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Abstract
Despite the disjunct distribution of Amazonian and Atlantic forests, evidence suggests historical
connections. Here we investigated the historical connections between three didelphid mammal species
from Amazonian and Atlantic forests (Caluromys philander, Marmosa murina and Marmosa demerarae)
to uncover these connections using a comparative phylogeography approach and paleodistribution
models. We generated species distribution models from the present and past (Holocene through
Pliocene) to evaluate changes in distributions over time focusing on the previously suggested connection
regions. We inferred divergence times between populations of each species via the mitochondrial
cytochrome b gene, estimated the phylogeographic relationships with haplotype networks, and calculated
the genetic distances. All species showed Amazonian and Atlantic Forest divergences between 1 and
2 million years ago, while some populations diverged in more recent times. Paleodistribution was wider
for periods before the estimated divergence times, becoming narrower after. We suggest that the climatic
oscillations during the onset of the Pleistocene largely influenced the phylogenetic structuring of these
forest-dwelling species, leading to the separation of populations of taxa currently distributed in
Amazonian and Atlantic forests. Our findings also point to repeated connections over time, with both
North- and South-eastern routes compatible with older connections, whereas younger connections were
supported only for the Southeastern route. This represents the first simultaneous evaluation of past
connections between Amazonian and Atlantic forests combining phylogeographic inferences with
paleodistribution models. Our results highlight the relevance of environmental tolerance of species to
their responses to climate change, such as more frequent increases in the paleodistribution of more
resilient species.

Introduction
The Amazonian and Atlantic forests represent the largest tropical forests in the Americas, being among
the most diverse regions in the world (Mittermeier et al 1998; Jenkins et al 2013). Despite the apparent
disjunct distribution between them, the mosaic of forests in the interior of the Cerrado, Caatinga and
Chaco arid biomes, the so-called 'dry diagonal' of vegetation of the South America, is considered a bridge
of historical connection between these forests (Por 1992; Oliveira-Filho and Ratter 1995).

Several tree species from the Cerrado have a common geographical distribution between the Amazonian
and Atlantic forests, and the same is true for some Caatinga species (Oliveira-Filho and Ratter 1995; Melo
Santos et al 2007). Recently, some biogeographical studies have shown connections between these
forests via reconstruction of phylogenetic relationships and ancestral areas for plants (Terra-Araujo et al
2015; Thode et al 2019). Accordingly, connections may also be evidenced for intra and interspecific
relationships between the fauna of the Amazonian and Atlantic forests, such as found for birds (Batalha-
Filho et al 2013; Batalha-Filho et al 2014; Carvalho et al 2017; da Silva et al 2020; Moura et al 2020);
mammals (Cortés-Ortiz et al 2003; Costa 2003; Nascimento et al 2008; Pavan et al 2011); reptiles
(Pellegrino et al 2011; Prates et al 2016); amphibians (Fouquet et al 2012; de Sá et al 2018) and insects
(Peres et al 2017).
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Evidence are for connections occurring in different periods over time, including both older, as prior to the
Miocene (Pellegrino et al 2011; Fouquet et al 2012; Batalha-Filho et al 2013; Machado et al 2021) and
recent connections, as those occurring during the Pleistocene (Costa 2003; Nascimento et al 2008;
Batalha-Filho et al 2013; Prates et al 2016). For instance, phylogeographic studies for most mammal
species tend to show more recent connections, associated with forest expansions and retractions caused
by interglacial and glacial cycles during the Quaternary (Costa 2003; Nascimento et al 2008; Pavan et al
2011).

Three historical connection routes have been proposed to explain the phylogeographic associations
observed for the fauna and flora from the Amazonian and Atlantic forests: one through the forests of the
Paraná Basin passing to the southwest of the Brazilian Cerrado, Pantanal and Moist Chaco biomes
named Southeastern-Northwestern route (SE-NW); a second through gallery forests of the Cerrado; and a
third through Northeast Brazil via Caatinga and Cerrado/Caatinga ecotone forests named Northeastern
route (NE) (Por 1992; Oliveira-Filho and Ratter 1995; Silva et al 1996; Costa 2003). These last two
corridors would be related to the expansion of the gallery forests and wetlands during the Pleistocene
climate oscillations (Batalha-Filho et al 2013).

Palynological and speleological data reveal short but recurring periods of rainfall intensification for the
current northeastern semi-arid region of Caatinga during the Pleistocene and Holocene (De Oliveira et al
1999; Behling et al 2000; Auler et al 2004; Wang et al 2004). Some of this evidence suggests that during
periods of strong rainfall in the Caatinga, two connecting routes between the Amazonian and the Atlantic
forests would have been established: one near to the coast of northeastern Brazil, probably through the
highland swamps and another in a transition area of the Cerrado biome through the seasonal forests of
Chapada Diamantina (Oliveira et al 1999).

Paleogeographic studies indicate an increase in savannas during the late Miocene and early Pleistocene
in the Cerrado due to the marked reduction in rainfall (Hoorn et al 2011; Ledru 2002). There is also
evidence of range expansion for forest plant species from the Chaco/Pantanal in at least two periods:
during the Last Interglacial (ca. 130–150 kya), for plants adapted to warm climate and during the Last
Glacial Maximum (ca. 18–21 kya), for plants adapted to cold climates (Ledo and Colli 2017).

Studies focusing on biogeographic connections between the Amazonian and Atlantic forests have used
either floristic similarities between these biomes (Oliveira-Filho and Ratter 1995; Méio et al 2003);
phylogeographic patterns and phylogenetic relationships of animal species (Costa 2003; Batalha-Filho et
al 2014); or species distribution models (SDMs) (Sobral-Souza et al 2015; Ledo and Colli 2017). Several
studies have shown that integrating ecology and evolution helps the understanding of biogeographic
processes leading to observed patterns of species distributions (Graham et al 2004; Anciães and
Peterson 2009; Carnaval et al 2009; Carnaval et al 2014; Gutiérrez et al 2014; Machado et al 2019). With
the advance of geographic information systems and increased availability of molecular data, it became
possible to access numerous environmental variables at many temporal and spatial scales to investigate
the geography of species distributions and estimating their ecological niches, inserting the phylogenetic
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context in comparisons of species ranges and ecologies (Kozak et al 2008; Chan et al 2011; Alvarado-
Serrano and Knowles 2014; Hoban et al 2019). As such, these tools applied to studies addressing
historical connections between biomes can help the understanding of temporal dynamics affecting
tropical forests, by predicting biogeographic routes that had been established between these biomes over
time.

