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The striking endemism pattern of the species-richest snake genus
Atractus (Dipsadidae: Serpentes) highlights the hidden
diversity in the Andes

Andrés D. Pomar-Gémez!, Paulo Cordeiro!, Thais B. Guedes®3, Paulo Passos!*

Abstract. The distribution of the highly diversified and species-rich snake genus Atractus was assessed in search for
endemism areas. The dataset of 6000 museum specimens was used to run an Endemicity Analyses in order to identify
areas of biogeographic relevance for the genus Atractus. By using distinct methodological approaches and modifying the
size and shape of grid cells we obtained a better adjustment to each species range, taking into account species distributed
along the Andean and Atlantic Forest mountain ranges or certain vegetation constraints. Three scales of endemism were
observed: micro endemic areas, represented by three different regions; intermediate sized endemic areas, represented by
nine different regions; and macro-endemic areas, represented by four different provinces. Although most assessed regions
corroborate well-defined biogeographic units according to the scientific literature, some, mainly located in the Colombian
Andes, are not regularly considered in biogeographic syntheses carried out for vertebrates. Methodological approaches,
along with a well curated database and taxonomic accuracy, may significantly influence the recovery of endemism areas,
mainly considering mountain topography and local niche structure. The results present herein highlight the relevance of three
Colombian Cordilleras, in order to completely understand Neotropical biota patterns of distribution. It is important to note
that a well-resolved taxonomy represents both the framework and the first step toward a comprehensive biographical synthesis
reducing Wallacean shortfalls in biodiversity.
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Introduction environmental factors, leading to distributional

. o concordance for two or more species under the
Organisms show non-random distributions pat-

.. same or very similar influence of these fac-
terns as a result of many historical events but,

. . tors (Szumik et al., 2002). Endemism areas
in final instances, these patterns reflect the

dispersion limits of each species into certain
niche parameter ranges (Wiens, 2011). Areas
of Endemism represent biogeographical regions

are fundamental units in many broad-scale eco-
logical and evolutionary studies (Crisp et al.,
2009; Edler et al., 2017) and provide an essen-

where at least two species present distribu- tial tool for conservation planning (Whittaker et

tion range overlapping (Morrone, 1994; Ebach,
2017). These areas can be interpreted as the
result of the intersection between historical and
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al., 2005; Peixoto et al., 2020). However, since
different taxa exhibit distinct patterns of diver-
sity, distribution and evolutionary history, these
areas are not trivial to identify (Edler et al.,
2017).

South America, as part of the Neotropical
region, is noteworthy for its biodiversity and
has been a preferred target for biogeographical
research. A long and complex history of stud-
ies attempting to detect areas of biogeographical
relevance (e.g., Rapoport, 1968; Sanchez Osés
and Pérez-Hernandez, 1998; Morrone, 2014) is
noted, with diverse schemes proposed for the
last 150 years (see Morrone, 2014). Most of
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these schemes have been considered the base-
line for many studies aiming at understanding
the evolutionary history of biotas and their areas
(e.g., Lohmann et al., 2013). However, although
regionalisation proposal schemes are of crucial
relevance for evolutionary studies, conflicting
delimitations in the proposed schemes are still
present (Morrone, 2014), as well as a lack of
biogeographical units in complex topography
regions, such as mountain ranges (Hazzi et al.,
2018; Guedes et al., 2020; Peixoto et al., 2020).

Non-avian reptiles represent about one third
of the total diversity of the extant vertebrates,
comprising over 11000 currently recognised
species, of which more than one third (ca.
3800) are snakes (Uetz, Freed and Hosek,
2019). However, most models explaining the
distribution and endemicity of vertebrate taxa
are best studied and understood for mammals
and birds (Roll et al., 2017), both present-
ing lower species richness compared to rep-
tiles (Uetz, Freed and HoSek, 2020). The genus
Atractus comprises about 150 currently recog-
nised species of cryptozoic snakes distributed
from Panama to Argentina (Passos et al., 2018).
The natural history data in the group is very
scarce but it is known that all species are
oviparous, active mainly during the day and
twilight, and feed on earthworms (Martins and
Oliveira, 1999; Passos et al., 2019a). Despite
being the most extant snake genus, several
Atractus species are still known from small
series with relatively restricted distributions and
an apparently high level of local endemism
(Passos et al., 2019a, b). Atractus comprises
a monophyletic group (Grazziotin et al., 2012;
Arteaga et al., 2017; Melo-Sampaio et al., 2019;
Murphy et al., 2019) with a complex taxo-
nomic history due to its significant population
polymorphism and geographic variability (Pas-
sos et al., 2017; Menezes-Pelayo and Passos,
2019). The renewed interest in Atractus sys-
tematics indicated that the group diversity still
remain in a flux state, with frequent taxonomic
changes (Passos, Prudente and Lynch, 2016),
which directly reflect their distribution patterns

A.D. Pomar-Gémez et al.

