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Abstract 

Background 

Explore the biodiversity of any taxon is an important task to disentangle the three of 

life. Genetics is a powerful tool to uncover biodiversity that eludes visual observation. 

Identification of cryptic species complexes has experienced a recent increase in the 

literature due to the inclusion of different types of genetic markers. However, there 

is still an important research gap in arachnids, where several morphospecies still 

lack genetic data and few studies explore the effects of biogeographic barriers in 

shaping their diversity. Spiders are well known to be important ecosystem regulators, 

yet some genera remain poorly studied. Araneus bogotensis, commonly known as 

a garden spider, exhibits a broad distribution in the Andes. Current classifications 

have approached it with caution due to its considerable morphological variation, 

making it an intriguing subject for investigation. We hypothesized that this species 

has a complex evolutionary history with multiple cryptic lineages.  

Methods 

To test this hypothesis, we sequenced mitochondrial and nuclear markers, estimated 

divergence times, ran demographic and species delimitation models and employed 

a morphometric analysis.  

Results 

Our findings revealed three independent structured lineages that cannot be 

differentiated by current taxonomic keys. The first lineage comprised most of 

Colombian populations here sampled, named here as Araneus bogotensis sensu 
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stricto, the second lineage, with an estimated divergence time of 10.9 Mya, 

comprised individuals from a single population in Serranía del Perijá, North Colombia 

and the third and oldest lineage comprised a Southern Brazilian population with 18.5 

Mya time of divergence. Furthermore, the analyses showed an additional four 

divergent lineages within A. bogotensis sensu stricto structured by the Magdalena 

River Valley acting as a strict barrier to gene flow.  

Conclusions 

Our findings revealed cryptic species within what is called Araneus bogotensis, 

where the geomorphology of the Andes plays an important factor to lineages 

demography and diversification in Colombia and South America. 
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Introduction 

Addressing the real diversity of a taxa it’s important to understand the history, 

evolution and ecology of the species (1,2). Formerly, we used to rely on morphology 

to delimitate species, but genetic data has recently increased our ability to uncover 

hidden diversity, especially when facing Cryptic Species Complexes (CSC) (3). 

Defined by Bickford (4), a CSC is when two or more species were once “classified 

as a single nominal species because they are at least superficially morphologically 

indistinguishable”. This phenotypic convergence can be explained through different 

evolutionary processes: i. divergent evolution, where different loci cause the same 

phenotype in independent lineages, ii. parallel evolution, where different alleles at 

the same locus cause the same phenotype, this also includes when a mutation has 

appeared multiple times, and iii. collateral evolution, where species share alleles with 

one another either due to ancestral polymorphism or by introgression (5). Although 

there are studies showing that CSCs are widely distributed across taxa (6), there are 

still few studies in spiders exploring this issue. Even less if we compare neotropical 

with temperate regions (4). 

An important factor to assess species’ diversification is the landscape changes 

across time (7). Andes has configured the geomorphology of South America since 

its initial rise ~65 Mya, introducing foreland basins and critical elevation mountains 

(8). For that reason, Andes has been linked to speciation processes mainly due to 

vicariance but also to dispersal events (9–13). Divergence times coinciding with 

geographical barriers’ formation may suggest vicariance events (14), meanwhile 

divergence times surpassing the barriers’ formation may indicate dispersal events 
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(15). For lowland species, mountains can act as biogeographical barriers. On the 

other hand, for highland species, basins and rivers could represent biogeographical 

barriers (15). For example, rivers within the Amazon basin have been identified as a 

geographical barrier, limiting gene flow and promoting speciation for many taxa (16–

18). Smaller basins, such as the Magdalena Basin have also been linked with 

species diversification events before (19). Nevertheless, there are many cases in 

which these barriers have proven permeable, allowing dispersal events across the 

barrier (20–22), in which flight or ballooning (a behavior documented in spiders) 

could explained crossing water bodies’ barriers (21,23).  

The identification of cryptic species is regularly difficult since they tend to be 

distinguishable only by non-visual traits, such as mating signals and calls (4,24) and 

that is why this variation might elude visually oriented taxonomists (4). In the realm 

of arachnids, where visual interspecific communication is of lesser importance in 

most taxa, speciation processes can take place with minimal morphological change 

(25,26). Thus, molecular analyses in arachnids consistently reveal new divergent 

cryptic lineages (27–34). For example, five species of tarantulas, previously named 

as Antrodiaetus rivesi were accurately identified by amplicon sequencing as different 

species in Central California (34). A tarantula from the same genus named A. 

unicolor, was reported to have a CSC with a non-sister species (30). 

The Araneidae family has more than 3100 species across 170 genera (World Spider 

Catalog, 2023 (35)), ranking the third largest family within the order Araneae. 

Surprisingly, only a handful of genera within this extensive family has been 

previously studied in the American Neotropics, including Trichonephila (36,37), 
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Gasteracantha (38–40) and Micrathena (41–43). The genus Araneus, basionym of 

the family and the order Araneae, is the largest spider genus with 641 species (44). 

Despite its amazing size, the genus remains relatively unexplored.  A major study 

conducted by Scharff et al. (44) aiming to clarify the phylogenetic relationships within 

Araneidae, found evidence for the establishment of seven new genera with only 11 

Araneus spp. This spotlight how polyphyletic this genus really is and how under 

studied it remains.    

To date, several studies have looked into non-tropical Araneus spp. (44–50), but only 

two studies have employed genetic data to evaluate phylogeographical hypotheses 

in Neotropical Araneus species. Peres et al. (51) showed that Araneus omnicolor’s 

demography was not significantly influenced by climatic changes during the Last 

Glacial Maximum and Minimum. Instead, other factors may have contributed most 

to their current population dynamics such as the species’ dispersal ability. In a 

second study, Peres et al. (52) demonstrated that rearrangements of Neotropical 

forests during the Tertiary and Quaternary periods had a substantial influence on the 

populations dispersal and subsequent divergence of the species Araneus venatrix 

in Brazil. 