Thereby, this study aimed to investigate recent past connections between the Amazonian and Atlantic
rainforests by reconstructing historical connections between populations of didelphid mammal species
currently inhabiting these biomes. For this, we used comparative phylogeography coupled with
paleodistribution modeling to predict changes in geographical distributions over time. Studies about
historical connection routes between these biomes used either molecular data, geographic distribution
data or paleodistributions of mammals, but never integrated these approaches into the same framework
(but see Batalha-Filho et al 2013 for a focus on these connections at a macroevolutionary scale; and see
da Silva et al (2020) for an integrative framework without a direct focus on such connections).

Here, we propose to test historical connecting routes between Amazonian and Atlantic forests in a
comparative approach integrating molecular data and SDMs for mammals. Previous studies suggested
recent connection routes through the Caatinga forests and Cerrado/Caatinga transition forests
(Northeast) and older routes to the Chaco/Pantanal region (Southwest) (Batalha-Filho et al 2013; Sobral-
Souza et al 2015; Ledo and Colli 2017), thus revealing conflicting results with expectations of either
forest retraction or expansion during the Last Glacial Maximum (LGM) in South America, predicting
expansion of paleodistributions of forest species (Haffer 1969; Leite et al 2016; Costa et al 2017).

To test the suggested hypotheses, we evaluated for scenarios of both forest retraction and expansion
during the LGM, the Holocene (ca. 6 kya) and previous periods in the history of forest mammal species.
Specifically, we address the following questions: 1) When did connections and disruptions between
Amazonian and Atlantic forests occur for the populations of the species investigated here? 2) In which
past periods did expansions or retractions in the distribution of specialist forest species occurred,
revealing connections and disruptions between these forests? 3) Are the answers to these questions
congruent when evaluated by different approaches, such as phylogenetic and ecological niche modeling?
We are also interested in predicting in which regions these connections may have occurred in view of the
alternative previously suggested connection routes between Amazonian and Atlantic forests.

Because previous studies indicated that the Northeast route (through the forests of the Caatinga Brazilian
biome) would be more recent than the South route (through the Paraná Basin forests) (Por 1992; Batalha-
Filho et al 2013; Ledo and Colli 2017), we expect to find more recent connections to the Northeast. Finally,
we expect to find congruence between the results from the phylogeographic and palaeoecological
approaches, such that paleodistributions should predict wider ranges for periods prior to the phylogenetic
divergences followed by retractions, as evidence of past connections and separation between Amazonian
and Atlantic forests, respectively.
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Materials And Methods

Study area
The study area covers the region of distribution of Neotropical forests, encompassing the humid tropical
forests of this region, focusing on the domains of Amazonia and the Atlantic Forest, as well as on
Seasonal Dry Forests and riparian forests that occur between the Amazonia and the Atlantic Forest
inland these Ecoregions: Cerrado, Caatinga, Cerrado/Caatinga ecotone and Chaco/Pantanal in South
America. The Amazonia and the Atlantic Forest represent the main moist tropical forests of South
America distributed mainly in Brazil. Currently, these forests have disjointed distribution in the region,
isolated by the 'dry diagonal' which is composed of the open area of the Central Brazilian Cerrado, Semi-
arid Caatinga of Northeastern Brazil and Chaco arid Ecoregions. Although the dry diagonal restricts the
current spread between the Amazonia and the Atlantic Forest for much of the typical biodiversity of these
rainforests, the Seasonally dry forests located inland (such as Deciduous and Semideciduous Forests;
and riparian forests or gallery forests) are considered bridges of historical connection between the
Amazonia and the Atlantic Forest (Por 1992; Costa 2003; Batalha-Filho et al 2013).

Sampled Species
We sampled three forest species of didelphid marsupials occurring between the Amazonia and the
Atlantic Forest to investigate recent past connections between these forests through phylogeography and
paleodistribution. These species are Caluromys philander, Marmosa demerarae and Marmosa murina,
which are mammals of the order Didelphimorphia, family Didelphidae, representing the marsupials of the
new world known as opossums. They occur in the moist forests of the Amazonia and the Atlantic Forest,
as well as in seasonal deciduous, semi-deciduous forests and forest of galleries in the interior of the
Caatinga, Cerrado and Chaco in South America (Emmons and Feer 1997; Gardner 2008).

Although these species are typically from forest habitats, they show differences in the use of the forest
strata. C. philander is the most arboreal among these species using rather the canopy, M. demerarae is
the second most arboreal species, both use more frequently the upper to the middle levels of the forest
(canopy and sub-canopy), while M. murina is usually seen on the ground to the understory (Vieira and
Camargo 2012). Regarding the type of diet of these species, all of them are omnivorous, but C. philander
is the most fruitful while M. murina consumes more invertebrates and M. demerarae more arthropods
and fruits (Santori et al 2012). M. murina is the most tolerant species in terms of forest disturbances
(Pardini 2004; Passamani et al 2005), while the other species are mostly associated with richer forests
(Emmons and Feer 1997). Even so, all species can vary in the use of vertical space, and consequently in
the diet during the dry season depending on the scarcity of resources (Santori et al 2012; Vieira and
Camargo 2012).

Sampling data

Genetic data
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We used sequences of mitochondrial DNA of the Cytochrome b (Cytb) region for the three didelphid
mammal species to evaluate genetic relationships between Amazonian and Atlantic forests. The majority
Cytb sequences analyzed for Caluromys philander (27) were generated for this work. Hence, the minority
sampled sequences for C. philander (13) were retrieved from GenBank
(http://www.ncbi.nlm.nih.gov/GenBank/) and incorporated in the analyses (Supporting Information,
Table S1). Samples from Marmosa murina and Marmosa demerarae were gathered from the GenBank
(77 and 47, respectively).

