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1  |  INTRODUC TION

The tropics contain many of the most biodiverse regions on Earth 
but the processes responsible for generating this diversity remain 
poorly understood (Fine, 2015; Smith et al., 2014). One hypothesis 
for the drivers of tropical diversification contends that terrestrial 

tropical biomes covered larger areas, for a longer period of time, pro-
viding more spatiotemporal opportunity for diversification (Fine & 
Ree, 2006; Wiens & Donoghue, 2004). Adaptation to new environ-
ments and ecological roles, usually associated with morphological 
or physiological innovation, is an important driver of diversification, 
increasing the rate of speciation and often culminating in adaptive 
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Abstract
The tropics contain many of the most biodiverse regions on Earth but the processes 
responsible for generating this diversity remain poorly understood. This study inves-
tigated the drivers of diversification in arthropods with stenotopic ecological require-
ments and limited dispersal capability using as a model the monotypic whip spider 
(Amblypygi) genus Acanthophrynus, widespread in the tropical deciduous forests of 
Mexico. We hypothesized that for these organisms, the tropical deciduous forests 
serve as a conduit for dispersal, with their disappearance imposing barriers. Given 
that these forests are located in a region of complex geological history and that they 
fluctuated in extent during the Pliocene–Pleistocene glacial/interglacial cycles we 
combine molecular divergence dating, palaeoclimatic niche modelling and ancestral 
area reconstruction to test if and when habitat fragmentation promoted diversifica-
tion in Acanthophrynus. Concomitant with the expected role of landscape change, we 
demonstrate that orogeny of the Trans-Mexican Volcanic Belt, in the Late Miocene 
or Early Pliocene (6.95–5.21 million years ago), drove the earliest divergence of 
Acanthophrynus by vicariance. Similarly, as expected, the later onset of glaciations 
strongly impacted diversification. Whereas a more stable climate in the southern part 
of the distribution enabled further diversification, a marked loss of suitable habitat 
during the glaciations only allowed dispersal and diversification in the north to occur 
later, resulting in a lower overall diversity in this region. Barriers and diversification 
patterns identified in Acanthophrynus are reflected in the phylogeography of codistrib-
uted vertebrates and arthropods, emphasizing the profound impact of Trans-Mexican 
Volcanic Belt orogeny and glacial/interglacial cycles as drivers of diversification in the 
Mexican Neotropics.
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radiation (Gillespie et al., 2020; Simões et al., 2016). Major changes 
to the landscape, such as orogeny and the formation or alteration 
of river drainages, frequently associated with tectonic forces, pro-
mote allopatric speciation through vicariance (Hoorn et al., 2010; 
Simões et al., 2016; Smith et al., 2014). The role of orogeny may 
be especially pronounced in the tropics due to the often narrower 
niches and more stenotopic ecological requirements of tropical 
taxa (Ghalambor, 2006; Janzen, 1967; Sheldon et al., 2018; Stevens, 
1989; Vázquez & Stevens, 2004), leading to a greater propensity for 
vicariance with increased elevation. Superimposed on landscape 
changes, habitat fragmentation associated with climate fluctuations 
may further promote allopatric speciation, especially in stenotopic 
tropical taxa (Garzón-Orduña et al., 2014; Hoorn et al., 2010).

At the convergence of the Nearctic and Neotropical realms, sep-
arated by major mountain ranges with biotic assemblies of transi-
tional character (Halffter & Morrone, 2017; Morrone, 2020), Mexico 
represents an understudied laboratory of tropical diversification. 
The complex history of the Mexican landscape was dominated by 
the orogeny of the Sierras and cyclical fluctuations in climate that 
produced its diverse biomes, which vary from desert to rainforest, 
often over short distances (Morrone, 2020). The Mexican Neotropics 
is a biodiversity hotspot subdivided into four biogeographical prov-
inces (Morrone et al., 2017). The Yucatán Peninsula and Veracruz 
provinces in the east are dominated by evergreen tropical forests. 
The Balsas Depression in central Mexico and the Pacific Lowlands 
Province in western Mexico contain some of the world's largest trop-
ical deciduous forests (Sosa et al., 2018). Compared to other season-
ally dry tropical forests, these forests are especially speciose and 
considered a conservation priority (Gentry, 1995; Olson et al., 2001). 
Four ecoregions are recognized in the Mexican Pacific Lowlands: the 
Sinaloan, Jalisco, Southern Pacific and Central American Dry Forest 
ecoregions (Olson et al., 2001) (Figure 1a).

The orogeny of the Trans-Mexican Volcanic Belt, which began 
in the Miocene, and the glacial/interglacial cycles of the Pliocene–
Pleistocene appear to have been major drivers of diversification in 
Mexico, but affected different taxa in different ways (Bryson et al., 
2011; Mastretta-Yanes et al., 2015). Research on reptiles, amphib-
ians and freshwater fish has shown varying levels of agreement 
with currently defined biogeographical boundaries in the Mexican 
Neotropics (Mateos et al., 2002; Suárez-Atilano et al., 2014; Zarza 
et al., 2008). Although arthropods such as beetles played an import-
ant role in hypotheses concerning the origin and diversification of 
the Mexican biota (Morrone & Márquez, 2001), few studies have 
investigated the phylogeography or molecular phylogeny of arthro-
pod taxa inhabiting the tropical deciduous forests of the Balsas 
Depression and the Pacific Lowlands provinces (Nolasco-Soto et al., 
2017; Pringle et al., 2012; Rengifo-Correa et al., 2021).

Due to limited vagility, more stenotopic ecological requirements 
and narrower ranges (Clouse et al., 2016; Ferrier et al., 1999), ter-
restrial arthropods may be more sensitive to habitat fragmentation, 
diversifying earlier and/or more extensively than vertebrates in re-
sponse to vicariance events associated with broad landscape modifi-
cations or climatic fluctuations. As such, arthropods are particularly 

well suited for assessing the role of the landscape and climate fluc-
tuations as drivers of diversification compared to vertebrates, on 
which the majority of such studies have been conducted (Ferrier 
et al., 1999; Loria & Prendini, 2020). Additionally, genetic studies 
routinely reveal that arthropod diversity has been underestimated 
(Stork, 2018), suggesting arthropods can provide more granular res-
olution of diversity and diversification.

Whip spiders (Amblypygi Thorell, 1883), an order of tropical 
arachnids related to spiders (Weygoldt, 2000), which reach their 
greatest diversity in the Mexican Neotropics (Armas, 2006; Harvey, 
2003), offer a model system to address the drivers of tropical diver-
sification. Unlike spiders, most of which are capable of dispersal on 
air currents (Weyman, 1993), whip spiders are limited to walking and 
possibly rafting (Chapin et al., 2018). Their vagility is further con-
strained by an ecological requirement for humidity, which restricts 
them to forests, caves or the vicinity of permanent water sources in 
arid areas (Weygoldt, 2000). Although phylogeographical studies of 
whip spiders remain scarce, the few published to date confirm that 
their diversity is underestimated and informative for understand-
ing diversification in the tropics (Chapin et al., 2018; Esposito et al., 
2015; Prendini et al., 2005; Reveillion et al., 2020).