(Guedes et al., 2018; Passos et al., 2018, 2019a,
b; Melo-Sampaio et al., 2019).

In this context, the aim of the present study
is to use the speciose genus Atractus throughout
its distribution in South America (i) to identify
areas of biogeographic relevance (Endemism
Areas); (ii) to test the effect of different grid
sizes and shapes to detect areas of endemism of
this clade of snakes; and (iii) to examine how
congruent the detected areas are to those previ-
ously reported, for distinct groups of organisms
in the Neotropics.

Material and methods
Study area

The study area evaluated herein includes almost all South
America, ranging from Panama to Argentina (between 13°N
and 40°S latitude and between 84°E and 34°W longitude),
which represents the total area of distribution for all species
allocated in the genus Atractus (Passos et al., 2018, 2019a,
b). The ecosystems and habitats of the species in this
area are well known as presenting a high species diversity
(Morrone, 2014), with Atractus records being reported from
the sea level to approximately 4500 m above sea level
(Passos et al., 2010).

Data sources

The data used herein was mostly based on a personal dataset
from PP derived, mainly, from the taxonomic revision of the
genus Atractus (Passos, 2008), and also considering several
subsequent publications (Passos et al., 2019a and references
therein). A total of 125 valid Atractus species were selected,
excluding junior synonymies still listed in some sources
(e.g., Natera, Esqueda and Castelain, 2015), which have
not yet been formally synonymized (P. Passos, unpubl.
data). The same rationale was applied with respect to new
species awaiting formal description based on unpublished
manuscripts, as well as papers under review that are in the
process of being published. The database used herein total
about 6000 personally verified specimens (supplementary
table S1). Some species were only represented by one
or few individuals (usually the type-series), in contrast
to species with a higher number of samples available in
collections (about 1000 individuals). This huge imbalance
concerning sample size among species is due to the fact that
some species are extremely scarce in collections, because
of distinct reasons and causations (see Passos, Prudente and
Lynch, 2016).

As most historical records were not georeferenced in the
field through the use of GPS devices, the point-radius (P-R)
method described by Wieczorek, Guo and Hijmans (2004)
was applied, in order to refine locations. This methodol-
ogy considers an appreciable error for each point based on
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the size of the generated circle, taking into account a frac-
tion of the decimal units (e.g., 1 km: 1/1 = 1 km; 1.5 km:
1/2 = 0.5 km; 1.75 km: 3/4 = 0.25 km; etc.). In cases
of higher values, the error will be calculated by multiply-
ing the free decimal number for 0.5 (i.e., 140 km: 10 x
0.5 = 5 km; 100 km: 100 % 0.5 = 50 km). Given the
variability of the data collected throughout South Amer-
ica and scale-related variations, the same error calculation
for all records was not possible. In certain cases, many
individuals were registered at the same point, but without
providing major references about the specific area. Thus,
they were randomly distributed among the P-R area for a
given geographic reference. This methodology was carried
out using the Google Earth Pro software, version 7.3.1.4507
(© 2018 Google Inc.). When the specimen was too old
and a given toponymy was not available, South American
Gazetteers were consulted. The Notepad++ software was
used to generate a major list of all species (supplementary
table S1), followed by Endemicity Analyses implemented
in NDM/VNDM software, version 3.0 (Szumik et al., 2002;
Szumik and Goloboff, 2004).

