
OR I G I NA L R E S EAR CH

Rivers and spatial distance are drivers of genetic diversity in
the South American dwarf caiman (Paleosuchus
palpebrosus)

B. D. Vasconcelos1 , F. Camurugi1 , J. R. Mudrek2 , R. A. Brand~ao3 & D. J. Santana1

1Laborat�orio de Sistem�atica e Biogeografia de Anf�ıbios e R�epteis–Mapinguari, Instituto de Biociências, Universidade Federal de Mato Grosso do

Sul – UFMS, Campo Grande, Brazil
2Universidade Federal de Mato Grosso – UFMT, Cuiab�a, Brazil
3Laborat�orio de Fauna e Unidades de Conservac�~ao, Departamento de Engenharia Florestal, Universidade de Bras�ılia, Bras�ılia, Brazil

Keywords

barrier; crocodilians; landscape elements;

topography; Paleosuchus palpebrosus; genetic

diversity; gene flow; South America.

Correspondence

Beatriz Diogo Vasconcelos, Laborat�orio de

Sistem�atica e Biogeografia de Anf�ıbios e R�epteis,

Mapinguari, Instituto de Biociências,

Universidade Federal de Mato Grosso do Sul –

UFMS, Campo Grande-MS, CEP 79.070-900,

Brazil.

Email: beatrizdiogov@gmail.com

Editor: Anthony Herrel

Associate Editor: Kevin Arbuckle

Received 22 January 2024; revised 10

September 2024; accepted 13 September 2024

doi:10.1111/jzo.13226

Abstract

The distribution of species and the way that lineages are structured are the result
of intrinsic historical processes of the species and their relationships with landscape
features. Paleosuchus palpebrosus is one of the smallest crocodilians in the world
and has a wide geographic distribution in South America, occurring in different
habitats. Here, we analyzed mitochondrial cytochrome b sequences of 227 individ-
uals, investigated how elements of landscape heterogeneity impact genetic differen-
tiation, and evaluated the evolutionary and phylogeographic history of the species.
Thus, we hypothesized that landscape structures, such as aridity and slope, should
act as resistance surfaces to population connectivity, while rivers could mediate the
dispersion of the species as a conductor of the gene flow. The analyses recovered
three main lineages of P. palpebrosus. While most of the observed genetic variation
was explained by geographic resistance distance, river connectivity had a smaller
contribution for the observed variation. We also found a recent history with limited
genetic divergence throughout the wide distribution of the species. Our findings
highlight the main drivers for the evolutionary history of the species and how land-
scape features can shape the diversification, especially if we consider rivers as a
facilitator of gene flow.

Introduction

Historical process, landscape features, and demographic history
of the organisms shaped their distribution and genetic structure
(Camurugi et al., 2020; He et al., 2013). In the Neotropical
region, phylogeographic patterns and diversification processes
are usually explained by different coupled events, such as geo-
morphological changes and climatic fluctuations (Hoorn
et al., 2010; Turchetto-Zolet et al., 2013). Such geomorpholog-
ical events promoted greater availability and diversity of habi-
tats, niches, and reconfiguration of riverine habitats (Hoorn
et al., 2010; Rull, 2011).
Among the Neotropical aquatic and semi-aquatic fauna, croco-

dilians are long-lived, large-bodied animals that inhabit aquatic
environments, such as rivers, small streams, lakes, estuaries,
swamps, and marshes (Amavet & Zucoloto, 2021). In these envi-
ronments, they occupy the top of the food chain and play a key