The present study uses Acanthophrynus coronatus (Butler, 
1873), the world's largest whip spider (Quintero, 1980), as a model 
to test the role of vicariance and dispersal in tropical diversifica-
tion by investigating its phenotypic diversity, phylogeography and 
environmental niche space. This species, the sole member of the 
genus Acanthophrynus Kraepelin, 1899, is distributed throughout 
the tropical deciduous forests of Mexico. Colour variation among 
allopatric populations of Acanthophrynus suggests some degree of 
phenotypic diversification across its distribution (Quintero, 1980), 
possibly reflecting the divergence of lineages in the phylogeny. 
As Acanthophrynus is restricted to tropical deciduous forests and 
whip spiders generally display stenotopic ecological requirements 
(Weygoldt, 2000), implying narrow environmental niches, we 
hypothesized that environmental adaptation to new or changing 
habitats is not a primary driver of diversification. As such, we do 
not expect phylogenetic divergence to correlate strongly with 
distance in environmental space in Acanthophrynus. Instead, we 
hypothesize that tropical deciduous forests served as a conduit 
for dispersal, their disappearance, by landscape or palaeocli-
matic change, imposing barriers that promoted diversification by 
vicariance.

The Trans-Mexican Volcanic Belt, the orogeny of which began 
in the Miocene, drove the divergence of codistributed vertebrates 
in the late Miocene or Pliocene (Suárez-Atilano et al., 2014; Zarza 
et al., 2008). We hypothesize that the emergence of this mountain 
chain, which bisects the distribution of Acanthophrynus, also drove 
diversification by vicariance in these whip spiders. Using ancestral 
area reconstruction and molecular divergence dating, we expect di-
vergence of Acanthophrynus in the Late Miocene or Pliocene to co-
incide with a predicted vicariance event in an area of Trans-Mexican 
Volcanic Belt orogeny. Further, as the distribution of Acanthophrynus 
covers a large latitudinal gradient, its range extending 1300 km from 
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Sinaloa, in the north, along the Pacific coast, and inland to the east-
ern Balsas Depression, in Guerrero (Armas, 2006), we predict cur-
rently inhabited regions to have differed markedly in suitable habitat 
during the Pliocene–Pleistocene glaciations. In accordance with the 
notion that less pronounced climate fluctuations in the tropics pro-
vided more opportunity for diversification in these biomes (Fine & 
Ree, 2006; Wiens & Donoghue, 2004), we hypothesize that the geo-
graphical distribution of diversity in Acanthophrynus will reflect the 
local continuity of suitable habitat through time in environmental 
niche models. We expect less diversification and later dispersal into 
northern areas which probably experienced drastic reductions in 
suitable habitat during glacial periods. On the other hand, we expect 
greater genetic distances among populations from areas in which the 

habitat remained more stable, and diversification might have been 
driven by localized habitat fragmentation.

Finally, we hypothesize that landscape and climatic change-
induced diversification patterns in Acanthophrynus will be reflected 
in the phylogeography of codistributed vertebrates and arthropods. 
Although some variation between divergence times and genetic di-
vergence are to be expected based on the different properties of 
these organisms, we expect to identify similar genetic boundaries 
reflecting common barriers. Further, given its unusually wide distri-
bution for a single arthropod species, vicariance events associated 
with habitat fragmentation in Acanthophrynus may have caused lev-
els of genetic divergence similar to those observed between mor-
phologically distinct species of codistributed arthropods.

F I G U R E  1  Distribution of colour variation among populations of Acanthophrynus whip spiders (Amblypygi) in the Mexican Neotropics. 
(a) Nearctic, Transitional and Neotropical biogeographical provinces of Mexico (smaller map) and western Mexico indicating ecoregions and 
records of dark and pale populations. Mexican states abbreviated as follows: CCH, Chihuahua; CHP, Chiapas; COL, Colima; DUR, Durango; 
GRO, Guerrero; JAL, Jalisco; MEX, México; MIC, Michoacán; MOR, Morelos; NAY, Nayarit; OAX, Oaxaca; PUE, Puebla; SIN, Sinaloa; SON, 
Sonora; ZAC, Zacatecas. (b) Live habitus with varying degrees of infuscation. Densely infuscate specimen from Mazatlán, central Sinaloa 
(courtesy of D. Barrales-Alcalá); specimens ranging from moderately infuscate to immaculate (top to bottom) from Chamela, central coastal 
Jalisco (top two from the second author, second from bottom courtesy of D. Vivar, bottom courtesy of M. Mejía-Duque)
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2  |  MATERIAL S AND METHODS

2.1  |  Material, locality records and distribution 
mapping

Preserved specimens were obtained from eight museum collections 
(Appendix S1). Tissue samples are deposited in the Ambrose Monell 
Cryocollection (AMCC) at the American Museum of Natural History 
(AMNH). Specimen labels or database entries without geographical 
coordinates were retroactively georeferenced using Google Earth 
(Table S1). In addition to museum material, 221 geographical occur-
rence records of Acanthophrynus were retrieved from the citizen 
science platform iNaturalist (https://www.inatu​ralist.org). After 
inspection of photographs associated with the records, 38 records 
were rejected as misidentified, unidentifiable or with a reported po-
sitional accuracy greater than 20 km. The final set of 242 occurrence 
records used for the analyses is summarized in Table S1.

Geographical maps were generated in qgis version 3.10 (https://
www.qgis.org). SRTM raster elevation data (30 s) (Farr et al., 2007) 
were obtained from WorldClim version 2.1 (https://www.world​clim.
org/data/world​clim21.html; Fick & Hijmans, 2017). Shapefiles de-
lineating country administrative boundaries were downloaded from 
the Humanitarian Data Exchange Platform version 1.39.4 (https://
data.humda​ta.org/), shapefiles of terrestrial ecoregions (Olson et al., 
2001) from the WWF (https://www.world​wildl​ife.org/publi​catio​
ns/terre​stria​l-ecore​gions​-of-the-world), and shapefiles of Mexican 
biogeographical provinces according to Morrone et al. (2017) from 
the Conservation Biogeography Group at the Universidad Nacional 
Autonóma de México (http://mexic​anmap.atlas​bioge​ograf​ico.com).

2.2  |  Acanthophrynus colouration and 
environmental space

The colouration of Acanthophrynus was assessed from iNaturalist 
photographs by separately scoring the density of infuscation of 
the pedipalps, carapace and tergites. Mapping colour variations 
revealed that orange (immaculate) or light brown (sparsely infus-
cate) pedipalps co-occurred with a light brown (sparsely infus-
cate) or dark brown (moderately infuscate) carapace in the same 
or neighbouring populations throughout the Jalisco Dry Forest 
and Balsas Depression Dry Forest whereas blackish (densely in-
fuscate) pedipalps and carapace occurred in the coastal regions 
of Nayarit (Jalisco Dry Forest) and the Sinaloan Dry Forest (Figure 
S1). Therefore, only two colour variations of Acanthophrynus were 
considered further: (i) populations in which carapace, pedipalps and 
tergites are blackish (densely infuscate), referred to as “dark”; and 
(ii) populations in which pedipalps vary from orange to light brown 
(immaculate to sparsely infuscate) whereas carapace and tergites 
vary from light to dark brown (sparsely to moderately infuscate), 
collectively referred to as “pale.” This approach enabled coloura-
tion to be assessed in ethanol-preserved material, excluding old or 
degraded material (Table S1).