Araneus bogotensis, an orb-weaver spider first described in 1864 by Keyserling, 

inhabits Andean and sub-Andean regions, with a reported altitude interval between 

the 140 and 4000 meters above sea level, which makes it a premontane to montane 

species. Two observations suggest that this species may be a CSC. First, it exhibits 

a broad distribution across the Andean mountain system, from Northern Colombia 

to Bolivia, with isolated records along the East South Coast of Brazil (53). Second, 
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it presents a wide morphological variation, not only in overall morphology but also in 

diagnostic traits. Levi (53) described populations that lacked the two-line 

characteristic abdomen pattern and noticed that this species displayed an unusual 

wide range of body sizes, with females ranging from 6.8 mm to 12.8 mm and males 

from 4.5 mm to 7.9 mm.  

The aim of this study is to determine whether A. bogotensis populations have 

structure lineages fitting into a CSC description, employing both genetic and 

morphological evidence. Genetic data included three genes -COI, ITS2 and 28S-, 

used to estimated phylogenetic trees, haplotype networks, diversity and structure 

summary statistics, genetic distances, and to implement demographic and gene flow 

models. Morphological data was based on the shape and size of the female 

epigynum, a common diagnostic trait for species identification, to conduct a 

morphometric analysis. We hypothesized that A. bogotensis phenotypic variation is 

not correlated with genetic variation. Therefore, we expected to observe several 

genetically structured lineages, that present a common morphology, aligning with a 

CSC description. Furthermore, given the Andes complexity in Colombia we 

anticipated that the diversification of these lineages were influenced by the 

geomorphology of the region. This investigation represents a valuable contribution 

to spiders’ evolution and taxonomy in South America as it reveals several new 

lineages and allows to study in depth drivers of diversification in the region. 

 



9 
 

Methodology 

Sampling 

Our geographic sampling spanned a part of the known distribution of A. bogotensis 

(n = 237 individuals) from 19 different localities in Colombia (see Figure 1) and from 

several species of the genus, from which the sequences were available on 

Genebank (Appendix 1). We used a dichotomous key from Levi, 1991 (53) for the 

determination of the individuals. Populations of Araneus species in Colombia were 

sampled by searching on curled leaves, a typical behavior in this species. The 

specimens were then fixed in 90% ethanol and stored in – 20 °C freezers. One 

picture of the abdomen’s morphotype was taken from each locality (see Figure 1). 

We sequenced 56 individuals (see Appendix 1) and dissected and photograph 107 

female’s epigynum for morphometric analysis. There were 84 juveniles who could 

not be identified due to no existing juvenile taxonomic keys and 16 mature males 

that were mostly from one population. All specimens were deposited at the Museo 

de Entomología de la Universidad del Valle (RNC: 077).  
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Figure 1: Sampling map with abdomen morphotype from each locality. Yellow circles 

with numbers 1, 2 and 3 indicate West, Central and East cordilleras from Colombian 

Northern Andes respectively. Abdomens inside red and blue squares, represent the 

34_BosquedeNieblaSanAntonio_Cali and Palmira individual’s morphotype, 

respectively.  
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DNA extraction, amplification and sequencing  

We used three DNA fragments: the mitochondrial cytochrome oxidase 1 (COI; 506 

bp), the nuclear Internal Transcribed Spacer subunit 2 (ITS2; 528 bp) and the 

ribosomal gene 28S (28S; 847 bp). For COI, we used LCO1490 and HCO2198 

primers (54), for ITS2, we used 5.8 and 28S primers (55) and for 28S, we used 28SO 

and 28SC primers (56) (see Supplementary Table 2). The PCR conditions for COI 

and ITS2 fragments are described in Salgado-Roa et al. (39). For the 28S PCR the 

conditions were the following: 95°C for 10 minutes, 35 cycles at 95°C for 45 s, 56.6°C 

for 45 s and 72°C for 60 s; and a final extension at 72°C for 10 minutes. Positive 

amplicons were visualized on a 1% agarose gel, purified with Exo-SAP and 

bidirectional sequenced by Macrogen Inc. Base calls and assemblies were 

performed in Geneious Prime 2022.2.1 (www.geneious.com). For individuals with 

heterozygous calls in COI and 28S sequences, we carry out an haplotype inference 

with PHASE (57) implemented in DnaSP v.6.12.03 (58), with 5000 iterations per 

simulations, accepting those haplotypes with > 90% confidence. 

Given the known intronic variability of the ITS2 fragment we decided to use a high-

fidelity polymerase LongAmp Taq 2X Master Mix (New England BioLabs) and 

MinION (Oxford-Nanopore) sequencing for this molecular marker. We prepare the 

library using Native Barcoding Kit 96 V14 (SQK-NBD114.96), then it was cleansed 

with AMPure XP beads (Beckman Coulter). The quality of the total reads was 

assessed with Nanostat (59) and then filtered with a Q = 14 cut-off. Clusters of the 

reads having 95% identity were obtain with isONclust (60) to obtain the two alleles 

http://www.geneious.com/


12 
 

per individual. The sanger and MinION obtained sequences were aligned to obtain 

the marker dataset. 

The alignments were carry out in AliView v.1.28 (61) using MUSCLE algorithm, then 

they were visually inspected and corrected in the same software. For the two coding 

loci, we checked for possible stop codons on MEGA (62). 

Phylogenetic reconstruction and divergence times estimation 

For the phylogenetic analysis, in the ML matrix we included all the sequences from 

the genus Araneus found in Genbank (june 2023), and in the BI matrix we left out 

the ones classified as Araneus Holartics 2 in the ML tree (see Appendix 1). 