role in the structure and function of ecosystems and the density,
behavior, and foraging of their prey (Layman et al., 2015; Nifong
& Silliman, 2013). Crocodilians are an ancient group that has
undergone relatively little morphological and genetic diversifica-
tion compared to other archosaurs, such as birds (Grigg & Kirsh-
ner, 2015). Their diversification is congruent with the
diversification of other herpetofauna groups in South America, in
which tectonic and palaeogeographic reorganizations during the
Neogene (~23–2.6 Mya) or environmental shifts caused by the
glacial–interglacial periods in the Quaternary (~2.58 Mya to
today) drove lineage diversification (Bittencourt et al., 2019;
Turchetto-Zolet et al., 2013). In addition, landscape features have
potential to represent important forces that drove the pattern of
lineage structuring of these organisms, such as the opening of
the Panamanian Isthmus during extreme sea-level lows that
restricted gene flow between Pacific and Caribbean Crocodylus
acutus in Panama (Avila-Cervantes & Larsson, 2023).
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Paleosuchus palpebrosus is one of the smallest extant croco-
dilians (Campos et al., 2010), has a wide geographic distribu-
tion in South America, and occurs in different habitats
throughout its distribution. In the Amazon, it occurs in season-
ally flooded forests near large rivers and lakes (Campos
et al., 2010). While in the Pantanal it occurs in headwaters of
rivers and streams of rapids with rocky substrate (Campos &
Mour~ao, 2006) and in the floodplain (Silva-Alves et al., 2022).
Recently, Muniz et al. (2018), using mitochondrial data (Cyto-
chrome b), demonstrated that P. palpebrosus comprises at least
three intraspecific lineages with restricted gene flow. Since
P. palpebrosus prefers cold waters and specific nesting envi-
ronments (Rueda-Almonacid et al., 2007), habitat modifications
can alter lineage characteristics (Ross, 1998). Thus, we hypoth-
esized that aridity and terrain slope should act as resistance
surfaces to population connectivity, while rivers could mediate
the dispersion of the species. Whether aridity is an important
driver of genetic differentiation, we expect that more arid
regions could reduce connectivity between populations since
the species is associated with aquatic environments. Con-
versely, rivers can shape the patterns of gene flow and genetic
diversity, facilitating connections between lineages (Fonseca
et al., 2021). In addition, whether species presents philopatry
and/or limited dispersion ability, we expected to find a high
correlation between geographic and genetic distances (IBD). In
this way, the present study has three main goals: (1) Evaluate
the evolutionary history and phylogeography of P. palpebrosus
along its distribution; (2) verify possible lineage signatures and
the time of divergence between the lineages; and (3) investi-
gate how the landscape features impacted the species’ genetic
differentiation testing for IBD and IBR models.

Materials and methods

Sampling and DNA extraction, amplification,
and sequencing

Paleosuchus palpebrosus tissue samples were obtained through
scientific collection donations (Appendix S1). We complemen-
ted our dataset by downloading available sequences of
P. palpebrosus from GenBank (http://www.ncbi.nlm.nih.gov/
genbank), totaling 227 samples from 40 localities (Fig. 1;
Appendix S1). We extracted DNA from the tissues of 21 indi-
viduals of P. palpebrosus using the phenol-chloroform extrac-
tion protocol (Sambrook et al., 1989). We amplified the partial
sequences of the mitochondrial cytochrome b (Cytb) (mtDNA)
loci using the standard Polymerase Chain Reaction (PCR) tech-
nique (Mullis et al., 1986) in a reaction volume of 25 lL,
using primers 50-30 described by Hrbek et al. (2008)
(CytbCRf.3 CCATACATYGGAGACACCAT and CytbCRr.2
AAGATYAGGTGGGTKATGAG). For all reactions, the PCR
cycling program used was 94°C for 2 min, followed by
35 cycles of 94°C for 45 s, 72°C for 1 min, and concluding
with a 1 min extension at 72°C. PCR conditions for amplifica-
tion consisted of 19 buffer, dNTP at 0.2 mM, each primer at
0.2 lM, MgCl at 2 mM, 1 U Taq polymerase, and 2 lL of
template DNA, in a total reaction volume of 25 lL. We ran
the agarose gel and quantified the PCR product using a

nanodrop. Center for Biological Resources and Genomic Biol-
ogy (CREBIO) conducted the sequencing protocol. We visually
checked all subsequent nucleotide sequences to ensure and
aligned them using the Muscle algorithm (Edgar, 2004) in the
Geneious v.7.1.3 (https://www.geneious.com). The final align-
ment checked in Geneious v.7.1.3 comprised 634 bp and we
found no stop codons in the electropherograms. We used the
species Paleosuchus trigonatus as an outgroup. All sequences
used here are listed in Appendix S1.

Phylogenetic analyses

We estimated the best substitution model and partition schemes
based on the Bayesian Information Criterion using PartitionFin-
der 2.1.1 (Lanfear et al., 2012), with a linked branch lengths
model and a ‘greedy’ search. The best models were HKY + G
for Cytb 1st position, TrN + G for Cytb 2nd position, and
HKY + I for Cytb 3rd position. We then estimated a calibrated
Bayesian gene tree using the most appropriate substitution
models and assumed a Yule Process as tree prior. For clock
prior calibration, we used a strict clock as priors and
time-calibrated the tree by using a Crocodylidae-specific substi-
tution rate of complete mtDNA genomes of 0.01 site/million
years (SD = 0.004) (Eo & DeWoody, 2010). We implemented
three independent runs each consisting of 5 9 107 generations
sampled at every 5 9 103 generations in BEAST v2.6.4
(Bouckaert et al., 2019). We assessed the convergence of
MCMC runs based on effective sample sizes (ESS ≥ 200)
using Tracer v1.7 (Rambaut et al., 2018). We discarded the ini-
tial 10% generations of each run as burn-in and combined the
results with LogCombiner v2.6.4 (Bouckaert et al., 2019). A
maximum clade credibility tree was generated with TreeAnno-
tator v2.6.4 (Bouckaert et al., 2019). Finally, we visualized the
tree in Figtree v1.4.3 (Rambaut, 2016).