Occurrence records were associated with one of three ecore-
gions (Olson et al., 2001): Sinaloan Dry Forest (SDF); Jalisco Dry 
Forest (JDF) and Southern Pacific Dry Forest (SPDF); and Balsas 
Depression Dry Forest (BDDF) (Table S1). Contemporary climate 
data (1960–1990) from Worldclim version 1.4 (Hijmans et al., 2005), 
comprising 19 rasters of hydrothermal bioclimatic covariates at a 
resolution of 2.5 arc-minutes, were used to characterize the envi-
ronment of Acanthophrynus. Occurrence records were trimmed of 
exact georeferenced duplicates and corresponding values of envi-
ronmental covariates extracted from rasters using the R package 
raster (Hijmans & Van Etten, 2020). Present-day per-occurrence 
values (including phenotypically assessed and nonassessed records) 
of the 19 covariates were used to perform a principal components 
analysis (PCA) using the R package stats (R Core Team, 2012). The in-
dividual contributions of covariates to the principal components are 
summarized in Table S2. Environmental values were extracted from 
19 raster layers of different palaeoclimate scenarios, derived from 
general circulation models (https://www.world​clim.org/data/v1.4/
paleo1.4.html): mid-Holocene (~6 thousand years ago [ka]): CCSM4 
(Gent et al., 2011), MIROC-ESM (K-1 Model Developers, 2004), 
and MPI-ESM-P (Stevens et al., 2013) at 2.5 arc-minutes; the Last 
Glacial Maximum (~22 ka): CCSM4 (Gent et al., 2011), MIROC-ESM 
(K-1 Model Developers, 2004), and MPI-ESM-P (Stevens et al., 2013) 
at 2.5 arc-minutes; and the last interglacial (~140–120 k​a): NCAR-
CCSM (Otto-Bliesner et al., 2006) at 30 arc-seconds.

2.3  |  Environmental niche modelling

Environmental niche models were generated with maxent version 
3.4.1 (Phillips et al., 2006, 2017; Phillips & Dudík, 2008) using an 
R-based modular workflow on the Wallace platform (Kass et al., 
2018) and further customized. After removing duplicates, occur-
rence records were spatially thinned using the R package spthin 
(Aiello-Lammens et al., 2015), applying a thinning distance of 10 km 
to reduce spatial sampling bias. The set of contemporary climate 
data (1960–1990), comprising 19 rasters of hydrothermal bioclimatic 
covariates at a resolution of 2.5  min, from Worldclim version 1.4 
(Hijmans et al., 2005), was used. Models were generated using two 
approaches: including all 19 bioclim predictors without addressing 
predictor collinearity; and using environmental layers of uncorre-
lated principal components. nichea version 3.0.12 (Qiao et al., 2016) 
was used to obtain a derived set of environmental rasters based 
on a PCA of the contemporary 19 bioclimatic covariate raster lay-
ers, cropped to the area of Mexico. The PCA was transferred to the 
rasters of different palaeoclimate scenarios. The first five principal 
components accounted for 95% of the total variance observed in 
rasters of the original variables (PC1, 46.77%; PC2, 23.21%; PC3, 
13.34%; PC4, 7.85%; PC5, 3.5%) and the corresponding rasters were 
selected for modelling.

The background extent used to mask different sets of predictor 
variable layers based on the occurrence data, from which 10,000 
pseudo-absences were randomly sampled, was defined as 1.3° 

https://www.inaturalist.org
https://www.qgis.org
https://www.qgis.org
https://www.worldclim.org/data/worldclim21.html
https://www.worldclim.org/data/worldclim21.html
https://data.humdata.org/
https://data.humdata.org/
https://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world
https://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world
http://mexicanmap.atlasbiogeografico.com
https://www.worldclim.org/data/v1.4/paleo1.4.html
https://www.worldclim.org/data/v1.4/paleo1.4.html
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occurrence point buffers and calculated with the R package dismo 
(Hijmans et al., 2020). The complexity and predictive power of the 
models were optimized using the R package enmeval (Muscarella 
et al., 2014). The geographical “block” partitioning scheme was used 
to generate models for six regularization multiplier values (from 1 
to 3, with increments of 0.5) for which all feature classes and com-
binations in the Wallace tool (L, LQ, H, LQH, LQHP) were tested. 
Models with a model omission rate calculated with the tenth percen-
tile and minimum training presence thresholds ≤1.5 times the lowest 
value were subsetted and the model with lowest corrected Akaike 
Information Criterion, selected. Models were projected (allowing 
clamping). The degree to which extrapolation affected predictions 
was assessed by multivariate environmental similarity surfaces (Elith 
et al., 2010) using dismo.

Niche overlap between two projections was assessed by cal-
culating the D statistic using dismo (Schoener, 1968) and I, a mea-
sure derived from the Hellinger distance (Van der Vaart, 1998), as 
described in Warren et al. (2008). Identity and background tests 
(Warren et al., 2008, 2010), each based on 50 pseudoreplicated data 
sets each, were performed using a custom script.

2.4  |  DNA sequencing and alignment

The ingroup comprised 26 specimens of Acanthophrynus from 16 lo-
calities (a proxy for populations), covering most of the distribution 
(Table 1). One specimen each of Phrynus marginemaculatus C.L. Koch, 
1840, Paraphrynus laevifrons (Pocock, 1894) and Heterophrynus lon-
gicornis (Butler, 1873), representing the other three genera of the 
whip spider family Phrynidae Blanchard, 1852, were included as out-
groups (Table 1). The tree was rooted on H. longicornis, representing 
Heterophryninae Pocock, 1902, the sister group of the nominotypi-
cal subfamily Phryninae Blanchard, 1852, to which the other three 
genera belong (Weygoldt, 2000).

DNA extraction, PCR (polymerase chain reaction) and Sanger 
dideoxy sequencing were performed at the AMNH Sackler Institute 
of Comparative Genomics (SICG), using standard protocols (Prendini 
et al., 2005). Three nuclear gene markers, 18S rDNA (18S), 28S 
rDNA (28S), and a region spanning the Internal Transcribed Spacer 
1, 5.8S rDNA and Internal Transcribed Spacer 2 (ITS1/2), and three 
mitochondrial gene markers, 12S rDNA (12S), 16S rDNA (16S) and 
cytochrome c oxidase subunit I (COI), were selected for efficacy in 
reconstructing the phylogeny of whip spiders (Chapin et al., 2018; 
Esposito et al., 2015; Harrison et al., 2017; Prendini et al., 2005). Loci 
were amplified using universal primers and/or, in the case of COI, 28S 
and ITS1/2, with primers specifically designed for Acanthophrynus 
(Tables S3 and S4). Sequence trace files were assembled into contigs 
and trimmed in genestudio pro version 2.2.0.0 (http://genes​tudio.
com/node/56).

DNA sequences were generated for all Acanthophrynus samples 
and the three outgroups in the case of the 12S, 16S and COI mark-
ers. ITS1/2 and 28S sequences could not be amplified for two and 
three Acanthophrynus samples, respectively. 18S sequences were 

generated for the three outgroups and eight Acanthophrynus sam-
ples from geographically distant localities across the distribution, 
but not amplified further after establishing the locus was invariant 
within the ingroup. Sequences, deposited in GenBank (Table 1), 
were aligned using online mafft version 7 (Katoh et al., 2019) with 
the iterative refinement method G-INS-I, a 200PAM/κ = 2 param-
eter, and gap opening penalty of 1.53. Outgroup ITS1/2 sequences, 
too divergent to align unambiguously with Acanthophrynus, were 
omitted from the analyses. The final analyses were based on 148 
DNA sequences, with a concatenated alignment length of 6101 bp 
(Table S5). Alignments are deposited in the Dryad Digital Repository 
(https://doi.org/10.5061/dryad.z612j​m6b8).