Phylogenetic relationships between populations of A. bogotensis and the complete 

dataset were estimated through a Maximum Likelihood (ML) in IQ-Tree v.1.6.12 (63) 

and Bayesian Inference (BI) in BEAST v.1.8 (64). The outgroups used were species 

from the same family (Araneidae) Zygiella keyserlingi, Witica cayanus, Rubrepeira 

rubronigra, Alpaida carmínea and Cyclosa conica (see Appendix 1). The topology of 

ML tree was estimated for each locus and for a multiple concatenated alignment, 

both in IQ-Tree v.1.6.12 (63). To create the concatenated alignment we used 

FASconCAT-G v.1.05 (65) joining every nuclear allele sequence of every individual 

to the same mitochondrial individual’s haplotype. We used ModelFinder from IQ-

Tree to select the best fitted substitution model based on the Bayesian Criterion 

Information (BIC) for each locus. Node supports were calculated using 10.000 

UltraFast Bootstrap pseudoreplicates.   

We obtain a Maximum Credibility Clades tree and estimated divergence times with 

BEAST v.1.8 (64) using only the mitochondrial alignment, since many of the 
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individuals from other species did not have the ITS2 and 28S sequences available. 

We selected the best fitted molecular clock model based on the likelihood 

comparison test implemented in MEGA11 (62). We use a Birth-Death model with a 

relaxed Log-normal molecular clock (66). We specified two priors, the mean age of 

the MRCA of Araneidae family, of 70 Mya, Sd: 28 My (37,38) and the 

substitution/site/million years rate which has a mean of 0.0112 and Sd: 0.001 

(37,67,68). We ran 100 million generations, sampling every 1000 generations. We 

used TRACER (69) to confirm the convergence of the chains to a stationary 

distribution, verifying that every effective sample sizes of the parameters were 

superior to 200. Finally, we used TREANNOTATOR (64) to compute a maximum 

credibility tree having 20% of the trees as burn-in.  

Species delimitation 

We implemented a species delimitation test that Integrates genes and traits in a 

Bayesian Phylogenetic and Phylogeography (iBPP) coalescent method (70) which 

allows to join the morphometric and the molecular dataset. As there were no 

epigynum morphometric measures available for other Araneus species, we include 

only our populations morphometric data (see Morphometric geometry section). This 

data consisted of 12 PCs that resume ~90% of the total variation of the epigynum. 

We ran iBPP under nine parameter combinations of prior distributions for the 

ancestral population size and the root age (τ) ranging from scenarios that represent 

large population sizes and a deep divergence times (θ = G(1,10) and τ = G(1,10)) to 

those representing small population sizes and a shallow divergence time (θ = 

G(2,2000) and τ = G(2,2000)) as previously implemented in other arthropods (71–
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73). The MCMC analysis was run over 50.000 iterations, sampling every 1000 steps, 

and using a 10% burn-in. The parameters of the locus-specific rates of evolution 

were fine-tuned using an auto-option.  

Populations Genetics 

For every loci we calculate different summary statistics in DnaSP v.6.12 (58) in order 

to characterize the genetic variation of A. bogotensis’ populations such us: 

nucleotide diversity (π), haplotypic diversity (Hd), segregant sites (S), the population 

substitution rate (θ), Tajima’s D and Fu and Li’s D for geographic zones and clades 

(see Table 1 and Supplementary Table 3). The genetic differentiation was estimated 

between Perijá, E-MV and W-MV using a relative measure (FST) and two absolute 

measures (Dxy and Da). Population structure (Fst) vs. the null hypothesis of panmixia 

was evaluated with the Hudson permutation test (74) with 5000 replicates. 

Haplotypes relationships between A. bogotensis lineages and by geographic zones, 

was obtained by statistically parsimony networks (TCS) using PopArt v.1.7 (75).  

The level of clustering from the genetic variation of each sample was determined  

with Structure 2.3.4 (76). We ran 150.000 Markov chain Monte Carlo (MCMC) 

generations, with  50.000 MCMC as burn-in. We tested 1 to 19 number of clusters 

(K), with 20 iterations for each K value. The selection criteria of the best fitted K 

followed two complementary methods (77): i. according to Evanno method (78), ii. 

Visualizing the log likelihood vs K-values (79). Barplots with K=2 and K=3 were 

generated with POPHELPER R package (80). 

We explore spatial patterns of genetic variation using several approaches. Firstly, 

we assessed isolation by distance implementing a Mantel test in R package vegan 
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(81). We used linearized distances among localities with a Fst transformation (1/1-

Fst) and the geographical distances were calculates using distm from the geosphere 

package (82). Secondly, patterns of migration of A. bogotensis in Colombia were 

inferred with the effective geographic migration surfaces obtained from the EEMS 

software  (83). The potential distribution of the species in Colombia based on the 

altitudinal threshold previously reported for A. bogotensis (53) served as the study 

area polygon. This polygon was constructed using Google Maps API v3 Tool 

(http://www.birdtheme.org/useful/v3tool.html). We used 200 hundred demes. The 

software ran 2 million MCMC, sampling every 10.000 steps and discarding the first 

50% as burn-in. The results were then visualized using rEEMSplot2 package from R 

as suggested by Petkova (83). Thirdly, we checked if the low gene flow surfaces 

obtained with EEMS correspond to possible geographic barriers implementing the 

Monmonier´s algorithm (84) in the R package adegenet (85), adopting the Delaunay 

triangulation.  

Demographic models 

Based on the phylogenetic and population genetics results, we implemented a 

model-based approach to evaluate divergence within the two geographic groups 

from A. bogotensis s.s.. We ran PHRAPL (86) and selected the demographic model 

that best fit the topologies of the individual trees from each locus. This software 

calculates a proportion of the time a model fit the topologies obtained which can be 

seen as a log-likelihood, then it computes an Akaike Information Criterion (AIC) as a 

lack of fit to a specific model and finally a weighted AIC (wAIC) which represents the 

probability of adjustment, giving us a parameter to choose the suited model. We tried 

http://www.birdtheme.org/useful/v3tool.html
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6 different models, one that assumes isolation between geographic zones (west from 

Magdalena Valley and east from Magdalena Valley) with a single coalescent event 

and no migration, the second and third assume unidirectional migration, the fourth 

assumes bidirectional migration, the fifth and sixth assumes bidirectional 

asymmetrical migration (see Figure 10).  

