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Abstract

South American coralsnakes are characterized by inconspicuous and poorly known spe-
cies, which are potentially very sensitive to climate change. Here, we assess the impact of
future climate change on the distributions of the Micrurus lemniscatus species complex after
addressing the Wallacean shortfalls and refining the knowledge about their current geo-
graphic distributions. We also evaluate the efficiency of the current reserve network to pro-
tect the species in the present and future. We applied ecological niche model tools through
a carefully examined set of occurrence records to generate potential present distributions
and to project these distributions into future scenarios of climate change. Specific thresholds
based on occurrence records along with expert opinions were used to delineate the geo-
graphic distribution of each species. A hierarchical ANOVA was applied to evaluate the
uncertainties in species distributions across niche modeling methods and climate models
and nested into the time factor (present and future). Multiple regression models were used
to infer the relative importance of the climatic variables to determine the species’ suitability.
A gap analysis was performed to address the representativeness of species distributions
into protected areas. Predicted geographic distributions were compatible with the known
distributions and the expert opinions, except for M. I. carvalhoi. New areas for field research
were identified. Variation in precipitation was the most important factor defining the habitat
suitability for all species, except for M. diutius. All taxa (except M. I. lemniscatus) will shrink
their distributions in the future; less than 50% of the present suitable areas are protected in
reserve networks, and less than 40% of these areas will be held in reserves in the future.
We found strong evidence that coralsnakes may be highly sensitive to the ongoing changes
and must be protected.
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Introduction

An accurate knowledge of species geographic distributions is critical to preserve biodiversity
in a changing world. Despite the increasing availability of digitized information on biodiversity
data and species occurrence, our knowledge about the geographic distribution of most species
is regretfully incomplete [1-3]. This shortcoming, called the Wallacean shortfall, is more evi-
dent in highly diverse tropical ecosystems [4-6], which are paradoxically the most threatened
ecosystems [7,8]. Moreover, the lack of data on species distribution is frequently biased toward
small, inconspicuous, and not easily detectable species [1,9]. Even with the wide use of meth-
odological tools to predict species ranges, large gaps still exist for these species, particularly
because the primary data used in predictive models are scarce or incomplete, precluding a
clear understanding of the threats from climate change and assessments of their conservation
status.

Ongoing climate changes have already impacted organisms’ distributions around the world
in recent years [10-13]. Snakes are especially sensitive to climate changes [14-16] because
most species maintain daily activities in a restricted range of temperatures [17] and because
the reproductive strategies in tropical species depend on rainfall patterns and seasonality in
precipitation [17-20]. The most important issue regarding the impact of climate change is that
species that are unable to evolve rapid physiological adaptations or climatic tolerances (to new
thermal conditions) may become extinct unless they have good dispersal abilities to track suit-
able habitats [21-24]. These impacts are particularly harmful for those species that are habitat
specialists, which would probably fail to migrate following suitable climates [23,25]. Despite
this situation, with few exceptions, snakes have been neglected from studies assessing the
impacts of climate change [24,26,27].

Micrurus lemniscatus Linnaeus 1758 comprises a taxonomic complex of six taxa: M. . lem-
niscatus, M. I. carvalhoi, M. diutius, M. l. helleri, M. potyguara and M. serranus, which occur all
across South America, except Chile and Uruguay. Despite the wide geographic distribution
(encompassing such distinct biomes as the Amazon, Cerrado, Caatinga and Atlantic Forest)
and medical importance due to their highly neurotoxic venoms, little is known about their
ecology, taxonomic delimitation, or geographic distribution [28-32]. Some studies suggested
that the M. lemniscatus complex is composed of two geographically distinct clades: one from
Amazonia and another from the Caatinga and Atlantic forest biomes [29]. However, the lim-
ited number of individuals analyzed precluded a clear geographic delimitation of each form.
Extensive compilations such as by Campbell & Lamar [33]reproduced these shortcomings and
presented poor definitions of the species’ geographic limits, which were based on previous
studies without covering the entire scope of information from the specimens available in scien-
tific collections. Thus, this group clearly exemplifies the necessity for new studies dealing with
the Wallacean shortfall, as the knowledge about species distributions is very incomplete. Most
importantly, similar to the observations for other coralsnakes [30,34,35], the high levels of hab-
itat degradation in the biomes where they occur may represent a severe threat for their long-
term survival. This degradation raises the point that we may be losing these species even before
they are fully known.