2.5  |  Phylogenetic analysis

The concatenated multilocus alignment comprised 737 parsimony-
informative and 300 singleton sites (Table S6). Whereas the mito-
chondrial markers were informative for all relationships, the nuclear 
28S and 18S markers contained fewer variable sites, informative 
mostly or only for outgroup relationships, respectively.

Phylogeny estimation with maximum likelihood (ML) was per-
formed using iq-tree 2 version 2.0.5 (Minh et al., 2020). The follow-
ing partitioning schemes and substitution models were selected 
using modelfinder (Kalyaanamoorthy et al., 2017) (-m MF+MERGE) 
in iq-tree 2: 12S  +  16S (TIM3+F+G4); 18S  +  28S (HKY+F+I); COI 
first codon position + ITS1/2 (TNe+R2); COI second codon position 
(TPM2+F+I); COI third codon position (TIM2+F+R2). ML branch sup-
port was assessed with 1000 standard nonparametric bootstrap 
replicates.

mrbayes version 3.2.7 (Ronquist & Huelsenbeck, 2003) was used 
for Bayesian inference (BI). Partitioning schemes and substitu-
tion models were selected from models available in mrbayes using 
iq-tree 2 (-m TESTMERGEONLY -mset mrbayes). Only the substi-
tution models differed from the ML analysis, as follows: 12S + 16S 
(GTR+F+G4), 18S + 28S (HKY+F+I); COI first codon position + ITS1/2 
(SYM+I+G4); COI second codon position (F81+F+I); COI third codon 
position (GTR+F+G4). Two independent runs of mrbayes, each of 
four chains with sampling and diagnostic frequencies of 7500 and 
75,000, respectively, were performed for 100 million generations on 
the CIPRES gateway (https://www.phylo.org). Chain convergence 
was checked using convergence diagnostics, and 25% of the sam-
ples were discarded as burn-in, leaving 20,000 trees from which a 
majority-rule consensus was generated with posterior probabilities 
reflecting the frequency of samples that recovered each clade.

2.6  |  Geographical/genetic barrier analysis

barrier version 2.2 (Manni et al., 2004) was used to identify and 
visualize genetic discontinuities among Acanthophrynus populations. 
Alignments were generated without outgroups using online mafft 
version 7 (Katoh et al., 2019), with the iterative refinement method 

http://genestudio.com/node/56
http://genestudio.com/node/56
https://doi.org/10.5061/dryad.z612jm6b8
https://www.phylo.org
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G-INS-I and a 200PAM/κ = 2 parameter. Alignments are deposited in 
the Dryad Digital Repository (https://doi.org/10.5061/dryad.z612j​
m6b8). Mean Kimura 2-parameter (K2P) distances were calculated 
with all ambiguous positions removed for each sequence pair, among 
Acanthophrynus samples grouped by collection locality for each mi-
tochondrial marker and the nuclear ITS1/2 marker (Tables S7–S10) in 
mega x version 10.1 (Kumar et al., 2018). A separate barrier analysis, 
computing the first three barriers in decreasing order of intensity, 
was performed for each marker (Figure S3). A consensus barrier 
map, integrating information from the different markers, was gen-
erated by numbering all barriers identified by at least one marker, 
counting how many markers identified the barrier, and scoring each 
barrier recovered per marker with a value of 3, 2 or 1 when recov-
ered as first, second or third barrier, respectively. The relative inten-
sity of each barrier was calculated by dividing the sum of its scores 
per marker by the highest sum among the barriers.

2.7  |  Genetic distances comparison with other 
whip spiders

Pairwise genetic distances in the 12S, 16S and COI loci of 
Acanthophrynus were compared to intra- and interspecific distances 
among morphologically distinct but closely related whip spider species 
of three genera, using data from GenBank: five species of Damon C.L. 
Koch, 1850 from Prendini et al. (2005); three species of Heterophrynus 
Pocock, 1894 from Reveillion et al. (2020); and four species of 
Paraphrynus Moreno, 1940 from Seiter et al. (2020). Sequences were 
aligned with the Acanthophrynus sequences using online mafft version 
7 (Katoh et al., 2019) with the iterative refinement method G-INS-I 
and a 200PAM/κ  =  2 parameter. Aligned sequences were trimmed 
to the same length and used to produce one alignment per locus and 
genus comprising the following number of sequences (Acanthophrynus 
/ Paraphrynus / Damon / Heterophrynus): 12S (26/4/13), 16S (24/4/16), 
COI (23/4/16/63). Alignments are deposited in the Dryad Digital 
Repository (https://doi.org/10.5061/dryad.z612j​m6b8). Single-locus 
pairwise genetic distances were calculated for each genus in mega x 
using the K2P model (Kimura, 1980) and uniform rates with all am-
biguous positions and gaps removed (complete deletion option). K2P 
distances were averaged across the three mitochondrial loci for each 
pairwise comparison to identify Acanthophrynus clades possibly repre-
senting distinct species. The lowest species-level K2P genetic distance 
was identified among Damon species (12.54%) and served as a thresh-
old for identifying Acanthophrynus clades in which specimens exhibit 
higher genetic distances in pairwise comparisons with all specimens 
outside the respective clade.

2.8  |  Divergence dating

The fossil record of whip spiders is sparse (Garwood et al., 2017) and 
the phylogenetic tree insufficiently resolved to use the few fossils 
potentially applicable to calibrate the phylogeny of Acanthophrynus. 

Two published clock rates derived from population- or species-level 
phylogenies of spiders, the closest relatives of whip spiders (Giribet, 
2018; Shultz, 2007) for which clock rates are available, were ap-
plied: the 16S clock rate of 4% per million years (Myr−1), identified 
in the mygalomorph spider, Aptostichus simus Chamberlin, 1917 
(Bond et al., 2001), and commonly used to date the phylogenies of 
mygalomorph spiders (Kornilios et al., 2016); and a COI clock rate of 
10.2% Myr−1 derived from the phylogeny of the araneomorph spider, 
Dysdera lancerotensis Simon, 1907 (Bidegaray-Batista et al., 2007). A 
similar COI rate of 9.8% Myr−1 was presented in a species-level phy-
logeny of other dysderid spiders (Macías-Hernández et al., 2010).

beast2 version 2.6.2 (Bouckaert et al., 2019) was used to esti-
mate Acanthophrynus divergence times on the topology of the BI 
tree (Figure 3a), with outgroups removed using the R package ape 
version 5.4–1 (Paradis et al., 2004). The resulting tree in Newick for-
mat was used as starting tree in beauti (Bouckaert et al., 2019) and 
the operators “narrow exchange,” “wide exchange,” “Wilson Balding” 
and “subtree slide” set to zero. Only the aligned mitochondrial se-
quences for Acanthophrynus were used for the beast2 analysis. In 
order to estimate the clock rates of the other loci, each locus was 
treated as its own partition with the following substitution models 
selected by modelfinder (-m TESTONLY) in iq-tree 2: 12S (TN+F+G4); 
16S (TN+F+G4); COI (TIM2+F+I+G4); ITS1/2 (TNe+G4). Each par-
tition was assigned an uncorrelated log-normal relaxed molecular 
clock. In independent runs, the clock rate was either set to 0.02 in 
16S or to 0.051 in COI and estimated for the other loci, respectively. 
A constant coalescent population, recently shown to perform well 
for phylogenies containing a mix of populations and species (Mello 
et al., 2021), was selected as tree prior. Markov chain Monte Carlo 
(MCMC) runs were performed with a chain length of 100 million, 
sampling every 10,000 generations. The first 10 million generations 
were discarded as 10% burn-in and the post-burn-in trees used to 
generate a maximum clade credibility (MCC) tree with mean node 
heights using treeannotator version 2.6.2 (Bouckaert et al., 2019).