We used a tree for each locus, employed 4 tips and 100 locus subsamplings, giving 

as a result 300 trees. We ran a 100.000 trees simulation having the following 

parameters for every model: divergence times (t = t = 0.3, 0.58, 1.11, 2.12, 4.07), 

and migration times (m = 0.1, 0.22, 0.46, 1, 2.15) in 4 N y 4 Nm units, respectively.  

Morphometric geometry 

Given the small number of male samples collected we include only adult females for 

this analysis. We dissected the epigynum of 107 females, cleared them with clove 

oil, mounted on a microscope well slide and photographed their ventral view. We 

used a Nikon microscope coupled with a Leica camera and took the shots with a 

Leica software. For all photographs we used the same magnification, 10X ocular, 4X 

objective. Helicon Focus 8 (Kharkiv, Ukraine) was used to produce extended focal 

range images for each sample.  

Landmarks generation was performed with tpsUtil v 1.81 y TpsDig v 2.32 (87). We 

used type I and type II landmarks to represent points of maximum and minimum 

curvature of anatomical features and points of intersection between anatomical 

features. We used semilandmarks to represent the outline of the spermathecas and 

the lateral plates. To prevent information loses we placed landmarks in both sides of 
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the spermathecas and lateral plates despite the fact these are symmetrical 

structures (88). 

 

Figure 2: Type and description of the landmarks used to measure the epigynum. 

Type I are points of minimum and maximum curvature on an anatomical feature. 

Type II are intersections between anatomical features. Blue a black points represent 

semilandmarks to get the spermatheca and lateral plates information.   

Epigynum shape variability across samples was captured with the following analysis. 

We performed a Generalized Procrustes Analysis (GPA) to remove variation due to 

rotation, translation, and isometric size, retaining only shape variation. The sliding 

method was used to treat semilandmarks which minimizes the Procrustes distances 

between them. After that we carried out a symmetric analysis specifying the paired 

landmarks in the structure (see Figure 2) and remove the variation from the 

asymmetrical component to help in correcting the differences that come from angle 

deviation in the photos. These data were used to carrier out a principal component 

analysis (PCA) with Geomorph R package (89). We plotted the first two components 

that explains 25.26% and 15.52% of the variance. We evaluated the presence of 
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groups with a discriminant principal components analysis (DAPC) with adegenet v 

2.1.10 (85) introducing the geographic zones as a prior classification to test shape 

differences between them.      

To check shape differences were not a result of allometric change, we implemented 

a Procrustes ANOVA with 1000 permutations, to assess the variation and covariation 

of shape with centroid size and geographic zones as factors. No significant variation 

in shape was found by the interaction between the centroid size and the geographic 

zones so we performed an allometric correction removing the variation of shape due 

to centroid size.  

Finally, we implemented a model-based Hierarchical Clustering using the best two 

components from PCA to calculate the group assignment probability of individuals 

regardless of a priori assignments with the Mclust (90). Maximum likelihood (ML) 

estimates of the alternative mixture models that describe morphometric variation in 

the data were obtained by expectation maximization (EM) algorithm. The optimal 

number of clusters were selected by Bayesian information criterion (BIC) and all 

models were evaluated for a predefined number of 1 to 9 clusters. 

Results 

Molecular phylogenetics and divergence time 

The most suitable substitution models for COI, ITS2 and 28S were GTR+F+I+G4, 

SYM+I+G4 and TIM2+F+R5 respectively. The ML and BI topologies were generally 

concordant, topological differences were in part due to absence of some species 

between the ML and the BI analysis (e.g. A. vincibilis, A. ejusmodi and some holartic 
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species) and the fact that BI topology was only obtained from mtDNA. Both revealed 

the presence of three main clades within what is called Araneus bogotensis. The first 

clade, hereinafter referred to as “Araneus bogotensis sensu stricto”, comprises the 

majority of samples collected in Colombia. The second clade, sister to the first one, 

contains all the sequences from Serranía del Perijá in Guajira, Colombia and a 

Brazilian species, Araneus Blumenau. These two clades are estimated to have 

diverged approximately 10.9 Mya (95% HDP = 3.1-30.7 Mya; see Figure 4). The 

third clade, sister to the other two, was composed of two subclades: one of them 

composed with Holarctic species 1 (A. diadematus, A. acusisetus, A. marmoreus, A. 

trifolium, A. variegatus, A. ishisawai, A. stella and A. uyemurai) and the other 

included A. bogotensis from Brazil, closely related to A. omnicolor and these two 

species were sisters with A. workmani. In the BI this last clade changes with A. 

workmani sister to A. bogotensis from Brazil and these two sisters to a clade 

composed by A. vincibilis and A. omnicolor (see Figures 3, 4). It is important to note 

that A. omnicolor, A. workmani and A. vincibilis are Brazilian species. ML and BI 

topologies also recovered the Holarctic species as paraphyletic, because in the ML, 

A. ejusmodi is sister to a clade composed of Brazilian species (A. tijuca and A. 

venatrix), and in the second, A. acusisetus was sister to the Brazilian species (see 

Figure 4). Finally, last clade named Holarctic species 2 (A. pentagramicus, A. 

amabilis and A. mitificus) in the ML topology appeared monophyletic and sister to all 

the other clades (see Figure 3). In the BI topology we do not have representatives 

of this clade and perhaps for this reason the Brazilian clade composed by A. tijuca 

and A. venatrix was the most external clade in this analysis but with low posterior 

probability (see Figure 4). 
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Within A. bogotensis s.s., four internal clades were identified. The first clade 

comprises individuals from the Colombian West and Central Cordilleras, thereafter 

defined as the West Magdalena Valley group (W-MV; see Figure 1), this group 

diverged approximately 4.93 Ma (95% CI= 1.2-18.1 Mya; see Figure 4) from Tena 

clade. The second clade, which is sister to the previous clade, includes mixed 

individuals from two populations located in the East Cordillera: Tena, Cundinamarca, 

and La Plata, Huila, a population situated near to the Colombian Massif (see Figure 

1). The later population presents a divergent pattern itself, since two individuals fell 

into the W-MV clade and the other two fell into the Tena clade (underlined individuals 

in Figure 4). The third clade is composed of individuals from Bogotá, also located in 

the East Cordillera, and is sister to the four and last clade, which consists of only two 

individuals, both from Valle del Cauca: one collected in Cali 

(34_BosquedeNieblaSanAntonio_Cali) and the other from El Cerrito 

(3_TenerifeelPailon_ElCerrito), thereafter named as the Fourth clade. The second 

and third clades, comprising Tena and Bogotá samples, will be collectively referred 

to East Magdalena Valley (E-MV) group for certain analysis since they appeared to 

be structured from the rest populations as we will see later on.  