In this paper, we address the Wallacean shortfalls for the M. lemniscatus complex by refin-
ing our knowledge about the geographic distribution of species based on ecological niche
modeling tools and a set of thoroughly examined occurrence records from scientific collec-
tions. From the present ranges, we project the distributions into future scenarios of climate
change and address the potential impacts for the long-term conservation of these species.
Finally, we evaluate the efficiency of the current reserve network in maintaining suitable areas
for the species in the present and future. Our findings add valuable new information to the

PLOS ONE | https://doi.org/10.1371/journal.pone.0205164 November 14, 2018

2/17


https://doi.org/10.1371/journal.pone.0205164

®PLOS | one

Climate change and coralsnakes’ distribution and conservation

geographic distribution of each taxon, pointing to the necessity of reconsidering the conserva-
tion efforts for these less conspicuous species at risk of extinction in the near future.

Materials and methods
Species and climate data

Occurrence records were obtained from the scrutiny of all specimens belonging to the M. lem-
niscatus complex deposited in 33 museum collections in South America, the United States of
America and Europe (see SI Table and S1 Appendix for the list of specimens and the museum
collections accessed). The specimens were carefully examined to confirm taxonomic identifi-
cations and avoid nomenclatural and georeferencing errors. A total of 768 occurrence records
were mapped into a geographic grid encompassing South America, with cell boundaries fol-
lowing 0.5 x 0.5 degrees of latitude and longitude (the resolution of the climate data used for
niche modeling, see below). Repeated records within a grid cell were excluded, thus reducing
the spatial aggregation of occurrences and avoiding spatial autocorrelation effects in ecological
niche modeling. The final number of records (unique records in each grid cell) was 75 for M. L.
lemniscatus, 97 for M. I. carvalhoi, 33 for M. diutius, 49 for M. . helleri, and three for M. poty-
guara (S1 Fig and S2 Table). Because there are problems in modeling data with few observa-
tions, we excluded M. potyguara from the analyses. We also did not use the data related to M.
serranus owing to its unstable taxonomic position within the M. lemniscatus complex.

Because a clear spatial aggregation of records still remained for M. I. carvalhoi, probably
representing a sampling bias in a highly populated region (S1 Fig), we applied the protocol
proposed by Oliveira et al. [36] to reduce spatial aggregation and select geographically equidis-
tant points for this species. We then compare the results obtained from using all records at
0.5°x0.5° resolution with the results after controlling for spatial aggregation. First, we calcu-
lated the Mahalanobis distances (D?) in environmental space, which was formed by the five
bioclimatic variables used to build ecological niche models (ENMs, see below), between each
one occurrence records and their centroid. Second, with the distances D* and the geographical
coordinates (i.e., latitude and longitude values) we fitted a simultaneous autoregressive (SAR)
model to find the autoregressive coefficient p which measures the amount of spatial autocorre-
lation in data. Third, this coefficient p was used to calculate the effective degrees of freedom
using the formula provided by Griffith [37]. Thus, the degrees of freedom were the effective
number of independent records (presences and pseudo-absences). Finally, with the number of
independent records (i.e., 60 points) we select in the environmental space the most equidistant
ones using an algorithm that iteratively searches records which are most distant from each
other. Since no considerable differences were observed between the results using all records
(i.e., 97 points) and those after selecting equidistant records (i.e. 60 points) (S2 Fig and S2
Appendix), we presented here only the results using all records at 0.5°x0.5° resolution.

