
Vol.:(0123456789)1 3

https://doi.org/10.1007/s13127-022-00586-4

ORIGINAL ARTICLE

Not the same: phylogenetic relationships and ecological niche 
comparisons between two different forms of Aglaoctenus lagotis 
from Argentina and Uruguay

Macarena González1  · Nadia Kacevas1,2  · Javier Nori3  · Luis N. Piacentini4  · Leticia Bidegaray‑Batista2 

Received: 16 December 2021 / Accepted: 15 September 2022 
© Gesellschaft für Biologische Systematik 2022

Abstract
Species are the fundamental category and the key to formulate conservation efforts. DNA and ecological niche modeling 
have become valuable tools for species delimitation. Wolf spiders include few web-living species, such as Aglaoctenus lagotis 
(Holmberg, 1876), a priority species for conservation in Uruguay. Behavioral and body coloration patterns of this species 
have allowed us to distinguish two groups (forms I and II). Here, we combine information from gene trees and multispecies 
coalescent analyses on mitochondrial (cox1, 12S, 16S + L1 + nad1) and nuclear (intron tif5A) DNA sequences, as well as 
from ecological niches comparisons, in order to clarify their taxonomic identity. We worked with localities in Uruguay and 
Argentina, including sympatric and allopatric areas. Gene trees were inferred with Maximum Likelihood, Bayesian, and 
statistical parsimony analyses. Molecular species delimitation analyses were conducted, and the species tree and divergence 
times were co-estimated. Characterization and comparison of the climatic requirements of both forms throughout annual 
and sexual periods were analyzed. Species delimitation and species tree analyses recovered three main lineages (Form I, 
Form IIa, and Form IIb). Form I is restricted to Uruguay and is closely related and sympatric with Form IIa. Form IIb is 
located in Argentina and in the Uruguayan west coast, generating a sympatric area of the three forms. Regarding to the sexual 
climatic niche, the three main lineages differ and do not overlap. Our results support the existence of more than one lineage 
within what is nowadays Aglaoctenus lagotis. Possible evolving processes explaining this scenario and the conservation 
consequences are discussed.
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Introduction

Species are often claimed as the fundamental category in the 
biological world, the “units of evolution and biodiversity” 
(Pigliucci & Kaplan, 2006); that is why they are the first 
fundamental step of biological questions, including evolu-
tionary processes and ecological systems, and are usually 
considered the key to formulate conservation efforts (Mace, 
2004; see also Reydon, 2019). How to retain an objective 
criterion for species delimitation might require accepting 
that different disciplines in biology use different criteria (De 
Queiroz, 2007). Therefore, these days, it is more frequent to 
implement multidimensional studies that integrate more than 
one source of information (e.g., morphological, ecological, 
ethological, and genome-focused) (Network, 2012).

Incorporating information from DNA sequences for spe-
cies delimitation and description has become a comple-
mentary, yet valuable tool for recognizing species entities, 
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especially when traditional taxonomy has been unable to 
provide an accurate delimitation of species boundaries 
(Masta & Maddison, 2002; Montes de Oca et al., 2015; 
Padial et  al., 2010; Sites & Marshall, 2004; Vogler & 
Monaghan, 2007). Also, studies that include more than a 
single gene have increased, especially in those species that 
seem to have diverged recently and which therefore have 
an increased risk of being incorrectly delimited as a result 
of incomplete lineage sorting or introgression (Hausdorf 
& Hennig, 2010; Satler et al., 2013). These kinds of stud-
ies (including more than a single gene) are now common 
in different groups (Pidancier et al., 2006) such as reptiles 
and amphibians (Ermakov et al., 2002; Hills, 2019), insects 
(Monaghan et al., 2005; Mullen et al., 2008), and spiders 
(Doménech et al., 2020; Kanesharatnam & Benjamin, 2019; 
Newton et al., 2020). Particularly in wolf spiders (i.e., family 
Lycosidae), these kinds of studies were performed in Par-
dosinae (Correa-Ramírez et al., 2010; Ivanov et al., 2018), 
Lycosinae (Bidegaray-Batista et al., 2017; Gonnet et al., 
2021; Planas et al., 2013), and Sosippinae (Fontes, 2016; 
Macrini et al., 2015) subfamilies.