Lineage delimitation and genetic statistics

We implemented a Bayesian Analysis of Population Structure
(BAPS) to assess the presence and nature of spatial genetic struc-
ture of P. palpebrosus using BAPS v6.0 (Corander et al., 2008),
with a population mixture model and k ranging from 1 to 10.
Then, we conducted population admixture analyses with the num-
ber of iterations to estimate the admixture coefficients set to 100,
200 reference individuals from each lineage, and 20 iterations per
individual. BAPS infers the lineage structure and determines the
number of genetic clusters, testing ‘mixture and admixture’
through the geographic locations of each sample (Corander
et al., 2013). To delimit lineages, we used the Generalized Mixed
Yule Coalescent (GMYC; Pons et al., 2006) implemented in the
R package splits (Fujisawa & Barraclough, 2013). The GMYC
uses an ultrametric phylogenetic tree to estimate the transition
between interspecific (i.e., speciation) and intraspecific events
(modeled as Yule and coalescent processes, respectively; Pons
et al., 2006). Since the assessment of model adequacy is funda-
mental for robust phylogeographic inferences (Carstens
et al., 2022), we assessed the fit of the GMYC model to our
empirical dataset using the P2C2M.GMYC R package (Fonseca
et al., 2020). P2C2M.GMYC implements a parametric bootstrap
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strategy where simulated datasets are built conditional to the
same number of species recovered in the empirical dataset by the
GMYC analysis. We simulated a total of 100 independent data-
sets and found no evidence of model violation using
pseudo-P-values (P < 0.05).
To assess the patterns of genetic diversity for P. palpebrosus

along the different lineages (see Results), we calculated the
number of segregation sites (S ), nucleotide diversity (p), num-
ber of haplotypes (H ), and the haplotype diversity (Hd) in
DnaSP (Rozas, 2009). We also used the program Arlequin 3.5
(Excoffier & Lischer, 2010) to perform Tajima’s D neutrality
tests (Tajima, 1989) and Fu’s Fs (Fu, 1997). Results of Taji-
ma’s D can be used as a statistic test to assess whether the
data are consistent with the lineage being at a neutral
mutation-drift equilibrium following two cases: (1) when nega-
tive and significant, it suggests an excess of low-frequency
polymorphisms relative to expectation, indicating lineage
expansion; (2) when positive and significant, means low levels
of both low and high-frequency polymorphisms, indicating a

decrease in lineage size and/or balancing selection. Meanwhile,
Fu’s Fs is a statistic based on the infinite sites model of muta-
tion. A negative and significant value of Fs is evidence for an
excess number of alleles, as would be expected from a recent
lineage size expansion or from genetic hitchhiking. A positive
and significant value of Fs is evidence of a deficiency of
alleles, as would be expected from a recent bottleneck (Hol-
singer, 2006). Also, with Arlequin v.3.5.2 (Excoffier &
Lischer, 2010), we used a Hierarchical Analysis of Molecular
Variance (AMOVA) to assess the departure of lineage genetic
structure from panmictic expectations, using the BAPS hap-
logroups, GMYC delimitation groups, and clustering of indi-
viduals by river basin. We calculated average genetic distances
(uncorrected p-distance) among haplogroups in MEGA X
v10.0.5 (Kumar et al., 2018). Finally, we built a haplotype net-
work using the median-joining method with PopArt (Leigh &
Bryant, 2015), with the epsilon parameter set to 0, to describe
the genealogical relationships between the localities and to
investigate the genealogical relationships of haplotypes.

Figure 1 Distribution of sampled localities for Paleosuchus palpebrosus based on the Cytb mitochondrial dataset, including samples sent by

scientific collections and available on GenBank. Colors represent the basins sampled in the study. The polygons represent each of the three

recovered lineages: Circle represents the North Amazon lineage; Triangle represents the South Amazon lineage and; Square represents the

Brazilian Shield lineage.
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Spatiotemporal phylogeographic
reconstruction and demographic history