A set of bioclimatic variables at 0.5° resolution were obtained from the ecoClimate database
(http://ecoclimate.org, [38]). EcoClimate provides updated climatic simulations for several
time periods (past, present, and future) derived from the Coupled Model Intercomparison
Project-Phase5 (CMIP5) and Paleoclimate Modeling Intercomparison Project-Phase3
(PMIP3) [39,40]. Given the variety of climatic simulations (as well as ecological niche models
(ENMs hereafter), see below) currently available, we combined the output predictions from
different climate models and ENMs following the ensemble approach of Aratjo & New [41]
(see details below). Thus, we used five coupled atmosphere-ocean general circulation models
(AOGCMs: CCSM, CNRM, GISS, MIROC, and MRI) (S3 Table), with simulations for the
present (represented by preindustrial data) and future (represented by mean values between
2080-2100), to derive 19 bioclimatic variables according to Hijmans et al. [42]. For the future,
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we used the emission scenario RCP4.5, which is an intermediate scenario between the lower
(RCP2.6) and the higher (RCP8.0) emission scenarios [40].

To reduce collinearity between the bioclimatic variables in the ENMs, we applied a vari-
max-rotated factor analysis to the correlation matrix between pairs of variables and selected
the variable with the highest loading in each one of the first five rotated factors (S4 Table). The
selected variables were the mean annual temperature, annual temperature range, precipitation
of the wettest month, precipitation of the driest month, and precipitation of the warmest quar-
ter. Because the bioclimatic variables were highly correlated across the AOGCMs, we per-
formed the factor analysis only with the AOGCM CCSM and then applied the selection for all
other AOGCMs.

Ecological niche models and geographic distribution

The variety of alternative methods to model species niches have promoted a range of discus-
sions about the individual performance of each method to estimate potential geographic distri-
butions [43-45], although no agreement was reached regarding which is the best choice for
particular aims. We opted to apply the ensemble forecasting approach [41,46,47] to generate
consensus predictions about geographic distributions after combining the outputs from sev-
eral different methods.

We used 12 ENMs, including presence-only, presence-background and presence-absence
methods, ranging from simple bioclimatic envelope models (e.g., BIOCLIM) and distance-
based methods (e.g., Euclidian distance) up to more complex regression models such as
(GLM) and machine learning-based methods (artificial neural networks) [48,49] (S5 Table).
Models were built for the present using preindustrial climate data and projected into climate
scenarios for the end of this century (mean simulations between 2080 and 2100).

The area used to adjust and project ENMs must correspond to regions that have been avail-
able for colonization to the species over relevant time periods [50]. The Micrurus genus is pre-
dominantly Neotropical, with more than 30 species occurring through the South America (the
richest region for this clade) and only one species occurring in extreme south of North Amer-
ica [51]. Also, the taxa belonging to the M. lemniscatus complex are sibling species that were
already considered as a single species distributed across most of the South American continent.
Thus, we considered South America as the suitable area for model calibration and projection
for this group.

For the modeling processes, we randomly divided species presence records (and pseudo-
absences for those methods that use absences) into 75% for calibration and 25% for evaluation
and repeated this process 50 times. Pseudo-absences were randomly selected in background
regions (excluding cells with occurrence records) with the same proportion of species records
(a prevalence of 0.5). The 50 repetitions in each method were converted in presence-absence
maps according to thresholds established by the area under the ROC curve (AUC). All 600
models (50 repetitions x 12 modeling methods) were included in the consensus maps of each
AOGCM, weighted by their model fit according to the true skill statistics—=TSS [52] (S6 Table).
The average across the ensemble outputs of each AOGCM resulted in the final consensus map
of habitat suitability (varying from 0 to 1) for each species (S1 Fig). All models were generated
using the computational platform BioEnsembles [46,47].

The agreement among projected distributions from the different ENMs and AOGCMs was
assessed through a hierarchical ANOVA [46,47]. For this, the suitability of each cell from each
combination of ENM and AOGCM was the response variable replicated (or nested) within the
“time” component (present and future projections). We then used the sum of squares (SS) that
can be attributed to each of these sources of variation (i.e., among ENMs and AOGCMs, both
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nested in time, and between the two time periods) to evaluate the uncertainties in species dis-
tribution. Low values of SS from ENMs and AOGCMs indicate high consistency in predictions
from different methods and climate models. High values of SS from the time component indi-
cate changes in suitability from the present to the future.