The total genomic DNA was extracted following the phenol–chloroform extraction (Longmire et al 1997)
and amplified the partial Cytb gene sequences using the polymerase chain reaction (PCR) using the set of
primers OryzCytbF1 and OryzCytbR1 following the instructions of the manufacturer (Smith and Patton
1993). The PCR was performed with a final volume of 13 µl, containing 5.2 µl of H2O; 1.5 µl of MgCl2 (25
mM); 1.25 µl of dNTP (2.5 mM); 1.25 µl of 10x buffer (100mM Tris-HCl, 500mM KCl); 1 µl of each primer
(0.2 µM); 0.8 µl of Taq DNA Polymerase (5 U/µl) and 1µl of the extracted DNA (concentration varied
between 10 ng and 30 ng). PCR consisted of an initial denaturation at 5 minutes for 94°C; followed by 30
cycles at 1 minute for 94°C, 1 minute and 30 seconds for 57°C and 1 minute for 72°C; and a final
extension at 10 minutes for 72°C. The PCR products were checked in 1% agarose gel stained with
GelRed® (Biotium) and purified using ExoSAP following the protocol described by Werle et al. (1994) as
suggested by the manufacturer. The sequencing reaction followed the protocol recommended by the
manufacturer of the BigDye Sequencing Kit (Life Technologies), while the products were sequenced on an
ABI 3130XL (Life Technologies) automatic sequencer. Sequences were deposited in the GenBank
database (Supporting Information, Table S1).

Occurrence records
Georeferenced occurrence records for the three didelphid mammalian species distributed between
Amazonian and Atlantic forests (Caluromys philander, Marmosa demerarae and Marmosa murina) were
collected from the online databases of SpeciesLink (http://splink.cria.org.br/), GBIF - Global Biodiversity
Information Facility (www.gbif.org/) and VertNet (http://vertnet.org/). Furthermore, geographical
coordinates of sampled locations with available genetic data (from GenBank, see below), as well as
records in others literature was employed to complete the entire known distribution area for each
didelphid species (Supporting information, Table S2). All occurrence records were checked using the
geographic information system program QGIS 3.6 (QGIS 2020). A total of 293 occurrence records were
compiled for C. philander, 568 for M. murina and 199 for M. demerarae.

Environmental data
To generate the Species Distribution Model (SDMs) for each species, we used digital layers of selected
continuous bioclimatic variables extracted from the PaleoClim database (Brown et al 2018;
paleoclim.org), in ca. 5 km of resolution, which were cut considering the limits of the Neotropical region.
To project SDMs to the past digital layers of continuous bioclimatic variables simulated for different past
periods (Holocene to Pliocene) were also extracted from the PaleoClim database (Brown et al 2018) also
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cutting considering the limits of the Neotropical region. This database provides current bioclimatic
variables using the original data from CHELSA model simulations (Karger et al 2017) and the most
paleoclimatic variables from PaleoClim were simulated by the CCSM model (Fordham et al 2017), or by
the HadCM3 model for the Pliocene (Brown et al 2018; Hill 2015; Dolan et al 2015). The paleoclimatic
variables made available by this database are simulated using the CCSM model for most periods and the
HadCM3 model for the Pliocene.

Phylogeography
The Cytb sequences were aligned using the ClustalW method and edited in Geneious software Trial
Version (http://www.geneious.com, Kearse et al 2012). In general, partial sequences of the mitochondrial
Cytb gene were obtained for Marmosa murina and Marmosa demerarae with 801 bp (with 135 and 153
informative sites, respectively), and a smaller fragment with 500 bp for Caluromys philander (with 68
informative sites). These sequences represent 39, 29 and 15 localities, respectively (Table S1 in
Supporting Information).

We estimated gene trees using Bayesian inference (BI) based on datasets originally generated from
samples housed in scientific collections, with additional sequences retrieved from GenBank (Supporting
information, Table S1). Sequences from four species of didelphidae were used as outgroup: Didelphis
marsupialis [JF280998.1], Monodelphis emiliae [KM071602.1], Marmosa paraguayanus [HM106372.1]
and Caluromys derbianus [MK817302.1] (Supporting information, Table S1).

The substitution models used were the HKY+G for C. philander, HKY+I+G for M. murina and M. demerarae,
selected as the best models for each species based on the Akaike Information Criterion (AIC) as
implemented in jModelTest v2.1 (Darriba et al 2012). We estimated BI trees using BEAST v2.6.0
(Bouckaert et al 2019), assuming a Birth-Death speciation model, with estimated base frequencies, four
gamma rate categories, and an uncorrelated lognormal relaxed-clock model distribution, as tree priors.
Runs were carried out under an uncorrelated lognormal relaxed-clock model with calibration.

The phylogenetic tree was dated using calibration points based on a fossil record, incorporating a
substitution rate of 0.04 that represents the average of didelphid substitution rates simulated by Leite et
al (2016). We incorporated information from two fossils to calibrate the nodes. The calibrations used
were 15.9 to 16.3 million years ago (mya) for the separation time between Caluromyinae and Didelphidae
(Marshall 1976), and between 12.1 to 12.6 mya for the separation between Monodelphis and Marmosa
following Jansa et al (2014). We used three independent Markov Chain Monte Carlo (MCMC) runs, each
one with four streams per 15 million steps of the MCMC for C. philander, 10 million steps for M.
demerarae, and 30 million steps of the MCMC for M. murina, sampling every 1000 generations and
discarding the initial about 20% generations as burn-in, starting the initial trees with randomness, without
restriction. MCMC convergence also was checked in Tracer v.1.6 (Rambaut et al 2014), where we
confirmed if effective sample sizes (ESS) were above 200. After discarding the initial 20% generations,
remaining trees were compiled using TreeAnnotator (Bouckaert et al 2019) into a maximum clade
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credibility (MCC) tree obtaining posterior probability (PP) values for all nodes. The tree consensus
generated was visualized and edited in Figtree 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).