21 
 

 

Figure 3: Concatenated phylogeny based on Maximum Likelihood algorithm. The 

node supports corresponds to SH-aLRT (%), local bootstrap (%), aBayes and 

untrafast bootstrap (%) respectively. The different regions West Magdalena Valley 

(W-MV), East Magdalena Valley (E-MV), Perijá, Brazil and Holarctic clades are 

colored next to the clades’ names. A square bracket indicates the A. bogotensis 

sensu stricto group.   
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Figure 4: Mitochondrial phylogeny and Bayesian estimation times. Node support 

represents posterior probabilities. Horizontal blue bars illustrate the 95% HDP for the 

node’s divergence times. The boxes in the bottom represent the geologic periods. 

Individuals are colored with the region where they come from. Numbers on top of 

geologic periods represent millions on years. Underlined names represent Huila 

individuals in Tena clade.  



23 
 

Genetic diversity and structure 

Most neutrality tests conducted across the three loci did not yield statistically 

significant results, with an exception on ITS2 marker on W-MV group, suggesting 

neutral evolution across loci. Genetic diversity (π), within the COI and ITS2 regions, 

exhibits higher values in E-MV than in W-MV. However, in the case of 28S locus the 

genetic diversity was higher in W-MV (Table 1).  

 

Table 1: Population genetic summary statistics from genetic groups for each locus. 

N: number of sequences, Hd: haplotype diversity, pi: nucleotide diversity per site, 

theta: expected nucleotide diversity per site, SS: segregating sites. Highlighted 

values are statistically significant with P-value < 0.05. 

In the haplotype TCS networks, A. bogotensis s.s., Perijá population and Brazil 

population were recovered with divergent haplotypes. For example, in COI, Brazil 

population was 76 mutational steps from Perijá population, while in 28S, was 121 

mutational steps from W-MV. Uniformly, Perijá was highly divergent from A. 

bogotensis s.s. in the three loci, being 52, 18 and 9 mutational steps in COI, 28S 

and ITS2 (see Figure 5, Supp. Figure 1).   

We recovered W-MV and E-MV groups in haplotype networks with 34, 6 and 1 

mutations in between for COI, 28S and ITS2, respectively (see Figure 5, Sup. Figure 

West East Guajira West East West East Guajira

N 29 14 4 61 28 42 24 8

Hd 0.897 0.857 0.5 0.962 0.997 1 1 1

pi 0.027 0.036 0.002 0.024 0.0559 0.058 0.036 0.059

theta 0.039 0.026 0.002 0.071 0.09 0.079 0.042 0.055

SS 73 42 2 78 88 211 102 88

Tajima's D -1.227 1.658 -0.709 -2.299 -1.477 -1.005 -0.561 0.356

Fu and Li's D 0.2 0.718 -0.709 -3.532 -1.982 -0.698 -0.256 0.575

COI (506 bp) ITS2 (626 bp) 28S (847 bp)
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1). With an expansion signal on W-MV, consistent with Tajima’s D values (see Table 

1, Supplementary Table 3). Noting that there are more substitutions between clades 

on the COI marker than in the nuclear markers, we believe that mtDNA is the primary 

driver of the phylogenetic signal in our multilocus ML analysis.  Nonetheless, in its 

network, the haplotypes from Tena were 30 and 29 mutational steps from both 

Bogotá and W-MV group. We did not observe identical shared haplotypes between 

populations of W-MV and E-MV groups in our loci, nor did we identify shared 

haplotypes between Tena and Bogotá. However, we found some divergent W-MV 

haplotypes that were closer to Bogotá haplotypes than to its group, OC_3, OC_34 

and OC_229, from three different populations Tenerife, Cali and Manizales (see 

Figure 5 and Supp. Figure). 
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Figure 5: Haplotype network for COI locus. Ticks or numbers on branches represent 

mutational steps. The size of the circles represents the number of individuals with 

the same haplotype. Colors represent either populations or genetic clusters.   

Consistently with the haplotype networks, population structure statistics (Fst, Dxy 

and Da) revealed similar patterns of genetic differentiation across loci.  Perijá 

population showed a clear structure pattern from every other population (see Figure 

6). Populations from E-MV and W-MV groups showed structure between them (see 

Figure 6). Moreover, within the E-MV group, Tena and Bogotá showed a 

considerable genetic differentiation between them (see Figure 6). In contrast, within 

the W-MV group, populations showed relatively weak genetic differentiation among 

themselves (see Figure 6). As expected, La Plata, Huila showed weak structure with 

Tena but also, with W-MV. Hudson test was significant for Fst estimates in nuclear 

loci (ITS2: Snn: 0.57097, P-value of Snn < 0.0001; 28S: Snn: 0,79293, P-value of 

Snn < 0,0001). 
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Figure 6: Heatmap illustrating the genetic pairwise differences between populations; 

Santuario_Risaralda, Cali_Valle and Tenerife_Valle represent the W-MV group, 

while Bogotá_Cundinamarca and Tena_Cundinamarca correspond to E-MV group. 