We used habitat suitability predictions to map the potential geographic distribution of each
species in both time periods (present and future). Because ENMs do not consider biotic inter-
actions and other local factors limiting species ranges (e.g., geographic barriers), their transfer-
ability (extrapolation in geographic space) may include areas that are inaccessible for the
species. As we are dealing with poor dispersal species, we should be conservative to delineate
more realistic and interpretable distributions. Thus, we applied the decision threshold based
on the lowest presence threshold (LPT) [53], selecting the lower suitability value associated
with the observed occurrence records. Following this, an area (or cell) was considered suitable
if it had a certain value of suitability higher than the threshold. The final maps were compared
with the expert opinions (N.].S.Jr. and D.T.) to ensure that the predictions reflect the real
potential distribution of each species.

Finally, we explored the relative importance of each bioclimatic variable used in niche mod-
els in determining the habitat suitability for each species by adjusting a multiple regression
model between suitability and the bioclimatic variables. We then interpreted the standardized
regression coefficients to set the contribution of each variable. Although the significance of
these coefficients cannot be considered due to the implicit collinearity between suitability and
the bioclimatic variables, this approach was useful for describing their relative contributions to
the delimitation of species’ geographic distributions and to infer how climate changes could
impact species in the future.

Climate change and species representation in protected areas

We evaluated the potential impacts of future climate change by comparing the number of cur-
rently occupied cells in relation to future distributions. We also performed a gap analysis [54-
57] by measuring the level of representation of species distributions into the protected areas
according to habitat suitability for the present and future. To delineate the geographic extension
of this analysis for each species, we overlapped the predicted geographic distributions (after cut-
ting by specific LPT thresholds) with the South American ecoregions obtained from The Nature
Conservancy GIS database (http://maps.tnc.org/about.html). We then selected the ecoregions
that intersect with the species distributions using QGIS v. 2.12 (https://www.qgis.org/pt_BR/
site/) (S3 Fig) and calculated the proportion of protected areas in each cell grid overlapping the
selected ecoregions. The spatial distribution of the protected areas was obtained from the World
Database on Protected Areas of the IUCN (available at: http://www.protectedplanet.net/search).

From the proportion of each cell that is currently protected and the continuous values of
habitat suitability, we applied the species representation index SRI proposed by Alagador et al.
[57]to evaluate how the species suitability is distributed in relation to the protected areas in the
present and how it would be in the future by considering climate change. We also assessed the
degree to which reserve networks represent species better than expected by chance alone. For
this assessment, we randomly selected through 1,000 permutations an equal number of cells as
the number of protected grid cells and redistributed the suitability values within the grid cells.
We then compared the SRI value obtained for each species using the real reserve network with
those obtained using the corresponding random set of reserves. We applied two-tailed tests by
counting the results in which the SRI value was lower or higher than the real SRI. In each case,
we checked whether the real SRI was greater than the 95™ or lower than 5 percentile of the
SRI values obtained from the randomizations. The SRI index has the advantage of using
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continuous data regarding species distributions (habitat suitability) and reserve coverage (pro-
portion of the reserve area by grid cell), thus reducing the uncertainty in choosing arbitrary
thresholds to convert continuous suitability into species presence and absence and to convert a
grid cell into being considered either protected or unprotected [57].

Results

Niche models and species geographic distributions

The ecological niche models exhibited good predictive performance (S6 Table), with mean
TSS values across the AOGCMs and ENMs higher than 0.5 for all species except M. . helleri
(TSS = 0.45). The current distribution of each species after applying the LPT threshold

(Table 1) was compatible with the known distribution from the observation records (Fig 1)
and the expert opinions, except for M. L. carvalhoi (see below). Analyses of the uncertainties
indicated that the climate models represented the lowest source of variation among the predic-
tions (Table 2). Niche models were the second highest source of variation for two subspecies
(M. 1. lemniscatus and M. I. helleri), and the differences through present and future predictions
were higher than those for the other two taxa (M. I. carvalhoi and M. diutius) (54 Fig).