In addition, summary diversity index, such as the number of variable sites (S), number of haplotypes (H),
haplotype diversity (h), nucleotide diversity (π), and average number of nucleotide differences (k) were
identified computationally using the software DnaSP v5.10 (Librado and Rozas 2009) and Arlequin v3.5
(Excoffier and Lischer 2010). The evolutionary relationships between the haplotypes for each dataset (i.e.,
C. philander, M. murina and M. demerarae) were estimated using the median-joining method
implemented in the Network 10.0 (http://www.fluxus-engineering.com). Finally, we calculate the genetic
distance between groups within each species using the software MEGA (Kumar et al 2018), with the
Tamura 3-parameter model and Bootstrap method.

Species Distribution Models

Data treatment
To avoid the effect of sampling bias on the final Species Distribution Models (SDMs), a polarization file
was used, which generates a grid of sampling probabilities, where cell values reflect the variation in
sampling effort between pixels to weight background points models used for modeling (Elith et al 2010).
The bias file was generated for species occurrence records using the kernel density estimation method
with the kernelUD function of the adehabitatHR 0.4.16 R package (Calenge 2006). The digital layers of
the environmental variables used to calibrate and test the SDMs were crop based on the known
geographical distribution area of each species using the International Union for Conservation of Nature -
IUCN polygons (IUCN 2020) including a buffer of five pixels, considering that the distribution area may be
larger than the currently known. To project the results of the final SDMs were cropped to the same
geographical extent covering the study area representing the Neotropics (x minimum: -95; x maximum:
-25; y minimum: -40; y maximum: 24). All treatment of environmental variables was performed in the R
program (R Core Team 2021) using the raster R package (Hijmans et al 2017).

The level of correlation between all cropped variables was assessed by Pearson's correlation test using
the ‘cor’ function of the stats 3.6.2 R package (R Core Team 2021). The selection of uncorrelated
variables followed the same procedure used by Rissler and Apodaca (2007), considering the correlation
threshold of 0.75. Only the variables with greater biological relevance for each species were used to
generate the final models, which was assessed in the results of the Jackknife graphs generated in
preliminary models in which each variable is tested in isolation and by excluding each other variable,
revealing the gain and loss of models containing or missing each variable (Phillips 2006).

Thus, the variables selected for Caluromys philander were Temperature Seasonality [standard
deviation*100] (bio4), Annual Precipitation [mm/year] (bio12), Precipitation of Driest Month [mm/month]
(bio14), Precipitation Seasonality [coefficient of variation] (bio15), Precipitation of Warmest Quarter
[mm/quarter] (bio18) and Precipitation of Coldest Quarter [mm/quarter] (bio19); for Marmosa murina
were bio4, Mean Temperature of Wettest Quarter [°C*10] (bio8), bio12, bio14, bio15, bio18 and bio19; and
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for Marmosa demerarae were the variables bio4, Mean Temperature of Driest Quarter [°C*10] (bio9),
bio12, bio15, bio18 and bio19.

Models’ construction
The final Species Distribution Models (SDMs) were built for each species using all the localities
(occurrence records non-duplicated) recorded for each species, the bias file and the previously
uncorrelated environmental variables selected based on the relevance and biological contribution of each
species (as detailed above). The SDMs were built using the MaxEnt 3.3.3 (Phillips et al 2007), which is a
prediction algorithm for incomplete data (presence only) based on the principle of maximum entropy,
assuming that the best approximation for an unknown probability distribution is one that satisfies any
constraint on its distribution (Phillips et al 2006; Elith et al 2011). Due to the scarcity of long-term studies
that collect reliable absence data for the species, MaxEnt becomes a suitable and widely used algorithm
as it has also been more successful in generating models from a small number of samples (Elith et al
2011). A total of 114 not duplicated occurrence records were used to construct the SDM for Caluromys
philander, 137 for Marmosa murina and 70 for Marmosa demerarae.

The final models were generated using 10 independent replicates, the MaxEnt default parameters and the
cross-validate method to evaluate models. We chose the logistic output for the visualization of SDMs in
geographic space (potential distributions), where pixel values represent a range of environmental
suitability from 0 (representing inadequate conditions) to 1 (maximum suitability) (Phillips 2006). The
performance of the models was evaluated using the AUC (Area Under the Curve) method, with the
threshold value of AUC > 0.7 to accept models (Phillips 2006 suggest values greater than 0.5). The SDMs
were projected for 11 past times representing: Late-Holocene ~ 4 thousand years ago (kya), Mid-
Holocene ~ 8 kya, Early-Holocene ~ 11 kya, Pleistocene Younger Dryas Stadial ~ 13 kya, Pleistocene
Bølling-Allerød ~ 15 kya, Pleistocene Heinrich Stadial 1 ~ 17 kya, Pleistocene Last Glacial Maximum
(LGM) ~ 21 kya, Pleistocene Last Interglacial (LIG) ~ 130 kya, Pleistocene MIS19 ~ 787 kya, Mid-Pliocene
warm ~ 3 mya and Pliocene M2 ~ 3.3 mya. These paleodistribution were used to evaluate the historic
connecting routes between the Amazonia and the Atlantic Forest through the past.

Paleodistributions
Paleodistribution models were used to evaluate the connection routes between the Amazonia and the
Atlantic Forest through the recent past times towards the present, measuring the expansion or retraction
of the potential distribution over time compared to the current species distribution. For this, the SDMs
generated with continuous environmental suitability (present and past) were transformed into binary
models using a threshold value that maximizes the sensitivity and specificity in the model tests (Liu et al
2013). The threshold value that maximizes the sensitivity and specificity for the C. philander model was
0.32, 0.17 for the M. murina model and 0.30 for the M. demerarae model. These analyses were performed
using the R package 'raster’ (Hijmans et al 2017). Then, we summed the number of pixels for the region
of each route (i.e., Northeastern route, NE route; Southeastern-Southeastern route, SE-SE route; and
Southeastern-Northwestern route, SE-NW route) in the models of each period.
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We delimited the areas of each connection route corresponding to three regions in the ‘dry diagonal’
according to the literature (Por 1992; Oliveira-Filho and Ratter 1995; Silva et al 1996; Costa 2003;
Machado et al 2021) using the ecoregion polygons (Dinerstein et al 2017;
https://ecoregions2017.appspot.com/). For this, we considered the boundaries of the Caatinga, Babaçu
forests and adjacent semidecidual forests for NE route (which represent transition areas between
Caatinga and the Amazonia), the Cerrado ecoregion boundaries (excluding areas from Northern Cerrado
(which correspond to the NE route and areas from Southern Cerrado which correspond to the SE-NW
route) and the limits of the ecoregions of the Pantanal, wet Chaco and adjacent semi deciduous forests
for the SE-NW route.