2.9  |  Ancestral area reconstruction

Ancestral area, vicariance and dispersal event reconstructions were 
performed using rasp4 version 4.2 (Yu et al., 2015, 2020) on the MCC 
tree with mean node heights. Six areas were defined, encompassing 
three ecoregions (i.e., BDDF, JDF and SPDF, and SDF) and reflecting 
the distribution of Acanthophrynus clades recovered in the phylogenetic 
analysis: Eastern Balsas Dry Forest; Central Balsas Dry Forest; Western 
Balsas Dry Forest and Southern Jalisco Dry Forest; Northern Jalisco 
Dry Forest; Southern Sinaloan Dry Forest; and Northern Sinaloan Dry 
Forest. The maximum range size of the reconstructed ancestral areas 
was allowed to encompass all six areas. The rasp4-implemented R pack-
age biogeobears (Matzke, 2013, 2014) was used to select the best-fitting 
model among six commonly used to reconstruct ancestral geographical 
distributions: DEC; DIVALIKE; BAYAREALIKE; and the corresponding 
models including jump dispersal (“+j”). The model selection strongly 
supported DIVALIKE + j as the best fit to the data.

https://doi.org/10.5061/dryad.z612jm6b8
https://doi.org/10.5061/dryad.z612jm6b8
https://doi.org/10.5061/dryad.z612jm6b8
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3  |  RESULTS

3.1  |  Acanthophrynus distribution

The available records of Acanthophrynus are situated in the tropical 
deciduous forests of the Neotropical Pacific Lowlands and the Balsas 
Depression biogeographical provinces (Figure 1a). In the Pacific 
Lowlands, the species is distributed in the SDF Ecoregion, as far north 
as Sinaloa, the JDF Ecoregion, and the northernmost part of the SPDF 

Ecoregion, around the city of Zihuatenejo. In the southern parts of the 
SDF, the species was also recorded where tropical deciduous forest 
extends into the valleys of the Sierra Madre Occidental.

3.2  |  Geographical pattern in colour variation

A distinct geographical pattern was evident in Acanthophrynus 
colour variation (Figure 1; Figure S1). Populations from the BDDF, 

F I G U R E  2  Environmental space of Acanthophrynus whip spiders (Amblypygi) in Mexican Neotropics. (a) Distribution in Sinaloan Dry 
Forest (SDF), Jalisco Dry Forest (JDF), including a small part of Southern Pacific Dry Forest (SPDF) in Guerrero, and Balsas Depression Dry 
Forest (BDDF) with records of dark and pale specimens plotted. Records for which colour could not be determined are not shown. Mexican 
states abbreviated as follows: COL, Colima; GRO, Guerrero; JAL, Jalisco; MIC, Michoacán; NAY, Nayarit; SIN, Sinaloa. (b) Scatter plots 
showing total precipitation in wettest/driest 3 months of year and mean temperatures in hottest/coldest 3 months, in ecoregions inhabited 
by colour variations (a). (c) Three-dimensional scatter plot showing clustering of specimens according to colour and regional provenance 
based on first, second and third principal components (PC) obtained from 19 hydrothermal bioclimatic covariates. (d) Predicted habitat 
suitability based on distribution of all populations (all colour variations and those which could not be determined), dark (densely infuscate) 
populations, and pale (immaculate to moderately infuscate) populations, and environmental layers generated by principal components 
analysis. Black lines around locality records indicate boundaries of the area from which random background points were sampled. 
Projections in cloglog output format. Regions with negative multivariate environmental similarity surface values are shaded

(a) (b)
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JDF, SPDF, and the valleys of the Southern SDF, extending into the 
Sierra Madre Occidental, varied from orange (immaculate) to dark 
brown (moderately infuscate) within the same population and among 
neighbouring populations. For example, all combinations of orange 
(immaculate) to light brown (sparsely infuscate) pedipalps and light 
to dark brown (sparsely to moderately infuscate) carapace occur in 
the vicinity of Chamela, La Huerta, Jalisco (Figure 1b; Figure S1). 
However, most populations from the coastal regions of Nayarit (JDF) 
and the SDF were invariant for blackish (densely infuscate) pedipalps 
and carapace. The boundary between densely infuscate (hereafter, 
“dark”) populations and immaculate to moderately infuscate (here-
after, “pale”) populations is situated near the border of the states of 
Jalisco and Nayarit, where the Sierra Madre del Sur and the Trans-
Mexican Volcanic Belt reach the coast, and between the coastal SDF 
and its extensions into the valleys of the Sierra Madre Occidental 
(Figure 1a).

3.3  |  Acanthophrynus environmental space

Acanthophrynus populations experience pronounced seasonal-
ity across their distribution, from low precipitation (0–50  mm) in 
the driest quarter of the year to variable precipitation in the wet-
test quarter (370–1230  mm) (Figure 2a,b). Dark populations from 
the northern part of the JDF in Nayarit, and pale populations from 
the same ecoregion in northern coastal Jalisco (Cabo Corrientes 
and Tomatlán municipalities) experience higher precipitation (830–
1230  mm). Dark populations in the north of the SDF and BDDF, 
some pale populations in the JDF, and all populations in the BDDF 
experience lower precipitation. All populations are subject to tem-
perature seasonality with mean temperatures between 25–30°C in 
the warmest quarter and 20–25°C in the coldest (Figure 2b). The 
greatest temperature difference between the mean coldest and 
warmest quarters (8°C) occurs among the dark populations of north-
ern Sinaloa, whereas less seasonality is experienced by populations 
in other regions.

A PCA of occurrence values for 19 hydrothermal environmental 
covariates attributed 78% of the variation to the first three principal 
components (Table S2) and clustered species records in accordance 
with ecoregion and distance apart (Figure 2c).

3.4  |  Environmental niche modelling

Different approaches to environmental niche modelling achieved 
qualitatively similar results (Figure 2d; Figure S2). Models based on all 
populations predicted suitable habitat beyond the current distribution 
in tropical deciduous forests along the Pacific coast of Guerrero (south 
of Zihuatenejo) and Oaxaca. Whereas the model based on pale popu-
lations resulted in similar suitability predictions to the model based on 
all populations, the model based on dark populations predicted more 
suitable areas, including the tropical deciduous and evergreen forests 
of the Atlantic coast and the thorn scrub of coastal Sonora.

High to moderate overlap was observed among predictions 
based on colour variations, with niche overlap index values (pre-
dictions based on PCA environmental layers) of I  =  0.78 and 
D = 0.5, although a niche equivalency test suggested the niches 
were significantly different (Itestmean  =0.91 with p  =  1.7  ×  10−19 
and Dtestmean =0.70 with p = 1.19 × 10−14). A background test, ad-
dressing whether niche models were significantly more similar or 
dissimilar than expected from the respective populations' environ-
mental background achieved different results depending on the 
direction of comparison. Niche models were significantly more 
similar when dark populations were compared to the background 
of the pale populations (Itestmean =0.85 with p = 2.91 × 10−20 and 
Dtestmean =0.57 with p = 1.23 × 10−14) than vice versa (Itestmean =0.64 
with p = 1.7 × 10−35 and Dtestmean =0.31 with p = 1.39 × 10−39). The 
habitat modelled as preferred by the dark population could be 
available within the distribution of the pale populations but not 
vice versa.