The niche models indicated that Micrurus I. lemniscatus is widely distributed across the Ama-
zon basin in northern Brazil, extreme northern Peru, southern Colombia, in small regions south-
ern and western Venezuela, and across the Guianas (Fig 1A). In Brazil, the M. I. lemniscatus
distribution also extends towards the northern part of the Cerrado and Caatinga biomes. Micrurus
I carvalhoi also showed a broad distribution, extending from the Atlantic rainforest in southeast-
ern Brazil, through the Cerrado biome towards eastern Paraguay, and Misiones and Corrientes in
Argentina, including part of Bolivia and Peru, reaching the southern limits of the Amazon rainfor-
est (Fig 1B). The distribution of M. I. carvalhoi also includes most of the northeastern region of
Brazil. Micrurus diutius exhibited a restricted distribution in the rainforest of the Guianas and
northern Brazil (Fig 1C). The predicted distribution for M. L. helleri was congruent with the recog-
nized occurrence in the western region of the Amazon rainforest, including northern Bolivia and
Brazil, northern and eastern Peru, eastern Ecuador and central and southern Colombia (Fig 1D).

Extreme precipitation conditions and precipitation during the warmest season, respectively
represented by the variables Biol3 and Bio18, had the highest standardized coefficients for all
species except M. diutius (Table 3). For this species, temperature variation was more important
(Bio 7 —annual temperature range).

Climate change and gap analysis

Except for M. I. lemniscatus, all species were projected to contract their distributions in the
future (Fig 2). Micrurus diutius exhibited the most severe contraction (Fig 2C), with a

Table 1. Changes in geographic distribution measured as the difference in the number of 0.5 x 0.5° cells in which
species are predicted to occur in the present and in the future. LPT: Lowest presence threshold used to cut the poten-
tial distributions.

Species “Range sizep “Range sizegp % of loss/gain LTP
M. I. lemniscatus 1958 2364 20.7 0.36
M. 1. carvalhoi 2292 1536 -32.9 0.23
M. diutius 616 82 -86.6 0.72
M. 1. helleri 1066 600 -43.7 0.63

* Number of cells; P-present; F-future.

https://doi.org/10.1371/journal.pone.0205164.t001
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Fig 1. Habitat suitability and current geographic distribution. Consensus patterns of habitat suitability and potential present geographic distribution of the Micrurus
lemniscatus species complex after applying specific decision thresholds (the lowest presence threshold). Black dots indicate occurrence records used in the models; A)

Micrurus L. lemniscatus, B) Micrurus I. carvalhoi,

https://doi.org/10.1371/journal.pone.0205164.g001

C) Micrurus diutius, D) Micrurus 1. helleri.

reduction of 86% in its suitable area (Table 1). Substantial reductions were also projected for
M. I. carvalhoi and M. I. helleri, with losses of 32 and 45%, respectively (Fig 2B and 2D).

The SRI estimates based on continuous values of habitat suitability and the proportion of
reserve coverage in the grid cells indicated that for all species, less than 50% of the present suit-
able areas are protected in reserve networks (Table 4). Even worse, all species will experience
future suitability loss within the reserves, as less than 40% of the suitable areas are expected to
be held in reserves at the end of the century. M. I. carvalhoi was the worst represented species
in the protected areas (14% for the present and 13% for the future). The permutations (Fig 3)
showed that for two subspecies (M. . lemniscatus and M. I. helleri, Fig 3A, 3B, 3G and 3H), the
current spatial configuration of the reserve network holds more suitable areas than those
expected by their random distribution. However, for M. I. carvalhoi (Fig 3C and 3D), the net-
work of reserves performed worse than expected to change, both for the present and future
distributions. This poor performance means that the current distribution of the protected
areas is insufficient to preserve M. . carvalhoi, both at present and in the face future of climate
changes. A similar result was observed for M. diutius, for which the loss of representation will
result in a significant inadequacy of the reserves in the future (Fig 3F).

Discussion
Reducing the Wallacean shortfalls

Wallacean shortfall refers to our lack of knowledge of species distributions, both because we
do not have adequate sampling efforts across multiple regions and lack straightforward

Table 2. Summary of the hierarchical ANOVA output where species environmental suitability was used as response variable, and atmosphere-ocean general circula-
tion models (AOGCM) and ecological niche models (ENM) were used as categorical variables nested into two time periods (the present and the end of the century).
The values represent the mean, maximum and minimum percentages of the sum of squares through all cells.