Results

Genetic diversity
A total of 40 Cytb sequences were obtained for Caluromys philander (479 bp), 77 for Marmosa murina
(801 bp) and 47 for Marmosa demerarae (801 bp), sampled in 15, 39 and 29 sites, respectively (Table S1
in Supporting Information). The number of segregating sites (S) between species ranged from 68 for C.
philander and 153 for M. demerarae (Table 1), and the number of haplotypes (H) varied between 25 in C.
philander and 54 in M. murina. Haplotype diversity (h) and nucleotide diversity (π) were much higher in
M. demerarae samples than in the other species (Table 1), while the average number of nucleotide
differences (k) was also higher, despite M. murina presenting many samples.

Table 1
Molecular diversity indices of Cytb (mtDNA) of three didelphid mammalian species in

South America. Species: C. philander = Caluromys philander, M. murina = Marmosa murina,
M. demerarae = Marmosa demerarae; N = Number of sequences; H = Number of haplotypes;

S = number of variable sites; h ± SD = haplotype diversity ± standard deviation; π ± SD = 
nucleotide diversity ± Standard deviation; k = average number of nucleotide differences.
Species N H S h ± SD π ± SD k

C. philander 40 25 68 0.9026 ± 0.0331 0.01757 ± 0.00333 7.87051

M. murina 77 54 135 0.9836 ± 0.0063 0.02895 ± 0.00106 22.66576

M. demerarae 47 42 153 0.9944 ± 0.0060 0.03313 ± 0.00224 26.24144

Phylogeography and divergence time
Divergence times estimated from sequences indicate that populations of Caluromys philander from the
Atlantic Forest diverged from those distributed in other regions (Cerrado, Southeastern Amazonia,
Northeastern Amazonia, Northwestern Amazonia and Antilles) about 1.84 million years ago (mya), with
97% of support, although the divergence between populations from Cerrado and Southeastern Amazonia
was recovered with low support (Fig. 1). In turn, divergence times for populations of Marmosa murina
from the Northern Atlantic Forest were all well supported and dated for about 1.33 mya, although for one
of the locations the sequence was grouped into the Cerrado and Southeastern Amazonia clade diverging
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within this about 0.04 mya. In addition, populations from the Southwestern Atlantic Forest diverged from
populations from Cerrado about 0.02 mya (Fig. 2). Lastly, divergence times between populations of
Marmosa demerarae from the clade distributed in the Caatinga and Cerrado/Caatinga and the Northern
Atlantic Forest and populations from the Cerrado, Northeastern Atlantic Forest and Southeastern
Amazonia were estimated for about 2 mya, with high support. Populations from the Northeastern Atlantic
Forest diverged from those from the Cerrado and some locations in the Southeastern Amazonia about
1.4 mya (Fig. 3).

The median-joining haplotype network based on the mtDNA showed agreement with the Bayesian
consensus trees for all three species studied. However, in C. philander despite the several mutational
steps between biogeographic populations, the presence of several median vectors suggests non-sampled
or extinct ancestral sequences (Fig. 1). No widely distributed biogeographic population was found,
although the Amazonia (Northwestern, Northeastern and Southeastern Amazonia) shelter most of the
haplotypes found. Populations of Atlantic Forest and Pantanal appear as the most distant from each
other with many mutational steps, when compared to other biogeographic populations. Although
samples from the Pantanal appear to be more related to the Cerrado (and these with Antilles), in general,
all populations presented restricted distributions for this species, and did not share haplotypes.

Considering M. murina, we found a structure similarity revealed by C. philander haplotype network, with
several mutational steps and median vectors between biogeographic populations. Nonetheless, samples
from the Atlantic Forest appear closer related with Cerrado and Southeastern Amazonia, even presenting
many mutational steps, than other populations towards the north (i.e., Northeastern Amazonia and
Antilles). The pattern for the M. murina network shows that Cerrado samples emerged as intermediaries
between the Atlantic Forest and the Southeast of the Amazonia. Further, the samples from the Northeast
of the Amazonia (the most diverse) are related to some samples from the Southeast of the Amazonia,
with huge mutational steps. Thus, acting like a direct link of Northeast-Southeast Amazonia populations
and other populations towards the south. While samples from the Antilles are only related to the
Northeastern Amazonia (Fig. 2).

The haplotype network for M. demerarae, despite following a similar haplotype network structure, showed
the most complex relationship when compared to the other species studied. Although revealed low
frequency haplotypic variants, the network presents a high number of median vectors (i.e., non-sampled
or extinct ancestral sequences) and mutational steps (Fig. 3). The network was divided into a reticulated
portion consisting of Northern Atlantic Forest, Northeastern Atlantic Forest, Southeastern Amazonia and
Caatinga haplotypes and a complex structure composed of haplotypes from all other locations. In
addition, Southeastern Amazonia populations were the most diversified and widespread cluster, with
three main connections: Northern Atlantic Forest and Caatinga, Northeastern Atlantic Forest, and Cerrado
populations. The other biogeographic populations were verified haplotypes isolated and covered smaller
areas when compared to Northern Atlantic Forest or Southeastern Amazonia biogeographic populations,
except for Southwestern Amazonia with the majority haplotype occurrence grouped.