We reconstructed the spatiotemporal history of P. palpebrosus
using a Bayesian approach implemented in BEAST v1.8.4
(Drummond et al., 2012). To reconstruct lineage dispersal across
the distribution of the species, we applied a lognormal relaxed
random walk (RRW) model. This method is a time heteroge-
neous approach and generates a graphical image with branches
that represent the tree and polygons that represent the 80% high
posterior density of the geographical coordinates (Bielejec
et al., 2011; Gehara et al., 2013). Thereby, we can visualize the
reconstruction of the dispersal of lineages continuously in space
and time. We implemented a coalescent prior with constant pop-
ulation size and applied the following substitution models for
each codon position: F81 + F for 1st position, TrN + F for 2nd
position, and HKY + FI for 3rd position. Because some sample
coordinates were duplicated, we used a jitter option of 0.05, add-
ing a random noise to identical coordinates. We ran two indepen-
dent MCMC chains of 5 9 107 generations sampled at every
5 9 103 generations and assessed the stability of the analysis in
Tracer v1.7 ensuring that all ESS values were >200 (Rambaut
et al., 2018). To time-calibrate the tree, we used a Crocodylidae-
specific substitution rate of complete mtDNA genomes of 0.01
site/million years (Eo & DeWoody, 2010) (SD = 0.004). The
resulting tree was summarized with TreeAnnotator v1.8.2, the
first 10% of samples were discarded as burn-in. After, we used
SPREAD v1.0.4 to generate a kml file of the calibrated tree (Bie-
lejec et al., 2011) which was plotted on Google Earth (http://
earth.google.com).
To evaluate the population size changes of lineages through

time, we used the single locus Bayesian Skyline Plot method
(BSP) in BEAST v2.6.4 (Bouckaert et al., 2019) applied sepa-
rately for each lineage identified by delimitation analyses (see
Results). To time-calibrate the BSP, we used the same strategy
implemented in the BEAST analysis (see section above), but
using a Coalescent Bayesian Skyline tree prior and running
MCMC simulations of 2 9 107 generations sampled at every
2 9 103 generations discarding the first 10% generations as
burn-in. Parameter convergence of runs (ESS ≥ 200) and skyline
graphs were visualized in Tracer v1.7 (Rambaut et al., 2018).

Identifying determinants of genetic
differentiation

To test if landscape features (aridity, slope, and rivers) and
geographic distance could mediate dispersal and genetic differ-
entiation, we tested the effects of these predictors through the
relative contributions of Isolation by Distance (IBD) and Isola-
tion by Resistance (IBR).
For testing our IBD and IBR hypotheses we used only loca-

tions with more than two samples, that is the minimum num-
ber to calculate the genetic distance for a given deme. Our
hypothesis of IBD posits a positive and significant correlation
between spatial distance and genetic distance. To estimate the
pairwise distance between localities, we used Geographic Dis-
tance Matrix Generator 1.2.3 (Ersts, 2011) and obtained a
matrix of geographic distances. We tested a simple IBD null

model by regressing both pairwise matrices distances (pairwise
genetic distances vs. Euclidean geographic distance)
(R2 = 0.35, P < 0.001). For testing the IBR scenario, in which
landscape connectivity/resistance can influence gene flow of
lineages, we used three predictors that can lead to genetic dif-
ferentiation. We used aridity and slope as resistant surfaces and
rivers as conductance surfaces (IBR). Our river network raster
contains the presence of main rivers from South America
(stream lines at 1:10 m scale; https://www.naturalearthdata.
com/). Because our study system depends on aquatic environ-
ments as habitat requirements for reproduction and feeding
behavior, we used the global aridity index (Trabucco &
Zomer, 2019; retrieved from https://csidotinfo.wordpress.com/
data/global-aridity-and-pet-database/) as a measure of aridity
gradient in the landscape, representing the contrasting mesic/
dry conditions for the organisms. We obtained the elevation
raster from NASA Jet Propulsion Laboratory (https://landscape.
jpl.nasa.gov/). We used the elevation map to derive a slope
raster in Arcmap v.10.3 (ESRI). We assumed that steeper
slopes meant a higher cost for gene flow. To calculate pairwise
resistance, we built environmental resistance surfaces with Cir-
cuitscape 5.0 package (Anantharaman et al., 2019) in Julia v.
5.0.0 (Hall et al., 2021). All rasters were at a spatial resolution
of 2.5 arc-minutes. Circuitscape reads zeros as hard barriers
and because of that we changed all 0 by 0.0001. Predictor
matrices were standardized with the scale function in R. Then,
we assessed the multicollinearity among them with Pearson’s
correlation tests and variance inflation factors (VIF) (Prunier
et al., 2015) and found that geographic distance and slope
resistance distance were highly correlated (Pearson correla-
tion > 0.90, P = 0.0001; VIF > 5). So, in our isolation by dis-
tance null model, we integrated slope as an indicator of the
landscape’s topographic complexity (Vasconcellos et al., 2019;
Zellmer & Knowles, 2009). Thus, our slope distance matrix
represents now on our predictor of geographic resistance dis-
tance (IBD), instead of the pure Euclidean distances, to be
tested in a multivariate approach (see below).
A pairwise matrix of genetic differentiation among localities