M. 1. lemniscatus M. I. carvalhoi M. diutius M. L. helleri
Variation source Mean Min.-Max. Mean Min.-Max. Mean Min.-Max. Mean Min.-Max.
AOGCM [Time] 5.75 0.00-48.84 4.80 0.00-59.80 3.49 0.00-60.43 2.68 0.00-31.85
ENM [Time] 25.29 1.22-84.73 20.30 1.55-89.54 25.12 0.80-82.27 34.09 1.67-90.39
Time 23.48 2.26-79.39 29.19 0.85-79.29 27.69 1.69-80.76 21.59 1.54-67.44
Residual 45.48 9.56-79.43 45.70 3.26-79.54 43.70 12.48-77.19 41.64 6.39-72.43

https://doi.org/10.1371/journal.pone.0205164.t002
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Table 3. Standardized regression coefficients from the multiple regression models between habitat suitability and the bioclimatic variables. Bold values indicate the
two most important variables (i.e., with the higher coefficient values) for each species.

Species Biol Bio7 Biol3 Biol4 Biol8
M. I. lemniscatus 0.33 -0.21 0.45 0.14 -0.24
M. . carvalhoi 0.27 0.06 -0.36 -0.29 0.47
M. diutius 0.27 -0.47 0.21 0.12 -0.20
M. . helleri 0.40 -0.30 -0.16 0.08 0.41

Biol ~Annual Mean Temperature, Bio7 ~Temperature Annual Range, Biol3 —Precipitation of Wettest Month, Biol4 —Precipitation of Driest Month, Bio18 —

Precipitation of Warmest Quarter.

https://doi.org/10.1371/journal.pone.0205164.t003

methods to generalize from these data to obtain a clear picture of species distributions [1,2].
Data compilations and syntheses from biological collections, coupled with ENMs, have been
widely used in the last 20 years as a way to reduce Wallacean shortfalls. In this sense, if the
knowledge of biodiversity improves in the data and theory/models, it is possible to better
understand the potential impacts of climate changes on species’ geographic ranges [58,59].
Here, we used this approach to generate robust predictions of the geographic ranges for the M.
lemniscatus species complex, thus contributing to the guidance nonrandom field surveys and
to the evaluation of the shifts in their distributions in response to climate change.

Regarding the current distribution estimated for each species, the potential distribution of
M. I. lemniscatus is in agreement with the recent proposition of Silva Jr. et al. [31] and extends
the distribution originally proposed by Campbell & Lamar [33] from a small area in northern
Brazil to a wide area encompassing most of the Amazon biome. The map of habitat suitability
indicates that potential areas for collection efforts are located in the western Amazonas and the
Acre Brazilian states, south of Colombia and west of Venezuela. However, the distribution of
M. I. carvalhoi largely differs from that suggested by Campbell & Lamar [33] and covers a
larger area than that proposed by Silva Jr. et al. [31]. However, the wide area predicted by
ENMs covering northern Argentina, through Bolivia, Peru and southwestern Amazonas must
be considered with caution, given that no occurrence record was collected in these regions.
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Fig 2. Habitat suitability and future geographic distribution. Consensus patterns of habitat suitability and potential future geographic distributions of the Micrurus
lemniscatus complex after applying specific decision thresholds (the lowest presence threshold); A) Micrurus I. lemniscatus, B) Micrurus I. carvalhoi, C) Micrurus diutius,

D) Micrurus I. helleri.

https://doi.org/10.1371/journal.pone.0205164.9g002
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Table 4. Species representation index (SRI) and p-values from randomizations.

Species

M. L. lemniscatus
M. L. carvalhoi
M. diutius

M. L. helleri

https://doi.org/10.1371/journal.pone.0205164.t004

SRI;resent SRItuture Ppresent Pruture
0.39 0.40 < 0.05 < 0.05
0.14 0.13 < 0.05 < 0.05
0.47 0.32 < 0.05 < 0.05
0.38 0.37 < 0.05 < 0.05

These areas have low suitability values (S1 Fig), as indicated by the lowest presence threshold
(0.23), probably as an effect of the high aggregation of occurrence records in the distribution
core, thus resulting in lower suitability values in the distribution border where some occur-
rence records are placed. Despite this potential methodological artifact, our results clearly sug-
gest that M. I. carvalhoi is allopatric with the Amazonian lemniscatus, probably indicating the
evolution of distinct habitat preferences (humid forests in the case of lemniscatus and open
and dry forests in the case of carvalhoi) [29].