3.5  |  Acanthophrynus phylogeography

Identical tree topologies recovered with BI and ML confirmed 
the monophyly of Acanthophrynus and Phryninae, and placed 
Acanthophrynus in a clade with Paraphrynus, to the exclusion of 
Phrynus Lamarck, 1801, with moderate to low support (posterior 
probability, 0.89; bootstrap support, 0.69) (Figure 3a). Relationships 
within Acanthophrynus received high support. Two major clades 
were recovered. The “southern clade” comprised pale populations 
inhabiting parts of the JDF and SPDF ecoregions in eastern Colima 
and Guerrero, respectively, as well as populations from the BDDF. 
The “northern clade” comprised dark populations from the north-
ernmost part of the JDF and coastal SDF, and pale populations from 
the SDF in the southern valleys of the Sierra Madre Occidental and 
parts of the JDF in Jalisco and western Colima. Although populations 
in Jalisco and northern Sinaloa formed well-supported clades, their 
relationship to the sampled populations NAY1 and JAL1 was poorly 
supported.

3.6  |  Mapping Acanthophrynus genetic distances

The earliest divergence in the phylogeny does not reflect the 
geographical distances among the populations comprising the 
two major clades. The northern and southern clades are situated 
in close proximity in Colima, ~42 km apart (Figure 3a,b). Several 
geological features are evident in this region, including the 
Colima Volcanic Complex, the Colima Rift, and a zone of conver-
gence between the Sierra Madre del Sur and the Trans-Mexican 
Volcanic Belt (Figure 3c). According to the “barrier analysis,” 
each mitochondrial marker and the nuclear ITS1/2 identified the 
strongest barrier among Acanthophrynus populations in central 
Colima (Figure 3b; Figure S3). Although divergence in the nuclear 
28S locus was too low to calculate multiple barriers, the highest 
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genetic distances were also among the populations in Colima. 
The next strongest consensus genetic barriers in decreasing 
order were between pale populations in the eastern and central, 
and the central and western Balsas Depression, respectively. 
These consensus barriers were recovered among populations of 
the southern clade despite being separated by similar or lower 
Euclidean distance than some populations of the northern clade. 
The phylogeny and the barrier analysis suggest lower divergence 

among the widespread dark populations of the northern clade 
despite similar or greater geographical distances among them.

Comparison of 12S, 16S and COI genetic distances among 
Acanthophrynus specimens with those at the inter- and intraspe-
cific level in other whip spider genera revealed that the higher 
end of pairwise genetic distances in Acanthophrynus corresponds 
to the lower end of interspecific distances in other whip spiders 
(Figure 3d). Averaging across the three mitochondrial loci, the lowest 
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interspecific pairwise distance was among two closely related spe-
cies, Damon sylviae Prendini et al., 2005 and Damon variegatus (Perty, 
1834) (K2P distance of 12.54%). Using this value as a threshold for 
interspecific-level divergence in Acanthophrynus suggests that the 
northern clade might represent one species and the southern clade, 
two or three (Figure 3a).

3.7  |  Divergence dating, ancestral area 
reconstruction and orogeny

Divergence dating based on published molecular clock rates derived 
from mygalomorph and araneomorph spiders resulted in similar esti-
mates (Figure S4). The earliest divergence among Acanthophrynus is 
estimated to have occurred in the Late Miocene or beginning of the 
Pliocene, ~6.95 or 5.21 million years ago (Ma), based on the myga-
lomorph or araneomorph rates, respectively (Figure 4a; Figure S4), 
when the Sierra Madre Occidental and Sierra Madre del Sur already 
constituted major geographical barriers. Ancestral area analysis 
suggests that, prior to the earliest divergence, the common ances-
tor of Acanthophrynus was distributed in a region corresponding to 
the modern Balsas Depression and Pacific Coast as far as Colima 
(regions abc in the model), as well as northern Jalisco and Nayarit 
(e) (Figure 4a,b). The coastal regions of Jalisco (d) and Sinaloa (f) 
may have been uninhabited, however. The northern and southern 
clades may have diverged when populations in Nayarit and northern 
Jalisco (e) became separated from those in the Balsas Depression 
(abc) by vicariance. A vicariance event around 6.95 or 5.21 Ma falls 
within the time frame of volcanic activity that gave rise to the Trans-
Mexican Volcanic Belt and might have bisected the ancestral range 
(Figure 4c).

The populations of the eastern Balsas Depression (a) may have 
separated subsequently (~5.41 or 4.06  Ma, based on the mygalo-
morph or araneomorph rates, respectively) from other southern 
clade populations (bc) through vicariance, followed by another vi-
cariance event (~3.91 or 2.93 Ma, based on the mygalomorph or ara-
neomorph rates, respectively) separating populations in the central 
Balsas Depression (b) from those in the western Balsas Depression 
and the Pacific Coast as far as Colima (c). The ancestral area re-
construction suggests these vicariance events resulted from the 

formation of novel barriers, such as habitat fragmentation across the 
ancestral range of the southern clade. Extant descendants of the 
northern clade presumably remained restricted to northern Jalisco 
and Nayarit (e) long after divergence within the southern clade 
(Figure 4a,b). Thereafter, northern clade populations dispersed into 
coastal Jalisco and separated from their ancestral distribution by 
vicariance, ~2.39 or 1.79 Ma, based on the mygalomorph or arane-
omorph rates, respectively. Sinaloa appears to be the final region 
to have been colonized by Acanthophrynus, into which populations 
dispersed and then became separated through vicariance, ~1.61 
or 1.21 Ma, based on the mygalomorph or araneomorph rates, re-
spectively. The predicted pattern of dispersal followed by vicariance 
could be consistent with a colonization event across a barrier or the 
formation of a novel barrier after dispersal.

3.8  |  Acanthophrynus habitat suitability under past 
climate scenarios

Areas of suitable habitat for Acanthophrynus, predicted for the 
mid-Holocene (~6 ka), the Last Glacial Maximum (LGM) (~22 ka), 
and the last interglacial (~140–120  ka) (Figure 5a,b) were largely 
in agreement under different general circulation models and mod-
eling approaches (Figures S5 and S6). Whereas the suitable habitat 
predicted in Mexico during the mid-Holocene resembles present-
day predictions, it was significantly reduced during the LGM, 
being concentrated in Nayarit, the ancestral area hypothesized for 
the northern clade (Figure 4b,c). Sinaloa and, to a lesser extent, 
Jalisco, into which the northern clade is hypothesized to have dis-
persed later, contained significantly less suitable habitat. Suitable 
habitat was also reduced in the Balsas Depression. Although the 
mean temperatures of the hottest and coldest months dropped 
throughout the distribution of Acanthophrynus during the LGM, 
the lowest temperatures were in Sinaloa (Figure 5c), where the 
mean temperature of the coldest quarter may have dropped to 
13–15°C, far below the usual temperatures of areas inhabited by 
Acanthophrynus today.