Endemicity analyses

The Endemicity Analyses were implemented through two
connected software’s (NDM and VNDM) that work
together. NDM is the basic search engine while VNDM
allow the visual inspection of the insertion of data, the
diagnostic of the analyses and download the results via
shapefile. Thus, because of this we mention the software
as NDM/VNDM along the text. The input of NDM/VNDM
software (Szumik et al., 2002; Szumik and Goloboff, 2004)
to recover endemism areas is based on a binary matrix
(presence and absence). The NDM/VNDM draw a carto-
graphic grids (editable by chosen degrees or kilometres)
superimposed to an area (South America) and the distribu-
tion data of a given organisms (Atractus), and searches for
congruencies among species distribution of as many taxa as
possible, considering the support of at least two different
species (Aagesen, Szumik and Goloboff, 2013), following
the definition of Area of Endemism in accordance with Plat-
nick (1991) and Morrone (1994). The method also allows
to give special weights depending of some characteristics
concerning species distribution, the recognition of different
shaped and sized areas, and possible occurrence areas of a
given species, based on their known or assumed distribution
(Szumik and Goloboff, 2004). In contrast to other methods
that require the exclusive and strict overlap of two or more
species to recognise an endemism area, NDM/VNDM flex-
ibilize such restriction, counting points for the endemism
area by adjusting species. The method provides a score that
can increase if the species is present in all grids from the
endemism area or decrease if is outside the area (Szumik
et al., 2002; Szumik and Goloboff, 2004). By following
the definition adopted here, minimum score to recognize an
Area of Endemism is 2 (i.e., two species) in which the over-
laps must be extensive along the given grids. Considering
that species with larger distributions are not too significant
for the formula (Szumik et al., 2002; Szumik and Goloboff,
2004), generating noise and obfuscating the recognition of
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the areas of endemism, a total of 14 species were elimi-
nated. Thus, a total of 111 species with moderate to small
distribution ranges were considered in all analyses, taking
into account grid size resolution, grid shape resolution and
Atlantic Rainforest resolution.

Grid size resolution: The dataset was analysed consider-
ing three distinct grid cell sizes (one, three and five degrees
grid cells) superimposed onto the study area. For each anal-
ysis, only the grid-cell sizes were variables. The origin of
the grid was —83.391 and 13.582. The input matrixes to
run each grid size resolution analyses on NDM/VNDM
are available in the supplementary fig. S1). We consider
endemism areas as those with score higher than two (i.e.,
two endemic species; supplementary fig. S1). After per-
forming the Endemicity Analysis, we also searched for con-
sensus areas by a strict consensus of which area cutoff was
of 75%, as this value represents a more restrictive aggrega-
tion pattern without being completely restrictive (Aagesen,
Szumik and Goloboff, 2013), allowing the unification of
similar areas presenting only a few different species.

Grid shape resolution: The effect of grid shape on the
endemic areas was also assessed, by using a rectangle. The
origin of the grid was the same as before and details on
the input matrix to run each grid shape resolution analyses
are also available in the supplementary fig. S1. Only grid
shape varied among the analyses. We initially applied 1° x
3°, followed by 3° x 1° to analyse the same database
(supplementary table S1) used for grid size. Subsequently,
the strict consensus at 75% similarity was applied. After
observing the modified shape effect, the shape relationship
was modified to improve the described area, generating 1/2,
3° x 6° grids, followed by 6° x 3° (see supplementary
fig. S1). Finally, the strict consensus at 75% similarity was
applied to the latter.

The special case of the Atlantic Rainforest: After observ-
ing the Atlantic Rainforest and Chaco, we noticed that
Atractus pantostictus distributed throughout the Brazil-
ian Cerrado ecoregion blurred the distribution pattern for
Atlantic Rainforest species, mixing both ecoregions into
one endemism area. The distribution pattern observed for
A. pantostictus is probably derived from a recent expan-
sion of the Cerrado species into Atlantic Rainforest limits,
due to Atlantic Rainforest fragmentation (see Passos et al.,
2010). To solve this problem, the analyses for the Atlantic
Rainforest region were repeated using 13 species previously
described for the area, excluding A. pantostisctus, maintain-
ing only those occurring strictly along forest habitat rem-
nants, and using the same grid size and shape resolution
described previously (supplementary fig. S1). This was pos-
sible due to the fact that the species in this area will not
suffer any influence of distantly distributed species (Szumik
et al., 2002; Szumik and Goloboff, 2004; Aagesen, Szumik
and Goloboff, 2013). The results for this region in both cases
(supplementary fig. S1) are displayed, but A. pantostictus
from the Atlantic Forest is excluded from the final maps,
as a non-informative and putative outsider and invasive ele-
ment (supplementary fig. S1).

In total we run 14 analyses, being three using squares
format of the grid (1° x 1°, 3° x 3°, 5° x 5°) and four
using rectangle format of the grid (1° x 3°, 3° x 1°, 3° x
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6°, 6° x 3°) for the whole South America and seven for the
special case of The Atlantic Forest (1° x 1°, 3° x 3°,5° x
5°,1° x 3°,3° x 1°,3° x 6°,6° x 3°). Different endemism
areas were determined based on the use of different grid
size and shape resolutions (Casagranda, Roig-Jufient and
Szumik, 2009). Micro endemic areas (MEA) were defined
as those recovered by using one-degree grid cells, endemic
areas (EA), as those recovered by using three-degree grid
cells, and macro endemic areas (MAEA), as those detected
by using five-degree grid cells. All maps showing the areas
of endemism were drawn using the QGIS 2.18.16 software
(QGis Development Team, 2016).

