter species are
distributed in Central America, especially in highlands and islands, and seven of these rarest species
are not classified as threatened by IUCN.

Pitvipers tend to be locally common and to have narrow habitat breadth (see Tables S2 and S3). As
a consequence, two of the rarity types in the Rabinowitz cross-classification (cells E and G in Figure 1)
together comprise less than 4% of species and one of the rarity types (cell C in Figure 1) was not
occupied by any species. This result contrasts with those observed in other groups, like plants [74],
mammals [14], and frogs [22], for which empty cells were not recorded, perhaps because the number
of species considered herein is smaller than those of these studies. Further rarity studies involving
other taxonomically restricted snake lineages (e.g., families, subfamilies) would show whether the
patterns described herein are widespread amongst snakes.

A high frequency of habitat specialization and high local abundance was also detected in birds
and plants [17,27]. Although few studies have explored patterns of habitat specialization in snakes
(e.g., [79,80]), Luiselli [81], using a different approach, found that rare species (including vipers)
tend to have narrow realized ecological niches, which can be related to habitat breadth (see below).
Additionally, in most studies of NW snake communities, pitvipers tend to appear among the most
frequently encountered species (e.g., [82–87]), suggesting a general trend to be locally common. Overall,
these results are in accordance with our findings that many NW pitvipers are habitat specialists and
locally common.

We found an association between geographical range and habitat breadth in NW pitvipers (see
also [88] for snakes in general). Indeed, there seems to be a general trend of association between these
traits in different taxa. In a review of the effects of niche breadth on range size in several groups of
organisms (diatoms, algae, plants, and animals), Slatyer et al. [89] found that habitat breadth is a
good predictor of range size (see also [90,91]). Indeed, many recent studies indicate that populations
of specialist species tend to decline faster than populations of generalist species [89], no matter
why this association occurs (see discussion in [89], see also [92]). Thus, the high degree of habitat
specialization associated with small ranges in NW pitvipers (e.g., 50 species with ranges < 20,000 km2

have narrow habitat breadth; see also [88]) indicates that this group may be especially vulnerable to
human disturbance in their habitats. The association between geographical range and habitat breadth
also indicates that there is some redundancy within the rarity aspects included in the “seven forms
of rarity” framework, and that it might be possible to use one of these aspects as a proxy for the
other when data are incomplete. Additionally, when redundancy within the rarity aspects is high, a
simplified framework could be used (e.g., with only two aspects).

The rarest species of NW pitvipers occur in Central America and Andean and Trans-Andean South
America (see Figure 2A). Actually, many of the rare pitvipers are restricted to mountains or islands,
which translates into small geographical ranges (Figure S2; Table S4) and narrow habitat breadth. In
fact, Böhm et al. [88] showed that snakes with a narrow habitat breadth tend to have small geographical
ranges, and that snakes have smaller ranges at higher altitudes. Additionally, when the geographical
distribution of rare pitvipers (Rarest category; Figure 2A) is compared to pitviper richness hotspots
throughout the Americas (Figure 2D), there is a relatively high congruence between them in North
and Central America, but a generally lower congruence in South America. This lack of congruence
in South America perhaps reflects the fact that most hotspots of pitviper richness in this region are
dominated by widespread species, whereas in Central America these hotspots are determined mainly
by species with small geographical ranges (see Table S4 and Figure S2).

As predicted, our results show that NW pitvipers occurring at lower latitudes tend to be rare.
Indeed, there is evidence of Rapoport’s rule among these snakes (correlation between latitudinal
midpoint and GR, this latter log-transformed, Pearson’s r = 0.245, p < 0.05, but see [57]), indicating
that GR may have contributed to this result. There is also a significant correlation between latitude
and number of habitats used by species (Spearman’s r = 0.474, p < 0.05), indicating that HB has also
contributed to this trend. Indeed, analyzing snake communities worldwide, Luiselli [81] found that the
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percentage of rare species in a community is higher in the tropics than in temperate regions. Similar
results were found for other groups, such as primates [93], Australian honeyeaters [69], and Australian
mammals [68]. However, latitude is just an indicator of geographical location [94] and further studies
should search for the factors that are actually explaining higher levels of rarity in the tropics. Letcher
and Harvey [95], for instance, tested if climatic variability could explain Rapoports’s rule for mammals
of the Palearctic region and their results showed that only annual temperature range could predict
range size. Thus, an interesting future approach would be to test whether environmental variables,
such as temperature, rainfall, and resource distribution, can predict the variation of rarity in New
World pitvipers and other groups along the latitudinal gradient.