(ust) was obtained with an analysis of molecular variance
(AMOVA) in Arlequin 3.5.2 (Excoffier & Lischer, 2010). The
significance of pairwise comparisons was assessed by 10 000
permutations. We replaced negative ust values (n = 11) with 0
because negative values of ust are stated as 0.
To test whether different landscape features promoted

genetic differentiation in P. palpebrosus, we conducted a multi-
ple regression on distance matrices (MRDM; Legendre
et al., 1994; Wang, 2013) and a commonality analysis (CA;
Prunier et al., 2015; Ray-Mukherjee et al., 2014) implemented
in the ecodist (Goslee & Urban, 2007) and that packages
(Nimon et al., 2013) in R, respectively. MRDM is useful for
relating phylogenetic to spatial and environmental distance,
examining the effect of a group of explanatory matrices on the
response matrix (Lichstein, 2007; Swenson, 2014). CA analysis
is a detailed variance-partitioning procedure that decomposes
common and shared contributions of variables into
non-overlapping components of variance to determine the vari-
ance of each predictor in the regression effect (Prunier
et al., 2015). The predictor variables were the matrices of
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geographic distance topographically corrected, resistance dis-
tances due to aridity, and conductance distances due to rivers,
while the pairwise genetic distance matrix was used as the
response variable. The MRDM model was run with 10 000
permutations to assess significance. With CA, we estimated the
unique (U ) and common (C ) contributions of predictor vari-
ables, in which U represents the variance attributed solely to
that single predictor and C represents the variance explained
by that predictor along with one or more others. The total
effect (U + C ) accounts for the overall contribution of a pre-
dictor, regardless of collinearity with other predictors.

Results

Phylogenetic analysis and demographic
history

The topology of the mitochondrial cytb tree recovered three
strongly supported lineages for P. palpebrosus (PP = 1.00)
(Fig. 2): (1) from the north of the Amazon basin, (2) from the
south of the Amazon basin, including the samples from the
Tocantins-Araguaia River basin, and (3), called Brazilian
Shield, which encompasses samples from the La Plata River,

S~ao Francisco River, Parna�ıba River and, Eastern Atlantic
Northeast basins. The divergence among lineages of P. palpeb-
rosus started almost simultaneously, with a first split of the
North Amazon lineage at 440 Kya (90% HPD; 640–270 Kya),
followed by a split between South Amazon and Brazilian
Shield lineages at 370 Kya (95% HPD; 490–200 Kya). How-
ever, the support among lineages was low supported
(PP = 0.66) and thus the divergence time considering any line-
age split should be interpreted cautiously.

Lineages delimitation and genetic statistics

The BAPS and GMYC analyses recovered three mtDNA line-
ages for P. palpebrosus: (1) from the north of the Amazon
basin, (2) from the south of the Amazon basin, including the
samples from the Tocantins-Araguaia River basin, and (3),
called Brazilian Shield, which encompasses samples from the
La Plata River, S~ao Francisco River, Parna�ıba River and, East-
ern Atlantic Northeast basins. We found low levels of genetic
diversity for P. palpebrosus, with 26 polymorphic sites, 13
haplotypes, and a nucleotide diversity of 0.69 (Fig. 3). Taji-
ma’s D and Fu’s F statistics showed negative values but not
significant (Table 1). All comparisons between the lineages

Figure 2 Tree topology generated using BEAST based on the Cytb mitochondrial dataset composed of 227 Paleosuchus palpebrosus sequences

and 1 sequence of Paleosuchus trigonatus, used as outgroup (634 bp). BAPS and GMYC analysis indicate the three recovered lineages.
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show ust values greater than 0.9 (Table 2). The uncorrected
p-distance among lineages showed genetic differences of
1.74% between South Amazon and Brazilian Shield, 1.59%
between North Amazon and South Amazon, and 1.74%
between North Amazon and Brazilian Shield groups.

Spatiotemporal phylogeographic
reconstruction and demographic history

The phylogeographic analysis suggested an Amazonian origin
for P. palpebrosus (~2 Mya) during the early Pleistocene
(Fig. 4), with subsequent dispersal to Tocantins-Araguaia River
basin then to La Plata River basin (~500 Kya). Finally, the

species dispersed to the S~ao Francisco River basin, Parna�ıba
River, and Eastern Atlantic Northeast basins, while it increases
dispersion to other regions of the Amazon basin (~200Kya).
The Bayesian Skyline Plot analyses for all lineages showed
that effective population sizes were relatively constant through
time (Appendix S2).