Perijá_Guajira stands alone. Panels A, B and C display the Fst, Dxy and Da 

measures, respectively, for the COI marker. D, E and F show the same measures 

for 28S. Genetic pairwise differences for ITS2 marker are shown on Supplementary 

Figure   

Furthermore, genetic variation of this spider clustered in two groups following the 

Evanno’s method (K = 2; see Supp. Figure 2). The first cluster comprises individuals 

from the W-MV group (green in Figures 3 and 4), while the second cluster includes 

individuals from the E-MV group as well as the four individuals from Perijá (dark blue 

in Figures 3 and 4). Recognizing the potential bias associated with different sample 
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sizes from each region, we also visualized K = 3, where W-MV, E-MV and Perijá 

appeared as structured regions. However, it is worth noting that some individuals 

from both E-MV and W-MV groups exhibited shared ancestry. Specifically, within the 

W-MV group, two individuals displayed more than 50% of shared variation with the 

other group, not surprisingly, the two individuals that comprise the fourth clade (red 

asterisks in Figure 7). There were also several individuals in both W-MV and E-MV 

that presented less than 50% of shared variation, which may represent cases of 

backcrossing (black asterisks in Figure 7). The possible introgression in these cases 

ranged from 4% - 45%, with individuals from several population. Since Huila has four 

individuals closest to the Central Cordillera and another two closest to the East 

Cordillera (see Figure 1), the first four were grouped with the W-MV and second two 

were grouped with E-MV, the same two presented in Tena clade in phylogenetic 

analyses (lower orange asterisks in Figure 7; Figure 4). Noteworthy, two of the ones 

grouped with W-MV two presented introgression. Interestingly, in K = 3, one 

individual from Bogotá showed 22% of shared variation with Perijá population. Tena 

and Bogota fell into the E-MV cluster not having the structured observed in haplotype 

networks and differentiation indexes (see Figure 5).   

 

K
2

K
3

Perijá W-MV E-MV
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Figure 7: Population assignment test with Structure using the concatenated matrix. 

The bars represent Bayesian assignment probabilities for each individual to a 

specific group. In the K = 2 scenario, dark blue represents E-MV and Perijá, while 

light blue represents W-MV. In K = 3 scenario, dark blue represents Perijá, light blue 

stands for E-MV, and yellow represents W-MV. The bars at the top indicate the 

geographic groups. First row of asterisks at the bottom indicates individuals with 

shared ancestry. Second row of asterisks at the bottom indicate Huila individuals.  

 

Our clustering analysis point to the present of geographic isolated regions, with some 

individuals sharing ancestry or having genetic flow. IBD analysis showed no 

statistical significance for the null hypothesis in the three genes (COI: P-value = 

0.195, ITS2: P-value = 0.132 and 28S: P-value = 0.291). The analysis of Estimated 

Effective Migration Surfaces revealed lower-than-average effective migration rates 

between the A. bogotensis s.s. and Perijá. Also, it revealed a lower-than-average 

effective migration rates between W-MV and E-MV groups (see Figure 8). The 

Monmonier´s algorithm barrier test was concordant with Fst and networks patterns, 

identified the Magdalena River Valley as biogeographical barrier to gene flow 

between W-MV and E-MV groups in COI, and another barrier between A. bogotensis 

s.s. with Perijá in 28S (see Figure 9). Both barriers were consistent with EEMS 

results (see Figure 8).  
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Figure 8: Effective migration patterns from the entire dataset. Higher-than-average 

and lower-than-average effective migration patterns between different locations are 

represented with blue and brown colors, respectively.  
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Figure 9: Geographical barrier test based on Monmonier´s algorithm with solid lines 

representing the main geographic barriers, and dotted lines being the Delaunay 

triangulation and Voronoi tessellation. The blue and red solid lines are the result of 

the COI and 28S matrices, respectively.   

Demographic model testing 

We investigated if the shared ancestry between E-MV and W-MV is due to 

divergence with gene flow in PHRAPL. The best-fitting model was the one without 

any gene flow between the two groups. However, this scenario shows some 
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uncertainty (wAIC = 0.44) as AIC values were not considerable different between 

models (see Figure 10, Supplementary Table 1). Since Perijá population showed 

scarce evidence of gene flow or shared ancestry with A. bogotensis s.s. we decided 

not to include it in this analysis.  

 

 

Figure 10: Demographic models used to test the evolution of A. bogotensis sensu 

stricto groups with Phylogeographic Inference Using Approximate Likelihoods 

(PHRAPL). A, divergence with no migration. B, divergence with unidirectional 

migration from W-MV group to E-MV group. C, migration with unidirectional migration 

from E-MV group to W-MV group. D, divergence with bidirectional symmetrical 

migration. E, divergence with bidirectional asymmetrical migration from W-MV to E-

MV group. F, divergence with bidirectional asymmetrical migration from E-MV to W-
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MV. Support values from demographic scenarios are shown in each figure. (See 

Supplementary Table 1).  

Species Delimitation 

Most of the species accounted for this analysis were not supported as species by 

iBPP (A. pentagramicus, A. mitificus, A. amabilis, A. vincibilis, A. ishisawi, A. 

variegatus, A. stella and A. trifolium; posterior probabilities less than 90; see Figure 

11) in most of the tested scenarios. Revisions for species status are required for 

most Araneus spp. here reviewed. Only based in this analysis Brazilian population 

could be A. vincibils.  erij  population showed as a clearly defined  A. blumenau 

sister species. Within A. bogotensis s.s., W-MV, Tena population and Bogotá 

population were recovered as independent lineages with robust support in almost all 

combinations of priors, having an exception when τ = 2000, indicating a relatively 

recent divergence (see Figure 11).  
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Figure 11: Integrative Bayesian species delimitation with iBPP. Posterior probabilities 

of 3 x 3 combinations of τ and θ prior distributions are illustrated at each node.  

Geometric morphology 

In the PCA analysis, the first two principal components accounted for 25.26% and 

15.52% of the total variance, respectively (see Figure 12). Notably, the W-MV group, 

the E-MV group and Perijá population presented statistical differences based on an 

ANOVA (F = 4.89, P-value = 0.001). Nevertheless, the discriminant analysis (DAPC) 

successfully recovered distinct clusters for each region with 83.6% of the variance 

explained on the first component, and 16.4% on the second one (see Figure 13). 

This suggests that there is some variation in shape, capable of differentiate among 

the different groups.   