Characterizing the ecological niches, and particularly 
those considering temporal divergences among life forms, is 
a different kind of tool recently incorporated into the delimi-
tation and characterization studies of species (Hendry & Day, 
2005). Allochrony can significantly contribute to reproduc-
tive isolation, especially if populations have little match in 
breeding periods, and therefore little potential for gene flow 
(Taylor & Friesen, 2017). According to the seasonal asyn-
chrony hypothesis, this asynchronous reproduction can lead 
to divergence between populations, when an increase in such 
asynchrony is positively related to the degree of differen-
tiation and eventually reproductive isolation (Martin et al., 
2009). Characterizing the annual climatic requirements of 
the species and then characterizing their seasonal require-
ments (corresponding to the months of sexual activity of each 
population, where females and males are present and mat-
ings occur) are accurate approaches to test if the periods are 
conserved between populations or have diverged in a tempo-
ral isolation. Seasonal divergence of breeding times appears 
as the most common mode of allochronic divergence, same 
which presents examples in plants, fungi, birds, amphibians, 
fish, corals, and several insects (Borzée et al., 2016; Rojas-
Soto et al., 2021; Yamamoto & Sota, 2009). In spiders, there 
is valuable information but is not a commonly addressed 
topic nowadays (Gilman et al., 2018; Tretzel, 1955).

Wolf spiders are usually recognized as one of the most 
abundant and diverse families of spiders, with currently 
127 genera and 2452 species (World Spider Catalog, 2022). 
Their members usually have wandering habits (Foelix, 
2011); nevertheless, three of the eleven subfamilies currently  
reported (Piacentini & Ramirez, 2019) include species  
that live in webs in part or even their entire lives (Murphy 

et al., 2006). As a whole, these lycosids do not exceed 1% 
of the total species of the family (González et al., 2015a). 
Of the three subfamilies that build webs: Hippasinae is 
present in Southern Asia and Africa; Venoniinae occurs 
in Europe, part of Asia, North America, and Australasia; 
and Sosippinae is present in Europe, Eastern Asia, and the 
Americas (Piacentini & Ramirez, 2019). The natural history  
of the members of these subfamilies is scarcely known 
(Brach, 1976; Capocasale, 1982; Hodge & Marshall, 2018; 
Piacentini, 2011; Piacentini et al., 2017; Punzo & Haines, 
2006; Santos & Brescovit, 2001; Wang et al., 2015; Yoo 
& Framenau, 2006). The exception is Aglaoctenus lagotis 
(Holmberg, 1876) for which there is information about 
behavior (e.g., Abregú et  al., 2019; González, 2018; 
González & Toscano-Gadea, 2021; González et al., 2013, 
2015b, 2019; Stefani & Del Claro, 2011; Stefani et al., 
2011), taxonomy (Capocasale, 1982; Santos & Brescovit, 
2001), and ecology (Sordi, 1996; Rubio et  al., 2005; 
González et al., 2014; Stefani & Del Claro, 2014).

Aglaoctenus lagotis lives its whole life in a funnel web. 
This species has a wide distribution from Venezuela to Uru-
guay (Santos & Brescovit, 2001), country where it is consid-
ered a priority species for conservation (Ghione et al., 2017). 
It had been defined as highly variable, especially referring to 
female genitalia, body size, and coloration patterns (Santos 
& Brescovit, 2001). Furthermore, more recently, behavio-
ral and ecological studies have pointed out that the species 
contains at least two differentiated groups: one mentioned as 
Southern Uruguay (González et al., 2013, 2014, 2015b) or 
Southern Uruguayan form (González et al., 2019), hereafter 
named as Form I, and the other mentioned as Central Argen-
tina form (González et al., 2013, 2014, 2015b, 2019), hereaf-
ter named as Form II. Form I has been found in Uruguay and 
Form II in Argentina and Uruguay, being both sympatric in 
almost all the Uruguayan territory (González et al., 2015b). 
Both forms differ in body coloration patterns (González 
et al., 2015b), sexual behavior (González et al., 2013), gen-
ital traits (González, 2015; González et al., 2015b), gen-
eral phenology, and in the microhabitats where they live 
(González et al., 2014). Moreover, reproductive isolation 
between individuals of both forms from distant localities 
has been already detected (González et al., 2013, 2015b).