Results
Grid size resolution

The one-degree grid cells led to determination
of seven endemic areas (S2AB) before the con-
sensus, all located along the Andes between
Colombia, Ecuador and Venezuela. The same
seven areas were maintained after the strict con-
sensus application, indicating that differences
between the areas are higher than 25% of the
species. For the three degrees grid cells, we
recovered nine endemic areas before the con-
sensus, this time indicating endemic tree spots,
mostly along the Andes, as well as one spot
located in the Pantepui province and one in the
Atlantic Rainforest (supplementary fig. S1C).
After the strict consensus, seven endemic areas
were maintained, identifying areas located in
the Andes and along the west coast of Ecuador
and Colombia, in the Chocoan province. The
five-degree grid cells determined 14 endemic
areas (supplementary fig. S1D), seven in the
Andes, three in the Atlantic Rainforest and four
in the Pantepui province. After the strict consen-
sus, 13 consensus areas were maintained, aggre-
gating areas all in the Guiana Shield, indicating
one probable endemism area for the Pantepui
province.

Grid shape resolution

The 1° x 3° grid shape resulted in 11 endemism
areas (supplementary fig. S1E) for the genus
Atractus revealing areas in the Colombia,
Ecuador and Venezuela Andes. The consen-
sus analyses maintained nine of these areas.

A.D. Pomar-Gémez et al.

The 3° x 1° analyses identified six endemic
areas (supplementary fig. S1F). This grid shape
allowed the identification of areas presenting
elongated corological geographic distribution
shapes, such as the Andes mountain ranges, as
well as the Chocoan province lowlands, located
at the Colombia and Ecuador Pacific coasts.
While a 1° scale is small and displays only
micro-endemic areas, also elongated, the mod-
ified 3° x 6° grid found seven endemic areas
(supplementary fig. S1G), four in the Andes,
two in the Atlantic Forest and one at Pantepui.
The consensus area recovered the same seven
areas. The 6° x 3° grid recovered 13 endemic
areas (supplementary fig. S1H), nine restricted
to the Colombia, Ecuador and Venezuela Andes,
two located in the Guianas region and two in the
Atlantic Forest, one located in the south, unit-
ing the Atlantic Rainforest to the east side of
the Chaco region. The consensus analyses gen-
erated nine endemic areas.

Delimitation of endemism areas

In general, three micro endemic areas (MEA;
table 1, fig. 1) were recovered by using one
degree grid cells: the first (MEAL) is located
on the Huaca massif and southern Choc6 rain-
forest, supported by ten species; the second
area (MEA?2) found along the Cauca and Mag-
dalena drainages, supported by eight species
and the third micro endemic areca (MEA3),
corresponding to the northeast portion of the
Andes and western portion of the Merida moun-
tain range, supported six species. The sec-
ond micro-endemic area (MEA2) was a mix-
ture of River Valleys caused by the distribu-
tion of species present in elevated mountain
areas nearby generated by pixel limits, con-
sidering the natural Andes curvature. Further-
more, three species were located in the north-
ern portion of the Central Cordillera distributed
throughout lower altitudes, uniting the upper
pixels for both River Valleys. Nonetheless, it is
understood that these species do not transpose
the Central Cordillera slopes. Because of these
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Table 1. Endemism areas and endemic species of Atractus detected by NDM/VNDM in the present study, and their
congruence with from previous studies (references).

Endemism areas

Endemic species of Atractus supporting the area

References

MEA1 - Ecuadorian
Andes (sp. 10)

MEAZ2 - Colombian
Andes (sp. 8)

MEA3 - Col-Venezuela
Andes (sp. 6)

EAT1 — Ecu-Col-Andes
(sp-9)

EA2 — Ecu-Col
Andes-Choco (sp. 12)

EA3 -NE
Andes-Merida (sp. 7)

EA4 — Guiana Shield
(sp-3)

EAS5 — Guiana Shield
(sp.-4)

EAG6 — Atlantic Forest
(sp-5)

EA7 — central Atlantic F.
(sp- 4)

EAS8 — NE Chaco-S Atl.
Forest (sp. 3)

EA9 — Atl. Forest-Chaco
(sp-3)

MAEAT1 — North Andes
(sp. 14)

MAEA?2 — Guiana
Shield (sp. 5)

MAEA3 — Atlantic
Forest-Chaco (sp. 6)

MAEA4 — Gui
Shield-Midel
Amazon (sp. 4)

A. francoi, A. serranus, A. trihedrurus, A. zebrinus

A

A.