Identifying determinants of genetic
differentiation

The MRDM model retrieved a significant effect of IBD
(including slope) and other two predictors of landscape resis-
tance (aridity and rivers) as important predictors of genetic

Figure 3 Haplotype network showing the low genetic diversity among Paleosuchus palpebrosus individuals throughout their distribution based

on the Cytb mitochondrial dataset. Each colored circle represents a haplotype. Black circles represent unsampled haplotypes and the dashes

represent mutational steps.

Table 1 General genetic parameters of Paleosuchus palpebrosus clusters, where N = number of samples; S = number of segregation sites;

p = nucleotide diversity; H = number of haplotypes; Hd = haplotype diversity; Tajima’s D with simulated P-value (alpha = 0.05, 10.000

simulations); Fu’s Fs with simulated P-value (alpha < 0.02, 10.000 simulations)

Groups N S p H Hd Tajima’s D Fu’s Fs (P )

North Amazon 47 6 0.48844 4 0.2359 �1.65 (P ≤ 0.05) �0.93 (P > 0.05)

South Amazon 112 2 0.12210 3 0.1202 �1.02 (P > 0.05) �1.93 (P > 0.05)

Brazilian Shield 68 6 0.38876 6 0.2959 �1.34 (P > 0.05) �2.58 (P > 0.05)
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differentiation in P. palpebrosus. The full model explained
37% of the total observed genetic variation (R2 = 0.37, R2

adjusted = 0.36, F = 67.47, P < 0.0001), considering all three
variables. From all the explained variables, two were signifi-
cant: geographic resistance distance (b = 0.56, P < 0.0001)
and river connectivity (b = 0.09, P = 0.03). Only resistance
distance due to aridity had no significant contribution for the
observed genetic differentiation (b = 0.03, P = 0.57). The vari-
ation partitioning analysis indicated that geographic distance
(including slope) accounted for most of the unique contribution
of variables (61.38% of the explained variation), while rivers
and aridity retrieved solely 2.24% and 0.16%, respectively.

The shared contributions of geographic resistance distance and
river connectivity represented 27.7% of the explained variation
(Table 3).

Discussion

Resonances of the past: Historical events
and the structuring of lineages

We found that P. palpebrosus is spatially structured in three
lineages: North Amazon, South Amazon, and Brazilian Shield
(see Fig. 1). Muniz et al. (2018) explored data from the Ama-
zon and La Plata basins, and we complement it with more data
from the La Plata basin and with sampling from the other
basins where the species occurs: S~ao Francisco River,
Tocantins-Araguaia River, Parna�ıba River and, Eastern Atlantic
Northeast basins. Related to the diversification periods, Bitten-
court et al. (2019) and Roberto et al. (2020) estimated the
divergence of the Brazilian Shield lineage from the remaining
lineages at approximately 4.28 Mya (95% HPD = 7.1–2.2
Mya), while the North Amazon and South Amazon diverged at
3.32 Mya (95% HPD = 5.6–1.5 Mya), using fossil calibrations
to date their phylogenetic trees. In contrast, our study
employed a Crocodylidae-specific substitution rate of complete

Table 2 Results of the analyses of molecular variance (AMOVAs)

considering different structure hypotheses

Grouping

Source of variation

FSTAmong populations Within populations

GMYC/ BAPS 96.95 3.05 0.9695

River basins 70.98 29.02 0.7098

The variance components (%) are presented accounting for GMYC

and BAPS delimitation results and considering the clustering of sam-

ples by river basins. All P-values <0.0001.

Figure 4 Phylogeographic reconstruction of Paleosuchus palpebrosus. Phylogeographical analysis of the species based on the Cytb

mitochondrial dataset using a Relaxed Random Walk model for continuous trait reconstruction in Beast software. In the upper left corner, center

of origin of P. palpebrosus. In the upper right corner, the dispersal to Tocantins-Araguaia River basin and La Plata basin. In the lower left corner,

the dispersal to northeast of Brazil, while it increases dispersion to other regions of the Amazon basin. In the lower right corner, recent