The distribution of Micrurus diutius was slightly expanded compared to previous studies
[31,33], and a gap in the occurrence records in the northern border between Brazil, the Gui-
anas and Suriname was suggested as an important region for further field surveys. M. diutius
was recently reconsidered as a full species [60], but this status still warrants investigation. As
M. diutius is sympatric with M. I. lemniscatus in most parts of its distribution, additional rec-
ords from the undersampled but highly suitable areas could provide more accurate informa-
tion to support splitting both species.

The distribution of M. I. helleri was more restricted than that proposed by Campbell &
Lamar [33], and a larger area in northwestern Amazonia was indicated as having high suitabil-
ity despite being undersampled. However, the status of this subspecies was recently reviewed
by Silva Jr. et al. [31], who proposed its synonymy with M. I. lemniscatus. If so, the distribution
of M. I lemniscatus will extend through most of Peru and Ecuador and probably reach the west-
ern and northern borders of the M. . carvalhoi distribution.

Climate change and gap analysis

Studies showing the impacts of climate change are common for vertebrate species worldwide
[58,61-65], but only a few of those studies have specifically addressed the potential effects on
snakes [16,24,66,67]. These few studies provide clear evidence that snakes are very sensitive to
climate changes, with some species undergoing severe range shifts [66,67], range contractions
[68], or drastic population declines [16]. As the first study about the impacts of climate change
on coralsnakes, we report here the alarming evidence that for three out the four species ana-
lyzed, the geographic distributions will probably shrink in the future.

Although more detailed (including experimental) studies are necessary to assess the suscep-
tibility of coralsnakes to climate change, we can infer the potential impacts based on specific
traits that make species more sensitive to climate change, as summarized by Foden et al. [69].
First, coralsnakes have specialized habitats and specific microhabitat requirements based on
their semi-fossorial habit. For instance, drier soils caused by warmer temperatures and
reduced precipitation may force these species to burrow deeper into the soil to find sufficient
moisture or to hunt other fossorial prey [70]. If changes in soil humidity cause changes in the
populations of other fossorial prey species such as amphisbaenians and caecilians, coralsnakes
will probably also be affected because overall, snakes respond very strongly to prey densities
[30,70,71].
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Fig 3. Species representation index (SRI). Frequency distributions of 1000 permutations of species representation index by randomly
selecting protected areas within the ecoregions encompassed by each species distribution at present and in the future. The arrow
indicates the position of the real SRI value relative to the distribution of randomized values for each species; significance at a two-tailed
test is also indicated as p-values; A and B) Micrurus I. lemniscatus, C and D) Micrurus I. carvalhoi, E and F) Micrurus diutius, G and H)
Micrurus 1. helleri.

https://doi.org/10.1371/journal.pone.0205164.9003

Second, their physiology and ecology is strongly dependent on the specific ranges of cli-
matic variables, such as temperature for thermoregulation, and precipitation and soil humidity
for breeding cycles and foraging activities [30]. For instance, Marques et al. [17] showed that
in triadal Micrurus, female ovulation occurs in spring, and males have a peak of spermatogene-
sis in the summer, synchronous with mating that occurs during this hot and humid season.
Other similar studies corroborate the need for specific climatic conditions for the reproductive
cycles of coralsnakes [30], and our exploratory analyses of the association between climate and
habitat suitability confirms the importance of seasonal conditions (mainly precipitation) for
these species. Therefore, rapid climate changes in the future probably will also require rapid
evolutionary changes in phenology, which is rare (but see Moreno-Rueda et al. [68] and highly
unlikely to occur in snakes [24].

Third, coralsnakes are also dependent on interspecific interactions, particularly regarding
their diet specialization, consisting predominantly of amphisbaenians, caecilians and other
snakes. Considering that Micrurus species are morphologically and ecologically conservative
[29,30,33], and due to their high degree of diet specialization, they are unlikely to be able to
switch to or substitute other food resources, increasing their susceptibility to disruption by cli-
mate changes.