 

Figure 12: A and B represent PCA colored by regions with W-MV as a whole, and E-

MV divided into Tena and Bogotá populations. Deformation plains of each PC 

showing its maximum and minimums of the epigynum shape in B.  
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Figure 13: A and B represent DAPC analysis with E-MV as a whole and E-MV divided 

into Tena and Bogotá, respectively.  

To further explore Epigynum morphological variation, we conducted a Model-Based 

Clustering analysis, which indicates that the best-fitting model has a diagonal 

distribution, equal volume and equal shape (EEI, BIC = 748.7822). This model 

clustered the data into three groups, although alternative groupings were possible 

due to the flat distribution of BIC values (see Figure 14, A). Notably, the EEI clusters 

did not correspond to the previously described lineages. The first cluster consisted 

of 18 individuals from the W-MV group, originating from a single population in 

Palmira, Valle, and one E-MV group individual from Bogotá. The second and larger 

cluster comprises 53, 23 and 6 individuals from W-MV group, E-MV group and Perijá 

population, respectively. The third cluster encompasses 6 W-MV group individuals 

from different populations.  

 

DA1: 71.22%

D
A
2
: 
1
6
.6
3
%

Region

DA1: 83.6%

D
A
2
: 
1
6
.4
%

Region



35 
 

 

Figure 14: Model-Based Clustering analysis result. A, distribution of the BIC values. 

B, PCA colored by assign clusters, blue cluster groups 18 individuals from W-MV of 

a single population named Palmira, red cluster gathers individuals from E-MV, W-

MV and Perijá and green cluster groups the 6 inter-mixed samples.  

 

Discussion  

Our results are consistent with the complex phylogenetic pattern observed 

previously for Araneus spp. (44). In our main phylogeny we found several clades 

with Holartic and South American species grouping together forming multiple 

polyphyletic species. Further efforts with more sampling of loci and populations could 

be required to resolve the Araneus phylogeny. Inside what is called by taxonomists 

Araneus bogotensis, using genetics and morphology, we found that there were three 

divergent independent clades that may correspond to three different cryptic species, 

the Brazilian population, the Perijá population and what we named as Araneus 

bogotensis sensu stricto. This issue might have several causes, for example, 

incomplete or erroneous information about the sequences on Genbank, where 

researchers sometimes give few or zero details about how and where the samples 
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were collected (91), out-of-date and unreviewed dichotomous keys based on labile 

traits, and the one that probably contributes the most, the lack of research studies in 

Neotropics’ spiders (92).  

The Brazilian and Perijá populations showed an estimated divergence time from A. 

bogotensis s.s. of  18.47 Mya and 10.9 Mya, respectively (see Figure 4). The first 

coinciding with Early-Mid Miocene where high temperatures and aridity dominated 

most landscapes worldwide (8). At that time, Northern Andes had its first mountain 

building peak (~23 Mya) (8) so we hypothesize the MRCA between the Brazilian 

populations and A. bogotensis s.s. lived somewhere close to Central Andes, and 

from there the species started dispersing to Northern Andes as it gained altitude and 

Southern Brazil. On the other hand, the divergence time of the MRCA between Perijá 

population, its sister species A. blumenau, and A. bogotensis s.s. was around Late 

Miocene, in the middle of the last and most intense peak of mountain building in the 

Northern Andes (~12 Mya) (8). This suggest four possible scenarios assuming A. 

blumenau has been correctly identified in the related studies, one with a vicariant 

event in which the lowlands aridity stopped the dispersal on the species as soon as 

Serranía del Perijá reached for higher altitudes (93), another one in which the intense 

uplift of the Andes generated distinct habitats that might have caused local 

adaptations on both sides and generated further diversification (94), a third one in 

which the Perijá population could have been introduced to that place, since it has a 

Brazilian species as sister, from which we know it has a faraway distribution from 

Southern Brazil to Northern Argentina (53), and a last one, in which the 

geomorphology of the Andes was not a substantial factor affecting the divergence 
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between A. bogotensis s.s., Perija population and A. blumenau, and the MRCA of 

the latter two may have shared the current distribution of A. bogotensis s.s.. For 

those reasons, more information about the natural history of A.blumenau would be 

crucial to understand this diversification pattern.  

Another important divergence observed in this study was between lineages within A. 

bogotensis s.s. where its phylogenetic relationships might have been influenced by 

the Andes topography. We identified divergence between the west and east 

populations of the Magdalena River Valley (W-MV and E-MV; see Figures 7, 8, 9), 

suggesting a vicariant event. We hypothesize that the Magdalena River Valley is 

acting as a strong barrier to gene flow for this species since we did not detect a clear 

pattern of introgression among east and west groups, consistent with PHRAPL’s No 

Gene Flow best fitting model result. Vicariant events produced by Andes Mountains 

and Valleys have been observed for many taxa including birds (11,19), amphibians 

(95), spiders (96,97) and beetles (73). The estimated divergence time, between W-

MV and E-MV (Tena clade), happened 3.65 Mya at the ending of the final uplift of 

Northern Andes when the Eastern cordillera and the Magdalena Valley were formed, 

3 – 17 Mya reinforcing the vicariance hypothesis (98). In addition, we do not have 

studies about this spider’s natural history traits, ecology and physiology. For 

example, we do not know if A. bogotensis can do ballooning, despite the fact that 

researchers have reported this behavior in spiders of the same family (23,99). This 

ability could augment their dispersal capabilities.  

It is noteworthy that in Huila, the only population where we observed shared ancestry 

in more than one individual, we found also individuals from both W-MV and E-MV 
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groups coexisting in sympatry in this region (see Figure 7). This can be explained 

since there is no physical barrier at that place, being located in the middle of the two 

cordilleras and before the beginning of the Magdalena River Valley. This population 

can be a relict of the genetic variation that is now sorted in the W-MV and E-MV 

groups and also is consistent with a possible dispersion event from the south  to the 

north coupled with vicariance caused by the Magdalena valley. The drivers for  

spider’s diversification a both sides of the  Magdalena valley are not known but we 

hypothesize it had to be related to historical drastic environmental conditions and/or 

not suitable habitat for this spiders inside the valley. Additionally, local adaptation 

through natural selection of these two lineages might have taken the diversification 

further (94,100). Future studies should focus on assessing if reproductive isolation 

exist between the members of these two groups (W-MV and E-MV) and increasing 

the number of loci and the number of populations on the E-MV to gain quantitative 

information on how divergent those groups really are, and which of the theories, if 

vicariant or dispersal, are more consistent with data. Additionally, experimental 

confirmation of their capacity to interbreed would help to clear a picture of the level 

of reproductive isolation the populations are having in Huila.  