A.
A.

il o

>

N N

dunni, A. gigas, A. typhon, A. paucidens,
resplendens, A dubosi, A. gaigeae, A. modestus,
occipitoalbus, A. orcesi

melanogaster, A. nicefori, A. werneri, A. sp3,
obtusirostris, A. lasallei, A. nasutus,
sanguineus

erythromelas, A. indistinctus, A. pamplonensis,
taphorni, A. ventrimaculatus, A. emigdioi
duboisi, A. gaigeae, A. multicinctus,

lehmanni, A. occipitoalbus, A. melas, A. orcesi,
atlas, A. iridescens

clarki, A. melanogaster, A. obesus,
crassicaudatus, A. melas, A. orcesi,

iridescens, A. multicinctus, A. punctiventris,
lehmanni, A. nicefori, A. werneri
erythromelas, A. pamplonensis, A. indistinctus,
lancinii, A. taphorni, A. ventrimaculatus,
matthewi

badius, A. flamigerus, A. zidoki

alphonsehogei, A. badius, A. flammigerus,
zidoki

francoi, A. reticulatus, A. serranus,
trihedrurus, A. zebrinus

. paraguayensis, A. reticulatus, A. thalesdelemai

paraguayensis, A. reticulatus, A. zebrinus

obesus, A. iridencens, A. punctiventris,

. fuliginosus, A. lehmanni, A. duboisi, A. gaigae,

melas, A. modestus, A. multicinctus,

. occipitoalbus, A. orcesi, A. resplesdens,

typhon

alphonsehogei, A. badius, A. flamigerus,
zidoki, A. tartarus

trihedrurus, A. zebrinus, A. reticulatus,
thalesdelemai, A. paraguayensis, A. serranus

franciscopaivai, A. insipidus, A. riveroi,
trilineatus

Morrone, 2015; Prado et al., 2015;
Hazzi et al., 2018; Rangel et al., 2018

Morrone, 2015; Prado et al., 2015;
Hazzi et al., 2018; Rangel et al., 2018

Morrone, 2015; Prado et al., 2015;
Hazzi et al., 2018; Rangel et al., 2018
Morrone, 2015; Prado et al., 2015;
Hazzi et al., 2018; Rangel et al., 2018

Morrone, 2015; Prado et al., 2015;
Hazzi et al., 2018; Rangel et al., 2018

Morrone, 2015; Prado et al., 2015;
Hazzi et al., 2018; Rangel et al., 2018

Rull et al., 2019
Rull et al., 2019

Costa et al., 2000; Silva et al., 2004;
DaSilva et al., 2015; Moura et al.,
2016

Costa et al., 2000; Silva et al., 2004;
DaSilva et al., 2015; Moura et al.,
2016

Costa et al., 2000; Silva et al., 2004,
DaSilva et al., 2015; Moura et al.,
2016

Costa et al., 2000; Silva et al., 2004;
DaSilva et al., 2015; Moura et al.,
2016

Morrone, 2015; Prado et al., 2015;
Hazzi et al., 2018; Rangel et al., 2018

Rull et al., 2019

Costa et al., 2000; Silva et al., 2004;
DaSilva et al., 2015; Moura et al.,
2016

Rull et al., 2019

methodological caveats, we established a mini-
mal polygon (fig. 2) to better visualise the areas
of endemism for each drainage, without ignor-

ing the Central Cordillera mountain range. On

the other hand, the micro endemic areas found
in this study indicate three hotspots associ-
ated to the Andean mountain ranges (MEA1-3;

fig. 1), and the regions associated to Andean
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Figure 1. Micro Endemic Areas (MEA) generated after strict consensus using 1° x 1° grid size. Abbreviations: MEA1
Ecuadorian Andes (comprising 10 spp.); MEA2 Colombian Andes (comprising 8 spp.); and MEA3 Colombia-Venezuela

Andes (Merida) (comprising 6 spp.).
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Figure 2. Modified Micro Endemic Areas (MEA) 2 for
better visualization of two trans-Andean Valleys, adjust-
ing the geographical distribution according to natural bar-
riers. Abbreviations: MEA2 Colombian Andes (comprising
8 spp.), MEA Magdalena Valley (comprising 3 spp.); and
MEA Cauca Valley (comprising 5 spp.).