The web wolf spider A. lagotis shows elements that 
suggest inconsistencies in its currently taxonomic identity 
(González et al., 2015b; Santos & Brescovit, 2001) and some 
authors have already pointed out this possibility, uncovering 
the existence of different lineages that could be different 
species (Macrini et al., 2015). In this context, integrating 
additional sources of evidence could be useful to clarify this 
question. We hereby combined information from mitochon-
drial and nuclear molecular markers to infer phylogenetic 
relationships. We also analyzed the climatic requirements of 
the species, during the annual period and during the sexual 
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period, for both forms (Forms I and II) of the species. This 
novel approach allows us to clarify the limits between them 
and to go ahead in understanding the evolutionary diversifi-
cation of this atypical (web living) wolf spider, a member of 
a little-known group and which additionally has a confusing 
taxonomic history.

Materials and methods

Identification of individuals

Individuals belonging to “Form I” have been characterized 
by an orange cephalothorax during the subadult stages which 
turns brown on reaching maturity. There are two dorsolateral 
white bands on the abdomen, from which several pairs of 
white lines, originating at an angle of 45°, converge in the 
mid-line to form forward-pointing “chevrons,” as well as 
two white circles proximal to the pedicel (González et al., 
2015b) (Fig. 1A). Additionally, males’ bulbs have a spine-
shaped median apophysis (González, 2015; González et al., 
2015b). The sexual period (when both sexes are present and 
matings occur) happens during autumn, and the maternal 
period (when only females remain alive and care for their 
eggsacs and spiderlings) occurs during spring and summer 
(González et al., 2014). Finally, microhabitat preferences 
appear to be associated with grasslands (González et al., 
2015b) (Fig. 1B).

Individuals belonging to “Form II” have been character-
ized by a brown cephalothorax during all their developmental 
stages. There are two dorsolateral white bands on the abdo-
men, from which several pairs of white lines, originating at an 
angle of 45°, are interrupted without meeting in the midline 
(González et al., 2015b) (Fig. 1E). Additionally, males’ bulb 
has a trapezius-shaped median apophysis (González, 2015; 
González et al., 2015b). The reproductive period (sexual plus 
maternal) takes place during spring and summer (González 
et al., 2014). Finally, microhabitat preferences appear to be 
associated with shrubs and trees in natural forests (Fig. 1D), 
but in Argentina, individuals are also present in grasslands 
(González et al., 2014, 2015b). In the areas where both forms 
are sympatric, Form I occupies the open grasslands and Form 
II mostly occupies the natural forest patches, on the herba-
ceous strata, on shrubs or trees (Fig. 1C).

We examined the individuals collected for this study 
and material of Aglaoctenus lagotis deposited in the 
Museo Argentino de Ciencias Naturales (MACN, Argen-
tina) to identify as Form I or Form II. Additionally, we 
explored surveys for Aglaoctenus lagotis and Aglaocte-
nus sp. in Argentina, Uruguay, and Southern Brazil (Rio 

Grande do Sul) on the iNaturalist platform to also identify 
them as Form I or II, using the coloration pattern on the 
abdomen as a proxy.

Sampling and molecular data collection

Aglaoctenus lagotis specimens were collected from 
25 localities, 19 from Uruguay and six from Argentina 
(Table 1; Fig. 2). Individuals were stored in 95% ethanol 
at − 20 °C. Specimens of a close relative Aglaoctenus cas-
taneus (Mello-Leitão, 1942) from Orellana (Ecuador) and 
Arequipa (Perú) were included in the analysis as outgroup. 
Most specimens were collected in the field by the authors 
and colleagues kindly provided some.