All regions probably also received less precipitation during the 
LGM, with the Balsas Depression especially affected. During the last 
interglacial, suitable habitat is predicted to have been concentrated 

F I G U R E  3  Phylogeny and genetic distances of Acanthophrynus whip spiders (Amblypygi). (a) Phylogeny estimated with Bayesian inference 
from concatenated mitochondrial 12S, 16S and COI, and nuclear 18S, 28S and ITS1/2 markers. Major clades are labelled in hues of blue 
(northern clade) and red (southern clade). Circles adjacent to names indicate colouration: black (dark); orange (pale); white (could not be 
assessed). Bars adjacent to specimen names indicate potential species-level clades based on Kimura-2-parameter (K2P) pairwise genetic 
distances averaged over mitochondrial loci (d). First number on branch represents Bayesian posterior probability; second represents 
corresponding bootstrap support from a topologically identical maximum likelihood tree (asterisks represent maximum probabilities or 
support, respectively). Ambrose Monell Cryocollection sample numbers correspond to those in Table 1. Mexican states abbreviated as 
follows: COL, Colima; GRO, Guerrero; JAL, Jalisco; MIC, Michoacán; MOR, Morelos; NAY, Nayarit; PUE, Puebla; SIN, Sinaloa. (b) Map showing 
locations of populations sampled. Coloured triangles and circles represent populations of northern and southern clades, respectively. Dashed 
lines indicate Voronoï tessellation map calculated with barrier version 2.2. Estimated consensus genetic boundaries based on 12S, 16S, COI 
and ITS1/2 traced along tessellation map between populations exhibiting highest genetic distances. (c) Coastal region of Jalisco, Colima and 
Michoacán where populations of northern and southern clades occur in close proximity. Geological features: SMS, Sierra Madre del Sur; 
TMVB, Trans-Mexican Volcanic Belt; CVC, Colima Volcanic Complex; Colima rift delineated by dashed lines. (d) Scatter plot of pairwise K2P 
genetic distances in 12S, 16S and COI markers among Acanthophrynus and other whip spiders at intra- and interspecific levels



    |  2883SCHRAMM et al.

F I G U R E  4  Divergence dating and ancestral area reconstruction in Acanthophrynus whip spiders (Amblypygi). (a) Mygalomorph clock rate-
calibrated phylogeny estimated in beast2 with geological time frames beneath the tree. Numbers left of nodes indicate median age estimates. 
Grey bars at nodes represent 95% highest posterior density (HPD) around age estimates. Pie charts on nodes represent the probability of 
reconstructed ancestral areas (b) estimated according to the DIVALIKE + j biogeographical model in rasp4. Only areas with probabilities 
>15% are shown in charts, extent and probability of ancestral areas indicated above nodes (combinations of present-day areas a–f). Event 
probabilities associated with nodes are in white inside pie charts. Predicted vicariance and dispersal events are indicated on respective 
nodes. Time frame of events (b) numbered and highlighted in grey. Ambrose Monell Cryocollection sample numbers correspond to those in 
Table 1. Mexican states abbreviated as follows: COL, Colima; GRO, Guerrero; JAL, Jalisco; MIC, Michoacán; MOR, Morelos; NAY, Nayarit; 
PUE, Puebla; SIN, Sinaloa. (b) Panels presenting potential ancestral distribution during time frame (a). Areas based on present distribution of 
species and reflect major clades recovered in the phylogeny. Vicariance events (v) are indicated at boundary of regions, and dispersal events 
and direction thereof, as arrows. Current extent of mountain ranges in grey. (c) Panels showing time frames and geographical extent of four 
magmatic episodes of the Trans-Mexican Volcanic Belt in relation to present distribution (after Ferrari et al., 2012)
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in Nayarit, but Sinaloa may also have been habitable, as tempera-
ture and precipitation ranges resemble contemporary condi-
tions (Figure 5b,c). Less suitable habitat was present in the Balsas 
Depression during the last interglacial, however, in which mean 
temperatures for the hottest quarter were highest among the three 
reconstructed time periods.

4  |  DISCUSSION

4.1  |  Cryptic diversification decoupled from 
ecological adaption and phenotypic change

The distribution of Acanthophrynus, which spans three biogeograph-
ical regions, is unusually wide for a whip spider species. The distri-
butions of most whip spider species, especially among the closely 
related phrynid genera, Paraphrynus and Phrynus, are far more re-
stricted (Armas, 2006; Seiter et al., 2020). For example, only two 
of 18 morphologically delimited species of Paraphrynus in Mexico 
occur in more than one biogeographical region (Ballesteros, 2010). 
Eight morphologically and genetically delimited species of the taran-
tula genus Brachypelma Simon, 1891 occur across the distribution of 
Acanthophrynus (Mendoza & Francke, 2020). Recent genetic studies 
on phrynid whip spiders of the genera Heterophrynus and Phrynus 
suggested large pairwise genetic distances may reflect previously 
unrecognized cryptic diversity (Esposito et al., 2015; Reveillion et al., 
2020). Pairwise genetic distances within Acanthophrynus resemble 
intra- and interspecific distances among morphologically diagnos-
able whip spider species of other genera, suggesting the monotypic 
Acanthophrynus is a complex of three or four cryptic species.

In the present study, several colour variations were observed 
and a pattern was evident in the geographical distributions of the 
pale (immaculate to moderately infuscate) and dark (densely in-
fuscate) populations. Although closely related to the pale popula-
tions, the dark populations of the SDF Ecoregion formed a separate 
clade. Colouration is an important character in the species de-
limitation and diagnosis of Brachypelma tarantulas (Mendoza & 
Francke, 2020), codistributed with Acanthophrynus. The geograph-
ical boundary between two distinctly coloured Brachypelma spe-
cies, near the border between the states of Jalisco and Nayarit, 
resembles the boundary between the dark and pale populations of 
Acanthophrynus. Colouration may prove informative for the taxon-
omy of Acanthophrynus, and may coincide with other, less obvious 
differences.

The environmental niche models presented here predict differ-
ences among the niches occupied by populations of Acanthophrynus 
with different colouration. However, the PCA suggests that popu-
lations with different colouration cluster due to the environmental 
conditions of different geographical regions rather than due to simi-
larity in colouration (Figure 2c). For example, three dark populations 
cluster with pale populations in the BDDF.

The deepest divergence in the phylogeny of Acanthophrynus, 
reflecting the species level in morphologically distinct whip spiders 

of other genera, is observed among phenotypically similar popula-
tions inhabiting similar environments in geographical proximity in 
Colima and the central and eastern Balsas Depression. These data 
suggest species-level diversification in Acanthophrynus was decou-
pled from ecological adaptation and phenotypic variation. Although 
often driven by adaptation and niche divergence, as exemplified by 
adaptive radiation (Gillespie, 2004; Irisarri et al., 2018; Losos et al., 
1998), diversification in the tropics commonly results from a com-
bination of factors, many of which may be nonadaptive (Rundell & 
Price, 2009). Much tropical diversity may be the product of repeated 
allopatric speciation driven by vicariance and dispersal in a hetero-
geneous landscape and in association with a temporally fluctuating 
climate (Simões et al., 2016). As cryptic diversity becomes better 
understood, across a broader array of taxa, more examples in which 
diversification was driven by such nonadaptive factors are likely to 
be revealed.