Genetic distance
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For C. philander, the smallest genetic distance between Amazonian and Atlantic forests was for Northern
Atlantic Forest and Southeastern Amazonia (0.039), followed by the distance between Northern Atlantic
Forest and Northeastern Amazonia (0.041) and the distance between Northern Atlantic Forest and
Cerrado was larger (0.048), revealing that these connections occurred through the Cerrado, but that the
current populations of the Cerrado did not occupy this region at that time (Table 2). For M. murina, the
smallest genetic distance between Amazonian and Atlantic forests was for Southwestern Atlantic Forest
and Southeastern Amazonia (0.015), but the distance between Southwestern Atlantic Forest and Cerrado
was even smaller (0.012), revealing that the Southwestern Atlantic Forest populations were derived from
those of the Cerrado and not the Atlantic Forest. Then, considering the other populations of the Atlantic
Forest for this species, the smallest genetic distance between Amazonian and Atlantic forests was for
Northern Atlantic Forest and Southeastern Amazonia (0.038). However, the genetic distance between the
Northern Atlantic Forest and the Cerrado was greater (0.040), revealing that these connections occurred
through the Cerrado, but that the current populations of the Cerrado did not occupy this region at that
time. For M. demerarae, the smallest genetic distance between Amazonian and Atlantic forests was for
Northeastern Atlantic Forest and Southeastern Amazonia (0.029). However, the distance between
Northeastern Atlantic Forest and Cerrado was even smallest (0.028), revealing that these connections
occurred through the Caatinga (near the Northeastern Atlantic Forest is located) and through the Northern
Cerrado.
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Table 2
Genetic distance between populations from Amazonian and Atlantic forests of
three species of didelphid mammals investigated in this study. Regions: CE = 

Cerrado; NA = Northern Atlantic Forest; PA = Pantanal; A = Antilles; NEA = 
Northeastern Amazonia; SEA = Southeastern Amazonia; SA = Southern Atlantic

Forest; NWA = Northwestern Amazonia; NEAF = Northeastern Atlantic Forest; SWA 
= Southwestern Atlantic Forest.

C. philander CE NA PA A NEA SEA SA NWA

CE - - - - - - - -

NA 0.05 - - - - - - -

PA 0.11 0.13 - - - - - -

A 0.03 0.05 0.12 - - - - -

NEA 0.02 0.04 0.12 0.03 - - - -

SEA 0.02 0.04 0.12 0.03 0.01 - - -

SA 0.05 0.01 0.13 0.05 0.04 0.04 - -

NWA 0.03 0.05 0.11 0.03 0.02 0.02 0.05 -

M. murina NA CE SEA SWA A NEA    

NA - - - - - -    

CE 0.04 - - - - -    

SEA 0.04 0.02 - - - -    

SWA 0.04 0.01 0.01 - - -    

A 0.06 0.06 0.06 0.05 - -    

NEA 0.05 0.04 0.04 0.04 0.04 -    

M. demerarae SEA NEA SWA NWA CE NEAF NAF CA

SEA - - - - - - - -

NEA 0.05 - - - - - - -

SWA 0.06 0.05 - - - - - -

NWA 0.04 0.02 0.05 - - - - -

CE 0.03 0.05 0.06 0.04 - - - -

NEAF 0.03 0.04 0.05 0.03 0.03 - - -

NAF 0.03 0.04 0.05 0.03 0.04 0.02 - -

CA 0.03 0.04 0.05 0.03 0.03 0.02 0.01 -
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Species Distribution Models
All SDMs showed high AUC value: 0.899 for the C. philander SDM, 0.956 for the M. murina SDM and
0.888 for the M. demerarae SDM. The variables of greatest contribution to the C. philander SDM were
Temperature Seasonality [standard deviation*100] (bio4) with 22.4%, followed by Annual Precipitation
[mm/year] (bio12) with 18.1% and Precipitation of Driest Month [mm/month] (bio14) with 17.7%. The
variables of greatest contribution to the M. murina SDM were bio14 with 31.7%, followed by Mean
Temperature of Wettest Quarter [°C*10] (bio8) with 18.7%, Precipitation of Coldest Quarter [mm/quarter
(bio19) with 18% and bio4 with 17.7%. The variables of greatest contribution to the M. demerarae SDM
were bio19 with 26.9%, followed by Mean Temperature of Driest Quarter [° C*10] (bio9) with 25.4% and
bio4 with 25.3%.

Current SDMs for all species predicted disjunct areas of greater environmental suitability between the
Amazonia and the Atlantic Forest (Fig. 4A, Fig. 5A, and Fig. 6A), mainly for M. murina (Fig. 5A). The SDM
for C. philander predicted disjunct areas of greater environmental suitability between the Atlantic Forest,
the Cerrado and the Amazonia (Fig. 4A). The result of this model also reveals areas of high
environmental suitability for the occurrence of the species in regions where there is not record, such as
regions of the Brejos de Altitude and Babaçu Forests in the Caatinga/Cerrado ecotone, as well as for the
slope of the Andes (Fig. 4A). The SDM for M. murina predicted considerable disjunct areas of greater
environmental suitability between the Amazonia and the Atlantic Forest (Fig. 5). The result of this model
also reveals areas of high environmental suitability for the occurrence of the species in regions where
there is not record, such as regions of the Southwestern Amazonia (Fig. 5A). The SDM for M. demerarae
also predicted disjunct areas of greater environmental suitability between the Atlantic Forest, the Cerrado
and the Amazonia (Fig. 6A). The result of this model also reveals areas of high environmental suitability
for the occurrence of the species in regions where there is no record, such as regions of the Brejos de
Altitude and Babaçu Forests in the Caatinga and Cerrado/Caatinga ecotone (Fig. 6A).

Paleodistribution changes
The results of the change in paleodistribution models over time revealed an increase in potential areas for
all species in all connecting regions (Caatinga and Cerrado/Caatinga ecotone in Northeast Brazil, Cerrado
and Chaco/Pantanal) for about 17 kya (Fig. 7). During the LGM (~ 21 kya), the results show a reduction
in paleodistribution for all species for Cerrado regions, but for the other regions the paleodistributions
remained stable, except for M. demerarae in the Caatinga and Cattinga/Cerrado ecotone, which reduced
even less proportion (Fig. 7). During LIG (~ 130 kya), paleodistribution models show an increase in areas
suitable for the occurrence of most species in most regions, except for C. philander which decreased in
the Cerrado and remained reasonably stable for the other regions, for M. murina that did not show
sudden changes in the Caatinga, Cerrado/Caatinga ecotone and Chaco/Pantanal regions and for M.
demerarae in the Caatinga where it has reduced slightly (Fig. 7). For about 3 mya, the paleodistribution
models reveal an increase in the areas suitable for the occurrence of C. philander and M. demerarae in the
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Cerrado and Chaco-Pantanal but decrease in the Caatinga. For M. murina, there was a slight reduction for
the Caatinga and the Cerrado route and stability for the Chaco-Pantanal (Fig. 7).