And fourth, their poor ability to disperse to new suitable habitats because of their sedentary
and subterraneous habitat prevents the species from tracking climate changes, which can be
even worse due to the geographic barriers, given that some of these species are unable to over-
come small rivers [30]. Thus, this negative combination of susceptible traits along with the cli-
matically imposed reductions in suitable habitats is likely to highly threaten species in the
future.

Micrurus l. lemniscatus was the only taxon for which future predictions indicate a gain in
suitable areas (measured as the number of 0.5° cells) at the end of century, although part of
this will occur in the western border of Peru, Ecuador and Colombia, i.e., outside the core of
the distribution, where it is very unlikely for the species to colonize. In any case, a substantial
increase in the suitable area was observed south of the current distribution (i.e., advancing
towards the center of Brazil), and in central Colombia and southern Venezuela. As this species
is dominant throughout the Amazon and is probably well adapted to the high temperatures
and humidity characteristic of this biome [31,33,72], one could infer that it will be less affected
by climate changes. However, we noted that as M. I. lemniscatus and M. l. carvalhoi are allopat-
ric, the advance of the M. L. lemniscatus limits towards the M. I. carvalhoi distribution indicate
the potential for novel interactions in the future, which can impose additional negative effects
(e.g., competitive exclusion) on both species. Additional studies are necessary to evaluate the
potential impacts of novel patterns of co-occurrence for these snakes, but the evidence pro-
vided here cannot be ignored.

Our study also indicates that for M. I. carvalhoi, M. diutius and M. I. helleri, the suitable hab-
itats are poorly represented in the protected areas, both at present and for the future. This find-
ing is particularly alarming for M. I. carvalhoi, which now has only 14% representation and
13% for the future, and whose distribution includes two highly threatened biomes—the Atlan-
tic forest and the Cerrado. The Atlantic forest currently has only ca. 11% of its natural cover
[73], and only ca. 7.2% of its remaining habitats are protected [74]. The Cerrado biome still
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retains ca. 45% of its natural cover [75], but its increasing transformation into pasture and
cash-crop agriculture is noticeably rapidly reducing the natural areas. Even in the Amazon
biome that still remains largely intact due to its great size, some species may be severely threat-
ened. Thus, if the levels of habitat protection in the current reserve network are not sufficient,
and species are being driven out of reserves due to climate change as we found here [76,77],
the remaining intact vegetation must be protected, and new areas in these biomes should be
the focus of intense research and conservation actions. Most importantly, more attention
should be paid to those areas considered as long-term climatic refugia [47,78,79], since they
can function as buffers to the impacts of climate changes and provide a valuable alternative to
preserve in situ species with poor dispersal abilities (i.e., without the need for migration or
translocation).

Micrurus diutius was predicted to lose more than 80% of suitable area. In this case, it is
important to note that the suitability value used as a threshold (defined from the LPT) was
quite high (i.e., 0.72), resulting in a reduced distributional area. Use of the LPT, although
appropriate in cases where a more conservative prediction is desired, can be influenced by
the number of locality records, which increases as the sample size decreases [53]. Micrurus
diutius had the lowest number of occurrence records (only 33 spatially unique records at
the resolution of 0.5°), which can explain the high value of the LPT. Thus, the interpreta-
tion of the high decrease in its distributional area due to climate change, and conse-
quently, its low representation in the current network of protected areas, should be made
with caution. Nevertheless, the present distributional area obtained after applying the
LPT provides valuable clues for identifying new sites that are at least as suitable as those
where the species has been recorded.

In summary, through the application of niche model tools and carefully revised occurrence
records, we were able to reduce, with a good deal of certainty, the Wallacean shortfall for the
M. lemniscatus species complex. For the first time, we report the potential impacts of climate
changes on the distribution of coralsnakes, with strong evidence that these organisms may be
highly sensitive to the ongoing changes. Coralsnakes, similar to other snake species, are mid-
dle-order predators, and therefore, their extinction may have serious consequences for the
functioning of ecosystems [80]. Thus, we undoubtedly need exhaustive studies focused on the
unexplored aspects of ecology and evolution of coralsnakes, which might have far-reaching
implications for understanding their responses to the changing climate and supporting more
effective conservation management.
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