River Valleys are also noted as extremely rele-
vant (MEA Magdalena Valley and MEA Cauca
Valley; fig. 2).

We identified nine endemism areas (EA;
table 1, fig. 3) using three degree grid cell reso-
lution, while some of them also recovered dif-
ferentially with grid cell shape resolutions of

1°, 3° and 6°. The first endemism area (EA1;
fig. 3A) in the Andes extended along the moun-
tain ranges from southern portions of Colom-
bian mountain ranges, Ecuador, until northern
Peru, supported by nine species. The second
endemism area (EA2; fig. 3B) was located in
the Andes from the middle Ecuador to the
end of the central Cordillera in Colombia and
western Cordillera of Colombia and Merida
Mountain range on the frontier of Colombia
and Venezuela, supported by 12 species. The
third endemism area (EA3; fig. 3C), supported
by seven species, is comprised by the north-
ern portion of Colombia and Venezuela from
the Darien Cordillera, Sierra Nevada de Santa
Marta north portion of Merida Mountain range.
The fourth endemism area (EA4; fig. 3B), sup-
ported three species and is located in the Guiana
region between northeast Brazil, Guyana, Suri-
nam, and French Guyana. The fifth endemism
area (EAS; fig. 3A), supported by four species,
includes the Guiana region and northeastern
portion of Brazil, but extends to the end of the
Amazonas River until northern region of the
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Figure 3. Intermediate Endemic Areas (EA) generated after strict consensus using 3° x 3° grid size compared to the grid
with 3° and 6°, in different locations and scales. A) EA1 = Endemic areas 1 (Ecuador-Colombia Andes, comprising 9 spp.);
EAS = Endemic areas 5 (Guianas Shield-East Amazonas, comprising 5 spp.); and EA6 = Endemic areas 6 (Atlantic Forest,
comprising 5 spp.); B) Endemic areas 2 = EA2 (Andes and Chocé Ecuador-Colombia, comprising 12 spp.); Endemic areas
4 = EA4 (Guianas Shield, comprising 3 spp.); Endemic areas 7 = EA7 (Atlantic Forest, comprising 4 spp.); and Endemic
areas 8 = EA8 (NE Chaco region and Atlantic Forest, comprising 3 spp.); C) Endemic areas 3 = EA3 (NE Andes, Merida and
Cordillera Oriental in the Colombia-Venezuela border, comprising 7 spp.); and 9 (Atlantic Forest-Chaco transition region.
comprising 3 spp.).
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Figure 4. Macro Endemic Areas (MAEA) generated after strict consensus using 5° x 5°. Abbreviations: (a) Macro endemic
areas | = MAEA1 (North Andes, comprising 14 spp.) and Macro endemic areas 2 = MAEA?2 (Guianas Shield, comprising
5 spp.); and (b) Macro endemic areas 3 = MAEA3 (Atlantic Forest-Chaco transition region, comprising 6 spp.); and Macro
endemic areas 4 = MAEA4 (West Guianas Shield-Central Amazonas, comprising 4 spp.).

state of Piaui. The sixth endemism area (EA6;  (EAS; fig. 3B), supported by three species, com-
prises the south of the Atlantic Forest, until the

Chaco, located between the northern Argentina

fig. 3A) supported by five species, encompasses
the Brazilian Atlantic Forest from the south of
Bahia to the north of Rio Grande do Sul States.
The seventh endemism area (EA7; fig. 3B), sup-

and eastern Paraguay. The ninth endemism area
(EA9; fig. 3C), with three species, is found in
the eastern Chaco to last southern portion of

ported by four species, is located in the middle
of the Brazilian Atlantic Forest from Espirito
Santo to the frontier between Parand and Santa

Catarina States. The eighth endemism area

the Atlantic Forest, from Parand, to northeast-

ern Argentina, Uruguay and eastern Paraguay.
Four macro endemic areas (MAEA; table 1,

fig. 4) were identified, all recovered by the 5° x
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5° pixel. The first area (MAEAL; fig. 4A) is
located in the northern portion of the Andes and
the Darien Cordillera, supported by the congru-
ence among the distribution of 14 species. The
second area (MAEAZ2; fig. 4A) is located in the
northeastern portion of Brazil and the Guianas
Shield, supported by five species. The third area
(MAEA3; fig. 4B) is located in the Atlantic
Rainforest in Brazil, northern Argentina and
Paraguay, supported by six species. The fourth
area (MAEAA4; fig. 4B) is located in in Pantepui
in northern Brazil, Venezuela and Guyana, shar-
ing four species.