Comparative results
Comparison of all the results, genetic and ecological, revealed the most likely routes for each species and
their timing. Combining these data, we found that the most likely route to Caluromys philander would be
through the Caatinga, to Marmosa murina through the Cerrado and to Marmosa demerarae these
connections would have occurred in two moments by two different routes, the Cerrado and the Caatinga
(Table 3).

Table 3
Divergence time estimates between nodes that separate populations from the

Amazonia and the Atlantic Forest for three species of didelphid mammals
investigated in this study. The letters represent the nodes highlighted in the figures of

the trees dated for each species. Age = estimated divergence time in million years
ago, HPD% = 95% confidence intervals of Highest Posterior Density (HPD) and PP = 

Posterior probability values. Regions show the connection regions for each
population of each species. CE = Cerrado and CA = Caatinga.

Species Node Age HPD% PP Connection regions

Caluromys philander A 1.84 1.04–2.71 0.97 Old CE

Marmosa murina A 1.33 0.73–2.03 0.98 Old CE and CA

Marmosa demerarae A 2.00 1.14–2.91 1.00 CE and CA

  B 1.37 0.71–2.08 0.98 CE and CA

Discussion
Many studies have investigated the connections between Amazonian and Atlantic forests through the
phylogeography of species from these regions (Costa 2003; Nascimento et al 2008; Pavan et al 2011;
Fouquet et al 2012; Terra-Araujo et al 2015; Prates et al 2016; Peres et al 2017; Capurucho et al 2018; and
also see Ledo and Colli 2017 for a review), some also through paleodistribution models (Sobral-Souza et
al 2015; Ledo and Colli 2017; Maciel et al 2017), but none through both approaches simultaneously focus
on these connections. The research presented here is the first to investigate the connections between
these forests through comparative phylogeography and paleodistribution simultaneously for small
mammals. Thus, although those studies corroborated, through different approaches, the connections
between Amazonian and Atlantic forests proposed by Por (1992), the present study brings a different
proposal.

Among previous studies on molecular evidence of connections between the Amazonia and the Atlantic
Forest for animals, few have been recent (for example, Costa 2003; Nascimento et al 2008; Pavan et al
2011; Batalha-Filho et al 2013; see a review in Ledo and Colli 2017), with only one covering didelphid
mammals (Costa 2003). Although Costa (2003) has brought a lot of information and data for species of
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didelphid mammals, many years have passed since its publication and, with this, there has been a
considerable increase in the number of genetic data available. Although the results revealed by Costa
(2003) for the time of divergence between the populations of the Amazonia and the Atlantic Forest are in
accordance with those presented here, we bring additional results for Marmosa demerarae. In addition,
after recent reviews of phylogenetic relationships between didelphid mammal species, some groups that
were previously considered to be the same taxonomic group have been separated, for example, for
Marmosa murina (Gutiérrez et al 2010; Faria et al 2013). Therefore, the data used here for the species
investigated are up to date and the inferences we made considered these revisions.

Our study brings new evidence about the historical connections between Amazonian and Atlantic forests,
revealing two times of connections and isolation between populations from these forests, one during the
Pleistocene from about 2 and 1.3 million years ago (mya), and other during the Holocene (from about
0.02 to 0.1 mya), the most recent being for the Northeast region of Brazil for M. demerarae. Evaluating
these molecular results together with changes in paleodistribution, we found increase of paleodistribution
for two of the investigated species in periods prior to those of genetic divergence between populations of
the Amazonia and the Atlantic Forest (as for about 3 mya), becoming narrower in younger periods (as for
about 787 thousand years ago [kya]), except M. murina and for the Northeast route (NE). The beginning
of the Pleistocene was a period of declining temperature in relation to previous periods and of greater
climatic instability (Hansen et al 2013). Therefore, we suggest that climatic changes during the onset of
the Pleistocene had great influence on the phylogenetic structure of these species, leading to the
separation of the populations of Amazonian and Atlantic forests. Furthermore, we demonstrated for the
first time a congruence between molecular and ecological evidence for the connections between these
regions.

According to our results, there are at least two connection routes between Amazonian and Atlantic forests
for the recent past, considering these species, which had also been previously suggested, the
Northeastern and Southeastern routes (Por 1992; Oliveira-Filho and Ratter 1995; Silva et al 1996; Costa
2003). Apparently, C. philander reveals connections between these biomes across the Northern Atlantic
Forest and Southeastern Amazonia. M. murina shows connections between Amazonian and Atlantic
forests through the Cerrado and Southeastern Amazonia with the Northern Atlantic Forest representing a
connection via the Southeastern route. Interestingly, we found connections between Amazonian and
Atlantic forests in two different times for M. demerarae, the oldest dispersal event through Southeastern
Amazonia and Cerrado to the Northern Atlantic Forest and the younger also through Southeastern
Amazonia and Cerrado to the Northeastern Atlantic Forest. The first event probably represents
connections through the SE-SE route, while the second and most recent event probably represents
connections through the Northeastern route. Batalha-Filho et al (2013) suggests connections across the
Northeast to more recent periods compared to the Southwest (Chaco and Pantanal regions). However, in
general our results also revealed more recent connections to the Southeast route in agreement with other
previous studies (Por 1992; Ledo and Colli 2017), although within a limited time scale. Our results
corroborate Costa's (2003) proposal that the forests of central Brazil have played an important role as a
present and past habitat for tropical forest species.
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Unlike what was found in previous studies on the connections between the Amazonia and the Atlantic
Forest through paleodistribution (Sobral-Souza et al 2015; Leite et al 2016; Costa et al 2017; Ledo and
Colli 2017), we have not found a considerable expansion in the paleodistribution of the species
investigated here during the Last Glacial Maximum (LGM). For two species there was a significant
decrease in paleodistribution during LGM compared to the present, except for M. murina where there was
a slight expansion mainly for Caatinga. This species is the most resilient species among those
investigated here, occupying disturbed forest areas (Pardini 2004; Passamani et al 2005). Given this
peculiarity of M. murina, it becomes evident that species respond to climate change according to its
characteristics, which will pose great influence on the outcome of these idiosyncratic responses (Graham
et al 1996).