Beyond that, the two populations from E-MV group, Tena and Bogotá, also showed 

signs of structure from one another in haplotype networks, differentiation indexes 

and morphometric analysis (see Figures 5, 6, 12, 13). A pattern consistent with the 

phylogenies, which resulted in an estimated divergence time between Bogotá and 

Tena+W-MV of 4.95 Mya (see Figure 4. We believe that Bogotá population might 

represent a very old lineage or a different species from A. bogotensis. Despite their 
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relative proximity, the two locations present very different ecosystems, for example, 

Tena is warmer with a mean altitude of 1384 m, meanwhile Bogotá has a colder 

mean temperature with a mean altitude of 2557 m. These differences may have 

caused deep divergence through time due to a divergent local adaptation (94) and 

may represent a barrier to gene flow in the present. Furthermore, Tena is closer to 

W-MV which may allowed more genetic flow between those populations in the past. 

We recognize that sampling biases due to few loci (101,102), little number of per 

population specimens (76,103) and a close proximity (83) to Tena could have 

grouped them together in various analyses. Further investigations in this matter will 

need to increase the number of populations sampled to the east of the Magdalena 

River Valley.  

Lastly, we hypothesized that the divergent Fourth clade is a different species from 

A. bogotensis and possibly a different species from the Bogotá population. The 

morphotype for 34_BosquedeNieblaSanAntonio_Cali individual (red square in 

Figure 1) and the phylogenetic and haplotype divergence (see Figures 3, 4, 5) made 

it a clearly different species candidate. We believe that the position of this clade in 

the topologies obtained is merely an artefact of the few sequences available.   

This study represents a first attempt to describe the phylogenetics of one of the 

putative Araneus spp. present in Colombia and one of the few, to address this issue 

in the Neotropics. We demonstrated the existence of three divergent independent 

cryptic lineages from what is called Araneus bogotensis that need a detailed 

taxonomic review, the Brazil population, the Perijá population and A. bogotensis s.s.. 

Additionally, we hypothesized two more candidate new species, the Bogotá 
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population and the Fourth clade. Further studies should focus on increasing the 

populations sampling at the east of the Magdalena River Valley as well as to explore 

the drivers of the speciation in Huila populations.  
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Supplementary Figures 

 

 

Supplementary Figure 1: 28S and ITS2 haplotypic networks.  
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Supplementary figure 5: Evanno summary statistics. A, estimated ln probability of 

data plus standard deviation. B, first derivate plus standard deviation. C, second 

derivative plus standard deviation. D, delta K.  
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Supplementary Figure 6: Maximum likelihood topology with all branches.  
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Supplementary Figure 7. Genetic pairwise differences for ITS2 marker. A, B and C 

show Fst, Dxy and Da indexes respectively.  

 

Models AIC dAIC wAIC 

1 139.462322197575 0 0.444297387659864 

2 141.462322197575 2 0.163447874686242 

3 141.622722197575 2.16 0.150881404905025 

4 141.702922197575 2.241 0.144892795884653 

5 143.863322197575 4.401 0.0492049451806135 

6 143.943522197575 4.481 0.0472755916836024 

Supplementary Table 1: PHRAPL: AIC, dAIC and wAIC estimates for the six models 

evaluated.  

Primer Sequence 

LCO1490 5'-GGTCAACAAATCATAAAGATATTGG-3' 

HCO2198 5'-TAAACTTCAGGGTGACCAAAAAATCA-3' 

5.8 5'-GCTGCGTTCTTCATCGATGC-3' 

28S 5'-GGTCCGTGTTTCAAGACGG-3' 
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28SO 5'-GAAACTGCTCAAAGGTAAACGG-3' 

28SC 5'-GGTTCGATTAGTCTTTCGCC-3' 

27F 5'-AGAGTTTGATCCTGGCTCAG-3' 

1492R 5'-GGTTACCTTGTTACGACTT-3' 

 

Supplementary Table 2: Primers.  

 

Supplementary Table 3: Population genetic summary statistics from clades for each 

locus. N: number of sequences, Hd: haplotype diversity, pi: nucleotide diversity per 

site, theta: expected nucleotide diversity per site, SS: segregating sites. Highlighted 

values are statistically significant with P-value < 0.05. 

 

 

 

 

 

 

 

Clade W-MV Tena Bogotá Cuarto Perija W-MV Tena Bogotá Fourth Perija W-MV Tena Bogotá Fourth Perija

N 15 7 7 2 4 59 12 16 2 2 38 12 12 4 8

#H 14 3 4 2 2 38 12 15 2 2 38 12 12 4 8

Hd 0,88 0,667 0,714 1 0,5 0,96 1 0,992 1 1 1 1 1 1 1

pi 0,016 0,011 0,003 0,028 0,002 0,022 0,056 0,041 0,012 0,016 0,051 0,03 0,029 0,093 0,059

Theta 0,022 0,015 0,003 0,028 0,002 0,068 0,07 0,059 0,025 0,016 0,062 0,03 0,033 0,09 0,055

SS 40 18 4 14 2 76 58 62 13 5 166 61 71 110 88

Tajima´s D -1,04 -1,31 -0,32 -0,71 -2,34 -0,92 -1,27 -0,65 -0,01 -0,61 0,31 0,36

Fu and Li's D -1,67 -1,4 -0,07 0 -0,71 -3,86 -0,97 -1,35 0 0 -0,25 0,29 -0,02 0,57

COI ITS2 28S
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