Although rarity (sensu Rabinowitz [10]) is not directly incorporated in the Red List classification
using IUCN categories and criteria [96], there is some congruence between rarity and extinction
risk [14,22]. This congruence may occur mainly because certain aspects of rarity, such as small
geographical range and small population size, are captured in the IUCN Red List Criteria as symptoms
of high extinction risk; thus, extinction risk and rarity may covary [96]. Indeed, there is a high
congruence between rare and threatened New World pitvipers (Figure 2A,C, respectively; Table S4).
This high congruence is somewhat surprising considering that nearly half of our Rare species are not
threatened (four LC, two DD, and one NT) in the IUCN red list. This congruence probably reflects
the fact that the extent of occurrence of three quarters of our Rare species falls below the threshold
of IUCN Red List criterion B (20,000 km2; Table S4, [47]). This latter criterion is the most used for
reptiles in general [41] and was used in the assessment of almost all threatened NW pitvipers (21 out
of 22 species; [42]; this study). Furthermore, although not explicitly included as a specific criterion
in the IUCN categories and criteria, local abundance is often taken into account during conservation
assessments [97]. Additionally, the high congruence in the geographical distribution of rare and
threatened species indicates that rarity is a useful spatial surrogate of endangerment in NW pitvipers.
In fact, using a global database of fossil marine animals, Harnik et al. [19] showed that geographical
range was the main factor determining extinction risk in the seven forms of rarity, followed by habitat
breadth, while local abundance had a minor effect.

Even though we found an overall congruence between rare and threatened NW pitvipers, four
species (Cerrophidion sasai, C. tzotzilorum, Crotalus stejnegeri, and C. transversus) classified in the rarest
category are categorized as “least concern” on the IUCN Red List ([42]). Thus, special attention should
be given to these species, as they may become threatened very easily in the near future because they
may be disproportionately affected by habitat disturbance [4,6,68]. By the same token, both DD species
that appeared in the rarest category (Bothrops ayerbei and B. venezuelensis) may prove to be threatened
or NT when additional information becomes available for them.

Besides the congruence with the IUCN Red List, four of our rarest species are listed as endangered
or threatened in the Mexican red list of threatened species ([78]) and additional species appear in
Mexican and Central American extinction risk assessments using EVS [75–77] and with a high threat
index in Maritz et al. [43] prioritization. Based on the complementary results presented herein and in
the IUCN [42] and Mexican [43] red lists and EVS assessments [76–78], species that appear as high
priorities in these lists and studies (see Table 2) should receive special attention in future conservation
planning. Additionally, one species in the rarest category (Mixcoatlus browni) had a high ranking in
Maritz et al.’s [43] Ecological and Evolutionary Distinctiveness index (EED). Thus, this species may also
be ecologically and evolutionarily unique and therefore deserves special attention for conservation.

5. Conclusions

In this study, we used Rabinowitz’s rarity categories to classify New World pitvipers and our
results show that although most NW pitvipers are not rare, several species have a combination of
features (narrow habitat breadth and small geographical range) that may make them vulnerable to
extinction in the near future. We detected regions where a concentration of rare pitvipers occurs
(e.g., mountainous regions of Mexico, southern Central America, and Transandean South America),
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which may become target regions for new protected areas. Our results also show that rarity in NW
pitvipers tends to decrease with increasing latitude and hence latitude can be used as a proxy in
the lack of data, helping the efforts of conservation in some situations. Lastly, we compared rarity
patterns with IUCN assessments and showed that among species in our rarest category, some were
not listed as threatened. Thus, we propose the use of our rarity analyses as additional criteria for
setting conservation priorities, which can contribute effectively to the conservation of NW pitvipers.
Indeed, combining complementary approaches like Rabinowitz’s rarity method (this study) with those
presented in the previous paragraphs (Table 2), may substantially improve our knowledge on the
conservation needs of NW pitvipers.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/11/9/147/s1,
Figure S1: Relief maps showing the distribution of rare vipers in the New World (North and Central America
above, South America below). Note that most rare pitvipers occur in mountainous areas. Grid details and richness
as in Figure 1. Figure S2: Comparison of the size of viper geographical distribution among regions of the New
World. Table S1: Sources of locality data used to calculate geographical range for New World vipers. Table S2:
Habitats of New World vipers. Major habitats cited in the literature, number of major habitats, and the category
considered in our analyses for habitat breadth. Table S3: Species abundance of New World pitvipers. The column
“Abundance” (rare = 1, frequent = 2 and abundant = 3) is based on literature information for each species and LA
is the category considered in our analyses based on the previous column (low local abundance for one in previous
column, high local abundance for two and three). Table S4: Geographical range (GR1, in km2), extent of occurrence
(EOO, cf. IUCN), region of the New World (CEAM = Central America; CISA = Cisandean South America;
ISLA = island endemics; TRSA = Transandean South America; USNM = United States and northern Mexico), IUCN
category (LC = least concern; DD = data deficient; NT = near threatened; VU = vulnerable; EN = endangered;
CR = critically endangered), source of IUCN category (BRZ = Brazilian assessment by ICMBio; IUCN = IUCN
Red List; SIS = IUCN Species Information System; TS = this study), rarity variables (GR2 = geographical range;
HB = habitat breadth; LA = local abundance), rarity cell in Rabinowitz “seven forms of rarity” (see Figure 1),
and rarity category (NR = not rare; LI = low intermediate; HI = high intermediate; RT = rarest) for all species of
New World pitvipers. Table S5: Body size (maximum length, in milimeters) and absolute latitude used in the
analysis for predicting rarity. The column “references” refers to the data on maximum length. Table S6: Parameter
estimates of Bayesian phylogenetic mixed-models analyses. An asterisk indicates a statistically significant result
(p < 0.01). CI = Confidence intervals.
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