As such, species-specific traits, such as environmental tolerance, will play different roles on the
biogeographic history of each group (Papadopoulou and Knowles 2016; Machado et al 2021). For
example, through paleodistribution models Ledo and Colli (2017) found expansion of species adapted to
the cold in the LGM, while in the Last Inter-Glacial (LIG), the expansion involved species adapted to
warmer climates. Neotropical marsupials, that is didelphid mammals, being better adapted to warmer
climates (Hunsaker 2012), which explains why they do not follow this expansion observed for other
groups during the LGM, but during the LIG. In addition, we emphasize that each species can respond in a
different way to the climatic changes of each past time, according to their biological and/or ecological
characteristics, in addition to their biogeographic history. These findings can be particularly important for
the conservation of species through studies on the responses of species to future climate changes (Da
Silva et al 2020). Another important point to highlight is that the genetic data used came mainly from
online databases, showing that the increase in the availability of molecular data in recent years favors
biogeographic studies. Thus, we encourage the molecular data available in the databases to be used to
answer questions of biogeographic and evolutionary ecology.

The present study shows a congruence between the phylogenetic and paleodistribution models,
something never evaluated simultaneously before the present study for the historical connections
between the Amazonia and the Atlantic Forest. We corroborate two of the three previously proposed
connection routes, namely through the Northeast and Southeast. We show that the connections between
these forests have occurred more than once over recent past time through phylogeography and
paleodistribution models. We found more recent connections for both the Northeastern and Southwestern
routes. The present study also shows that the different biological and ecological characteristics of each
group, as well as biogeographic history, are important factors to be considered when assessing
responses to past climate changes and, consequently, for future climate changes. We also highlight that
the increase in the availability of molecular data in recent years favors biogeographic studies and we
encourage that these data be used to answer biogeographic and ecological-evolutionary questions.
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Figure 1

Time-calibrated phylogenetic tree for Caluromys philander based on cytochrome b gene (Cytb) plotted in
geographical space. The axis represents the time scale in millions of years indicating the respective
geological ages (EP = Early Pliocene, MP = Late Pliocene, P4 = First period of Early Pleistocene, P3 =
Second period of Early Pleistocene, P2 = Middle Pleistocene, P2 = Late Pleistocene, H = Holocene). Node
values represent the node supports and range of the HPD%, and asterisks nodes without support. Letters
show divergence times between populations from the Amazonia and the Atlantic Forest detailed in Table
1. The colors of the occurrence records represent biogeographic regions: gray = Antilles, pink = Northwest
Amazonia, light red = Northeast Amazonia, dark red = Southeast Amazonia, yellow = Chiquitano Dry
Forests/Pantanal, orange = Cerrado, dark blue = North Atlantic Forest and light blue = South Atlantic
Forest. Down right, is shown the haplotype networks of Cytb: the circles represent shared haplotypes; the
size circle represents the number of sharing haplotypes and colors the biogeographical regions
corresponding to the map. Species illustration by Eisenberg and Redford (2000).
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Figure 2

Time-calibrated phylogenetic tree for Marmosa murina based on cytochrome b gene (Cytb) plotted in the
geographical space. The axis represents the time scale in millions of years indicating the respective
geological ages (EP = Early Pliocene, MP = Late Pliocene, P4 = First period of Early Pleistocene, P3 =
Second period of Early Pleistocene, P2 = Middle Pleistocene, P2 = Late Pleistocene, H = Holocene). Node
values represent the node supports and HPD%, and asterisks nodes without support. Letters highlight
divergences between Amazonia and Atlantic Forest. The colors of the occurrence records represent
biogeographic regions: dark blue = Northern Atlantic Forest, orange = Cerrado, dark red = Southeastern
Amazonia, light red = Northern Amazonia and gray = Antilles. Haplotype networks of Cytb: the circles
represent shared haplotypes; the size circle represents the number of sharing haplotypes and colors the
biogeographical regions corresponding to the map. Species illustration by Eisenberg and Redford (2000).
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Figure 3

Time-calibrated phylogenetic tree for Marmosa demerarae based on cytochrome b gene (Cytb) plotted in
geographical space. The axis represents the time scale in millions of years indicating the respective
geological ages (EP = Early Pliocene, MP = Late Pliocene, P4 = First period of Early Pleistocene, P3 =
Second period of Early Pleistocene, P2 = Middle Pleistocene, P2 = Late Pleistocene, H = Holocene). Node
values represent the node supports and range of the HPD%, and asterisks nodes without support. Letters
highlight divergences between Amazonia and Atlantic Forest. The colors of the occurrence records
represent biogeographic regions: light red = Northeastern Amazonia, pink = Northwestern Amazonia, dark
red = Southeastern Amazonia, brown = Southwestern Amazonia, orange = Cerrado, violet = Caatinga, dark
blue = Northern Atlantic Forest and light blue = Northeastern Atlantic Forest. Haplotype networks of Cytb:
the circles represent shared haplotypes; the size circle represents the number of sharing haplotypes and
colors the biogeographical regions corresponding to the map. Species illustration by Eisenberg and
Redford (2000).
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Figure 4

Species distribution models for Caluromys philander from top-left to bottom-right for the present and 11
past times. Color scales represent environmental suitability values ranging from 0 (in gray) to 1 (in
green).

Figure 5

Species distribution models for Marmosa murina from top-left to bottom-right for the present and 11 past
times. Color scales represent environmental suitability values ranging from 0 (in gray) to 1 (in green).
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Figure 6

Species distribution models for Marmosa demerarae from top-left to bottom-right for the present and 11
past times. Color scales represent environmental suitability values ranging from 0 (in gray) to 1 (in
green).

Figure 7

Change in paleodistribution models over time of each didelphid mammalian species for connection
routes between Amazonia and Atlantic Forest. The y-axis represents the number of pixels of suitable
areas for species occurrence in the binary models; The x-axis represents time on a scale of a thousand
years ago (Kya). The Caatinga region is represented in red, the Cerrado in yellow, the Chaco-Pantanal in
blue and all regions in gray.
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