4.2  |  Landscape modification as a driver of 
diversification in the tropics

The geographical boundaries of the major clades of Acanthophrynus 
bear little resemblance to the Neotropical biogeographical prov-
inces of Mexico or the ecoregions nested within them. A marked 
disconnect between genetic and geographical distances is evident in 
Colima, located centrally in the JDF Ecoregion and the larger Pacific 
Lowlands Province, where populations of the northern and south-
ern clades occur in close geographical proximity, only ~42 km apart. 
Similar geographical boundaries have been observed among other 
Neotropical taxa in the Pacific Lowlands, including reptiles, fish and 
tarantulas (Mateos et al., 2002; Mendoza & Francke, 2020; Suárez-
Atilano et al., 2014; Zarza et al., 2008). The emergence of geographi-
cal features such as the Trans-Mexican Volcanic Belt in Colima has 
been suggested to have driven divergence in Boa constrictor imperator 
Daudin, 1803 and the iguana Ctenosaura pectinata Wiegmann, 1834 
(Suárez-Atilano et al., 2014; Zarza et al., 2008) although later studies 
suggested the genetic boundary in C.  pectinata does not reflect a 
physical barrier, as interbreeding occurs among geographically adja-
cent clades (Zarza et al., 2011, 2019). The ancestral area reconstruc-
tion suggests divergence between the two clades of Acanthophrynus 
occurred elsewhere and populations came into proximity in Colima 
later, as in C. pectinata. It is unknown whether geological features in 
Colima impose a physical barrier to Acanthophrynus or whether geo-
graphically adjacent populations come into contact. Given the high 
genetic distances between the two clades of Acanthophrynus, cor-
responding to interspecific distances in other whip spiders, and the 
presence of a boundary between two species of Brachypelma taran-
tulas in the same area (Mendoza & Francke, 2020), Colima may con-
stitute a boundary between two cryptic species of Acanthophrynus.

It is difficult to determine whether similar boundaries observed in 
different taxa reflect the same or different biogeographical events. 
Acanthophrynus divergence into the two clades in Colima, estimated 
at ~6.95 or 5.21 Ma, based on the mygalomorph and araneomorph 
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rates, respectively, may have been driven by the same events re-
sponsible for the earliest divergence in C. pectinata iguanas, around 
6.5–2.3 Ma. The Mafic Pulse and Silicic Volcanism phases (11–3 Ma) 
of the Trans-Mexican Volcanic Belt orogeny, which occurred in the 
ancestral range of Acanthophrynus, probably drove divergence by vi-
cariance and formed a lasting barrier throughout the remainder of 
its history. Although the northern clade may have originated from 
a dispersal event across the nascent Trans-Mexican Volcanic Belt, 
the data suggest it was probably already present to the north, and 
divergence was driven by vicariance as the mountain range emerged.

Observations of differing divergence times in different taxa 
have led to debate about the role of landscape modification, such 
as orogeny, in driving tropical diversification (Garzón-Orduña et al., 
2014; Hoorn et al., 2010; Rull, 2008, 2011; Smith et al., 2014). The 

sensitivity or proclivity of taxa to vicariance, due to intrinsic biologi-
cal characteristics such as vagility or ecological specialization (steno-
topy vs. eurytopy), is likely to affect if and when landscape changes 
will constitute an effective barrier. A large-scale study on the di-
versification of Amazonian birds demonstrated that diversification 
is driven by an interplay between landscape evolution and the age, 
persistence and vagility of a lineage in a region (Smith et al., 2014).

4.3  |  Palaeoclimatic change modulating 
diversification in the tropics

Past climate projections presented herein suggest that glacial/
interglacial cycles which commenced in the late Pliocene (~3  Ma) 

F I G U R E  5  Predictions of habitat suitability for Acanthophrynus whip spiders (Amblypygi) during the last glacial/interglacial cycle. (a) 
Present distribution and predicted habitat suitability based on principal components analysis-generated environmental layers using the 
distribution of all populations (as in Figure 2d). (b) Predicted habitat suitability during the mid-Holocene (CCSM4 model), Last Glacial 
Maximum (CCSM4 model) and last interglacial. Projections in cloglog output format. Regions with negative multivariate environmental 
similarity surfaces values shaded. Hollow circles denote present-day records. (c) Scatter plots showing total precipitation in the wettest/
driest 3 months of year and mean temperatures in the hottest/coldest 3 months at localities corresponding to present-day records during 
past climate scenarios. Records are subdivided by biogeographical provinces
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probably caused repeated range expansion and contraction in 
Acanthophrynus. Whereas the molecular dating suggests divergence 
in the southern clade began prior to the Pliocene, perhaps in associa-
tion with the development of the Balsas River (Mendoza & Francke, 
2017), habitat fragmentation in the Balsas Depression could account 
for later divergence, as the extent of suitable habitat reduced dur-
ing the LGM and the last interglacial. In contrast, the models sug-
gest the northern clade may have been largely confined to parts of 
Nayarit during glacial periods. Sinaloa, in particular, appears to have 
been largely uninhabitable during the LGM, consistent with the low 
genetic divergence among populations of the northern clade, and 
the ancestral area reconstruction of a late southward dispersal into 
Jalisco and Colima, followed by a northward dispersal into Sinaloa. 
Areas predicted to be uninhabitable during the LGM, such as Sinaloa, 
may have been inhabited by earlier lineages during previous intergla-
cials, and subsequently replaced.

The different timing of divergence observed in the northern and 
southern clades of Acanthophrynus suggest that, whereas climatic 
fluctuations may have driven further diversification in the Balsas 
Depression, the more severe fluctuations in the northern part of the 
distribution may have hindered dispersal and/or resulted in extinc-
tion, ultimately limiting the spatiotemporal opportunity for diversi-
fication. The relatively broad distributions of populations belonging 
to the same clade or species of other codistributed vertebrate and 
arthropod taxa in the SDF Ecoregion suggest that later diversifica-
tion in the north is a general pattern (Mendoza & Francke, 2020; 
Suárez-Atilano et al., 2014; Zarza et al., 2008). Remarkably, this 
pattern mirrors the latitudinal gradient of biodiversity, according to 
which differential spatiotemporal opportunity between tropical and 
temperate biomes accounts for increased biodiversity in the tropics 
(Fine & Ree, 2006; Wiens & Donoghue, 2004).

5  |  CONCLUSION

The present study addressed the roles of landscape and palaeocli-
matic change in driving tropical diversification using a model sys-
tem, the whip spider, Acanthophrynus, widespread in the tropical 
deciduous forests of Mexico. The results revealed, first, that al-
though morphological and environmental variation may be appar-
ent across the distribution of an organism, this variation does not 
necessarily reflect major diversification events. Instead, much of 
the diversification might be cryptic and decoupled from environ-
mental adaptation. Diversification may primarily be a product of 
the repeated appearance and disappearance of barriers as habitat 
mosaics fragment and coalesce across a topographically complex 
landscape, in response to a changing climate. Second, the extent 
to which major geographical barriers, such as the Trans-Mexican 
Volcanic Belt, drive diversification probably depends on the intrin-
sic biological characteristics of taxa, such as vagility and ecological 
specialization. Arthropods with stenotopic ecological requirements 
and/or limited vagility may undergo a higher rate of speciation 
than codistributed vertebrates. Finally, palaeoclimatic fluctuations 

may act both as drivers and inhibitors of diversification across the 
distribution of a taxon. Whereas diversification may be driven by 
climate-induced habitat fragmentation in one area, reduction in the 
extent of suitable habitat might reduce the spatiotemporal oppor-
tunity for diversification in another.
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