Discussion
Grid size and shape resolutions

When applying grid sizes 1° x 1°, 1° x 3°
and 3° x 1° numerous endemism areas were
detected (in order: seven, 11, and six; supple-
mentary fig. S1). Some of these overlapped,
supported by four to six species (table 1). How-
ever, the use of these small grids was shown
to be efficient to detect most endemism areas
established in the Ecuadorian, Colombian and
Venezuelan Andes. The shape and size of some
areas of endemism may make them difficult to
identify if only a single grid scheme is used. The
use of several grid sizes and shapes is known
to increase the probability to identify endemism
areas, and this approach can be especially effec-
tive where steep and rugged terrain leads to
very small areas (the case of the Andes) (Szu-
mik et al., 2012). The use of intermediate and
large grids (3° x 3°, 5° x 5°, 3° x 6° 6° x
3°; supplementary fig. S1) was useful to find
numerous endemism areas in different regions
throughout South America, supported by three
to 14 species (table 1). One known objection
against small grid cells is that they lead to over-
lapping of different distribution patterns in a
given region (Szumik et al., 2012). Larger grids
are also limited, as they do not consider natu-
ral barriers, especially in the Andes Mountains

A.D. Pomar-Gémez et al.

where they recovered only a unique coarse pat-
tern. Grid shape allowed for the differentiation
of one area related to the south Atlantic Forest
portion not recovered by the square grid shape,
also recognised for its high biodiversity, located
in north-eastern Chaco.

The approach of using small, intermediate
and large grids (of two distinct shapes) reflected
in the hierarchical levels of the identified
endemism areas. The four micro endemic areas
(MEA) recovered in the northern Andes (figs
1-2), represent taxa presenting a very restricted
distribution along only one side of the Andes
mountain range (see Passos and Lynch, 2011).
The three distinct mountain ranges and river val-
leys present different topography gradients, pre-
cipitation and temperature regimes, resulting in
a variety of soil and vegetation types at each
Andean slope (Szumik et al., 2012; Morrone,
2014). Moreover, altitudinal oviparous reptile
limits along the Andes are also noted (Doody,
2011; Lara-Reséndiz et al., 2014; Castillo et al.,
2015), resulting in each mountain range ridge
acting as an effective barrier to transversal dis-
persion, due to the environmental constraints of
oviparous reptiles. Intermediate size also recov-
ered areas of endemism (EA) (fig. 3), and this
is probably the most accurate grid size to repre-
sent Atractus endemism, since it recovered the
highest number of endemism areas (nine), rep-
resenting some also identified by small and/or
large size grid cells. In addition, macro areas
were also obtained (fig. 4), displaying major
biogeographic provinces located in the Neotrop-
ics (Morrone, 2014), with a considerable num-
ber of identified areas.

Endemism areas

In general, the methodological approach applied
herein for the genus Afractus allowed the
recovery of endemism areas along the Andes,
Atlantic Rainforest and Pantepui that repre-
sent well-known biogeographic units known
to harbour a high level of biodiversity and
endemism in the Neotropical region, including
major groups of plants and animals (Prado et
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al., 2015; Moura et al., 2016; Hazzi et al., 2018;
Rangel et al., 2018 Rull et al., 2019; Guedes et
al., 2020).