dispersals. Green polygons and red branches indicate relatively older events. Maps were generated using google earth (earth.google.com).
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mtDNA genomes, which led to divergence estimates that,
although still occurring within the Pleistocene, yielded different
time frames. Specifically, our divergence estimates are more
recent, highlighting the sensitivity of molecular dating methods
to both the choice of calibration points and substitution rates.
The Pleistocene is recognized as a period of significant geolog-
ical and climatic shifts, such as the Andean orogeny and gla-
cial cycles, which have been implicated in shaping Neotropical
biodiversity (Antonelli & Sanmart�ın, 2011; Ledo et al., 2020).
However, the discrepancies between our dates and those of
previous studies may reflect differences in the scale and impact
of these historical processes across taxa. For example, other
groups like the frog Boana albopunctata (1.7–2.6 Mya; Prado
et al., 2012) and the snake Bothrops neuwiedi (3.06–1.71 Mya;
Machado et al., 2014) also show divergence in the Pleistocene,
but with varying timing and diversification drivers, such as the
uplift of the Chapada dos Guimar~aes plateau and the Central
Brazilian Plateau. These differences suggest that the Pleisto-
cene’s impact on species diversification may not have been
uniform, further justifying the variance in our molecular dating
results compared to earlier studies.
The phylogeographic relationship among lineages of P. pal-

pebrosus indicates that they diversified recently, possibly dur-
ing the Pleistocene. At this time, there was further Andean
uplift (Hoorn et al., 2010) near western Amazon and neotec-
tonic processes that caused development of river systems and
patterns that led to the landscape we know currently (Toivonen
et al., 2007). Amazonian lowlands, known for their dynamic
headwaters of the Amazon River, have experienced geological
events that significantly altered their water courses throughout
history (Toivonen et al., 2007), also influencing other river
basins (Rosa et al., 2003). Such historical processes may have
influenced the diversification of P. palpebrosus into two Ama-
zonian lineages and a lineage in the Brazilian shield area.

Isolation and connection: Dynamics in
lineage delimitation

Three lineages were recovered for the species, which can be rati-
fied by the high level of genetic differentiation among lineages
shown by AMOVA (Table 2). The species has a pattern of low
haplotype diversity and shared haplotypes (Fig. 3) along its wide
distribution through the hydrographic basins (Amazon, La Plata
River, S~ao Francisco River, Tocantins-Araguaia River, Parna�ıba
River, and Eastern Atlantic Northeast). Also, the occurrence of

populations in different hydrographic basins suggests connec-
tions between the basins and a similar hydrological history (Fin-
ston et al., 2006). The Amazon basin serves as a center of origin
(Fig. 4) and harbors most haplotypes, including those shared with
other basins, suggesting its ancient nature. The compartmentalisa-
tion of river basins can represent barriers for dispersal of aquatic
species (Abell et al., 2008). Nevertheless, in this study this pat-
tern is widespread in each lineage for each basin because the indi-
viduals may be able to move between basins, as the species can
locomote long distances searching for available pond habitats
(Marioni et al., 2022; Roberto & Albano, 2014). Hern�andez-
Rangel et al. (2023) recently discovered evidence of possible
female migration between different clusters of P. palpebrosus in
the Amazon basin, potentially linking nearby regions. A similar
pattern is also found in the pink dolphin (Inia geoffrensis), where
some gene flow is maintained between two lineages (Hollatz
et al., 2011). A potentially similar pattern is seen in the lineages
of Morelet’s crocodile (Crocodylus moreletii), where the lineages
of one river function as a ‘mainland,’ while the surrounding
smaller lineages appear as ‘islands’ (Dever et al., 2002).
Research carried out with Amazonian organisms usually

finds that how historic processes have promoted barriers and
corridors for dispersal (Pirani et al., 2020; Silva et al., 2019).
In our study, samples from Amazon basin recovered seven
unique haplotypes, in addition to two shared with other basins.
Research on aquatic organisms has shown a connection
between the Amazon and Parna�ıba River basins (Albert &
Reis, 2011; Garda & Cannatella, 2007), with records indicating
that endemic species from the Parna�ıba and the Eastern Atlan-
tic Northeast basins share affinities with Amazonian species
(Vari, 1989). This overlap is likely due to the Parna�ıba River’s
historical role as a tributary of the Amazon River (Agassiz &
Agassiz, 1938). Presumably, the evolutionary history of land-
scape features promotes isolation between lineages that, even
when isolated, share haplotypes due to incomplete lineage sort-
ing, given that the diversification of the species is very recent.

Mapping the past: Phylogeographic
reconstruction and demographic dynamics

Despite its broad distribution, the species exhibits low genetic
diversity. Historical demographic analysis reveals a recent evo-
lutionary history with stable effective lineage sizes. This stabil-
ity may be attributed to the long lifespan of crocodilians and
the lower genetic diversity of long-lived vertebrates compared
to shorter-lived organisms (Cao et al., 2020; Velo-Ant�on
et al., 2014). The generalist ecology (Campos et al., 1995;
Magnusson et al., 1987; Vasconcelos et al., 2020) and demo-
graphic stability despite environmental changes in the Pleisto-
cene (Rossetti et al., 2017; Werneck et al., 2012) likely explain
why P. palpebrosus lineages are continuously distributed with
limited genetic divergence throughout its wide distribution.
Species with wide distributions can be affected by various his-
torical processes across their range limits due to abiotic factors
and responses of individuals and populations to habitat quality,
availability, and interactions (Mott, 2010), but even so, P. pal-
pebrosus showed notable demographic stability during evolu-
tionary time, which leads us to infer that lineages have