Regarding the Andean region, the unprece-
dented and remarkable distribution pattern
found herein verified the most significant
hotspot for the Atractus genus on the north-
ern portion of the Colombian Andes (cf. Pas-
sos et al., 2009; Menezes-Pelayo and Pas-
sos, 2019). Despite recent comprehensive bio-
graphic studies for Neotropical snakes (Guedes
et al., 2018) and global tetrapods (Roll et
al.,, 2017), this region has not been previ-
ously reported as a significant species rich
area. Although both studies were performed
based of datasets derived from the exami-
nation of scientific collections, increased by
clean databases available in public reposito-
ries, the Colombian Andes remain a poorly
inventoried region. Systematised explorations
on the northern Andes are very recent and have
already generated a more extensive understand-
ing of this region’s biodiversity (Hugo et al.,
2017). To complicate matters, several snake
groups with a complex taxonomic history and
high species diversity distributed throughout the
northern Colombian Andes (such as Atractus)
have only recently been studied on the basis
of integrative approaches (e.g., Torres-Carvajal
et al., 2015). Consequently, three possible, not
mutually exclusive, causations may explain the
lack of snake hotspots in the northern Colom-
bian Andes, as follows: (i) the evident gap of
databases housed in public repositories may be
the result of a lack of collections due to logis-
tic difficulties of country inventories (see Pas-
sos, Prudente and Lynch, 2016); (ii) this pattern
represent a knowledge gap, derived from the
misidentification of records available at online
databases (Jenkins et al., 2015, Maldonado et
al., 2015; Tingley, Meiri and Chapple, 2016);
(iii) most Neotropical squamate groups com-
prising a high number of species in the Andes
or trans-Andean regions still await comprehen-
sive taxonomic revisions.
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Conversely, recent studies have corroborated
the importance of the northern Andes as a
highly relevant hotspot for mammals and birds
and have classified the area as a biographical
cradle (Prado et al., 2015; Hazzi et al., 2018;
Rangel et al., 2018). Prado et al. (2015) found
endemism areas largely coherent with the micro
endemic areas reported herein, as well as areas
recovered by Rangel et al. (2018). This repeated
pattern suggests a certain level of phylogenetic
allopatric breaks along the northern Central
Colombian Cordillera to the Eastern Cordillera
plus the Merida Cordillera, in Venezuela (Hazzi
etal., 2018; Rangel et al., 2018). Similarly, most
intermediate to macro endemic areas recovered
by Prado et al. (2015) for the northern Andes,
Guiana shield, Atlantic Rainforest and Chaco
region were largely congruent with the present
results (figs 3-4). Therefore, all the aforemen-
tioned areas are strongly indicated as endemic
to plants, birds and mammals (Rangel et al.,
2018) and, therefore, a possible knowledge gap
for other snake groups.

Contrary to the refined results for the Andes,
the Atlantic Rainforest results did not corrobo-
rate certain biogeographical regions previously
reported for snakes, birds, mammals, butterflies
and harvestmen (Costa et al., 2000; Silva et al.,
2004; DaSilva et al., 2015; Moura et al., 2016).
Moura et al. (2016) understand that inventory
data for the Atlantic Rainforest are spatially dis-
continuous, hampering the identification of bio-
geographical units. Nevertheless, without per-
forming any additional methodology to fill the
sampling gaps, an area that joins the south-
ern Atlantic Rainforest with the northeastern
Chaco was identified, demonstrating this area as
of biogeographical importance due to the pres-
ence of A. francoi, A. serranus, A. trihedrurus
and A. zebrinus, in one recovered area set, and
A. paraguayensis, A. reticulatus and A. thales-
delemai, in the other. In addition, areas with
different mixtures of these species were also
observed (see supplementarty fig. S1). Addi-
tionally, 14 Atractus species were present in
five out of six biogeographical subregions found
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for Atlantic Rainforest snakes (Moura et al.,
2016). Although no endemism area was iden-
tified in both the Cerrado and Caatinga in the
present study, Atractus species were relevant to
detect areas of biogeographical importance in
both biomes. In the Cerrado, Atractus spinalis
supported the biogeographical unit called the
Espinhago Mountain Range (Azevedo et al.,
2016). In the Caatinga, A. maculatus supported
a biogeographical area located in the transition
between the Atlantic Rainforest and Caatinga,
in northeastern Brazil, and A. ronnie supported
the Ibiapaba-Araripe plateau complex (Guedes
et al., 2014).

Conclusions and future research prospects

The identification of endemism areas as pro-
vided herein is a first step towards interpret-
ing evolutionary process that require additional
ecology, distribution, phylogeny, palaeoclimat-
ical and palacogeographical data to explain
the diversification history of a certain taxa or
region. Exploring different grid cells sizes and
shapes, along with a well-curated database,
allowed us to overcome a significant challenge
and recover endemism areas using cryptozoic
snakes as a model. Three micro endemic areas,
nine moderate and four macro endemic areas
in the Neotropical region were identified for
Atractus along the Andes, Atlantic Rainforest
and Pantepui recovering patterns and improving
previous syntheses (Hoorn et al., 2010; Roll et
al., 2017; Guedes et al., 2018). This approach
using Atractus snakes, recovered relevant areas
for conservation and biogeography and should
encourage similar applications to other major
animal or plant groups. Overall, there is still a
need to improve faunal inventories in the north-
ern Andes, as samples are still elusive for sev-
eral groups (mainly for taxa presenting secre-
tive lifestyles). At the same time, it is manda-
tory to better sampling complex groups in order
to refine species hypotheses by integrating dis-
tinct lines of evidence (Padial et al., 2010). It
is important to note that a well-resolved taxon-
omy represents both the framework and the first
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step toward a comprehensive biogeographical
synthesis that usually lead to better knowledge
concerning biodiversity and the implementation
of efficient conservation strategies.
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