Table 3 Results of MRDM and commonality analysis

Predictor b P U C T

Geographic distance 0.56 <0.0001 0.226 0.133 0.359

Rivers 0.09 0.03 0.008 0.046 0.054

Aridity 0.03 0.57 0.001 0.111 0.112

The contributions of predictor variables in explaining the genetic dif-

ferentiation of populations are presented as predictor unique effect

(U ), the common contribution of predictors as the sum of shared

effects of one predictor with other ones (C ), and total contributions

to the variance of the response variable (T = U + C ).
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sufficient geographical stability to preserve the phylogenetic
characteristics (Zhang et al., 2020). The species occupies
different aquatic environments throughout its distribution
(Campos & Mour~ao, 2006; Magnusson, 1985; Vasconcelos
et al., 2020), including primary and secondary streams
(igarap�es), that were not greatly affected by historical pro-
cesses, and its flexibility in the use of different kinds of water
courses may have contributed to this scenario.

Drivers of genetic differentiation

We found that IBD and IBR significantly explain the genetic
divergence of P. palpebrosus, where the topographically cor-
rected geographic distances and aridity act as landscape fea-
tures that reduce the migration of individuals, and rivers act as
conductance between populations. Aridity, however, had no
significant contribution for the IBR model. These findings
agree with previous studies on faunal diversification in the
Neotropics, in which IBR explained part of the genetic differ-
entiation found in different lineages. Specifically, IBR was
found to explain most of the genetic differentiation in Podoc-
nemis erythrocephala and P. sextuberculata, two Amazonian
riverine turtle species where the Amazon River acts as a bar-
rier and river color acts as a resistance factor for connectivity,
respectively (Oliveira et al., 2019).
The Madeira River, a major tributary of the Amazon basin,

serves as a crucial zone of contact between the two recovered
Amazonian lineages of P. palpebrosus. Supporting this,
Roberto et al. (2020) identified a distinct lineage of the species
within the Madeira River basin. This river has the largest water
volume and sediment flow among all Amazon River tributaries
(Li et al., 2020). The presence of high concentrations of che-
micals and sediment load (Leite et al., 2011), and the difficulty
that large species have to overcome their waterfalls during the
floods (Farias et al., 2010) may be an obstacle for P. palpebro-
sus to cross it. In addition, the Madeira River represents a
transitional zone between the Ombrophilous dense forest and
Ombrophilous open forest (Ortiz et al., 2018), which can be
important for isolation by resistance since rivers have an effect
on the structuring of P. palpebrosus. Further south of the
Madeira River, the Parecis plateau likely separates the Amazo-
nian lineages of P. palpebrosus from the Brazilian Shield line-
age. For P. palpebrosus, the Parecis mountains may represent
one of the landscape elements that reflects the influence of
slope in the genetic structuring of the species (IBR).
Recently, the Riverine Thruway Hypothesis (RTH) has been

proposed, suggesting that rivers act as facilitators of gene flow,
allowing population connectivity (Fonseca et al., 2021). The
pattern observed in P. palpebrosus corroborates the RTH since
rivers may act to structure the observed lineages herein. The
rivers acting as dispersal facilitators have been reported in pre-
vious studies with aquatic and semi-aquatic species (Law-
son, 2013; Oliveira et al., 2019). Possibly P. palpebrosus
dispersed from the Amazon basin to the Tocantins-Araguaia
River basin, where there is haplotype sharing, and then toward
the La Plata River basin and other basins of the Brazilian
Shield lineage. Despite being strongly associated with aquatic
environments, P. palpebrosus likely can disperse by land

routes, in order to reach ephemeral wetlands (Paolilla & Gor-
zula, 1985). In this way, events after the Last Glacial Maxi-
mum, when the Amazon delta extended further east and
regions were connected to the Amazon basin, may be attrib-
uted to their dispersal and colonization of new areas, now out-
side the Amazon basin (Vasconcelos et al., 2006).

Conclusion

We demonstrated that P. palpebrosus corresponds to a single
and widespread species, composed of three structured lineages
that diverged in the Pleistocene and experienced a stable
demographic history. We shed light on the main drivers of the
evolutionary history of the species, finding that mainly isola-
tion by distance taking the terrain topography into account,
and the river connectivity at a lesser proportion, shaped the
genetic structure of this species.
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