Genomic DNA was extracted from two legs of adult 
individuals following the protocol described in Medrano 
et al. (1990). Three mitochondrial fragments including the 
5′ half of cytochrome c oxidase subunit I (cox1), the 3′ 
half of the 16S rRNA ribosomal subunit plus the complete 
tRNA-Leu plus 5′ half of the NADH dehydrogenase subu-
nit I (16S + L1 + nad1), and a partial fragment of the small 
ribosomal unit (12S) were amplified and sequenced using 
the following primer pairs: (cox1) C1-J-1490 (Folmer et al., 
1994) and C1-N-2776 (Hedin & Maddison, 2001), alter-
natively, as two overlapping fragments were used C1-J-
1490 with C1-N-2198 (Folmer et al., 1994) and C1-J-1751 
(Simon et al., 1994) with C1-N-2776; (16S + L1 + nad1) 
LR-N-13398 (Simon et al., 1994) and N1-J-12581 (Hedin 
& Maddison, 2001); and (12S) SR-J-14233 (Simon et al., 
1994) and SR-N-14503 (Croom et al., 1991). The nuclear 
intron of the gene encoding translation initiation factor 5A 
(tif5A) was additionally sequenced for individuals of A. 
lagotis with the primer pairs TIF5AF and TIF5AR (Fontes, 
2016). Polymerase chain reaction (PCR) was carried out 
following the protocol for Taq DNA Polymerase with 
Standard Taq Buffer (M0273, New England Biolabs Inc.). 
In a total volume of 25 µL, PCR amplification conditions 
for mitochondrial genes were as follows: initial denaturing 
step at 95 °C for 5 min; 5 × (95 °C for 30 s; 38 °C for 45 s 
for cox1 and 12S, and 41 °C for 45 s for 16S + L1 + nad1; 
68 °C for 45 s) + 30 × (95 °C for 30 s; 42 °C for 45 s for 
cox1 and 12S, and 45 °C for 45 s for 16S + L1 + nad1; 68 °C 
for 45 s) and a final step at 68 °C for 5 min. PCR amplifica-
tion conditions for the nuclear gene were as follows: initial 
denaturing step at 95 °C for 5 min and 35 × (95 °C for 30 s; 
50 °C for 45 s; 68 °C for 45 s) and a final step at 68 °C for 
5 min. PCR products were purified and sequenced by the 
Sequencing Service of Humanizing Genomics Macrogen, 
Seoul, Korea. DNA sequences were edited using the free 
trial version of the Geneious software.
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Phylogenetic analyses and genetic diversity

The alignment of the partial fragment of cox1 sequences 
was trivial since no insertions/deletions (indels) were 
observed. The sequences of the 12S, 16S + L1 + nad1, and 
tif5A gene fragments were aligned using the online ver-
sion of MAFFT v7 (Katoh et al., 2002) using the Q-ins-i 
algorithm. The alleles in heterozygous individuals for the 
tif5A intron were separated using the PHASE algorithm 
(Stephens & Donnelly, 2003; Stephens et al., 2001), as 
implemented in DnaSP v6. 12.03 (Rozas et al., 2017). Gaps 
of tif5A were scored as presence/absence characters using 
the method of Simmons and Ochoterena (2000) as imple-
mented in SeqState (Müller, 2005). The resulting parsimony 
informative characters were included in the statistical par-
simony analyses for the haplotype network reconstruction 
(see below). Nucleotide (πn) and haplotype (h) diversities 
were calculated using DnaSP v6.12.03 (Rozas et al., 2017), 
and genetic distances (p-distance) were estimated with 
MEGA X v10.0.1 (Kumar et al., 2018).

Concatenated mitochondrial gene trees

Maximum likelihood (ML) and Bayesian inference (BI) 
analyses were conducted on the concatenated mitochon-
drial sequences data set of A. lagotis and its congeneric 
relative A. castaneus. The best partition scheme and fitting 
model for each partition were selected with PartitionFinder2 
(Lanfear et al., 2017). Maximum likelihood analyses were 
performed with RAxML v8 (Stamatakis, 2014) using inde-
pendent GTR + G substitution models for each partition. 
The analyses were conducted selecting the rapid bootstrap-
ping algorithm and the search for the best-scoring ML 
tree in one single run. The majority-rule tree criterion was 
used to automatically halt bootstrapping. PartitionFinder 
and ML analyses were run remotely at the CIPRES portal 
(Miller et al., 2010). Bayesian inference analyses were con-
ducted using MrBayes v3.2.3 (Ronquist et al., 2012). Two 
independent runs of one million generations were carried 
out simultaneously, with six simultaneous MCMC chains, 
sampling trees every 100 generations. The program Tracer 
v1.7.1 (Rambaut et al., 2018) was used to ensure that the 
Markov chains had reached stationarity by examining the 
effective sample size (ESS) and to determine the number of 
generations of burn-in.

Haplotype networks

The haplotype network of the nuclear intron tif5A, the con-
catenated mitochondrial genes cox1 + 12S + 16S + L1 + nad1, 
and of a partial fragment of cox1 gene was estimated using 
statistical parsimony in TCS (Clement et al., 2002) and 
implemented in PopART v1.7 (Leigh & Bryant, 2015).

Species trees

Multispecies coalescent analyses were conducted includ-
ing both mitochondrial and nuclear intron data sets using 
*BEAST option (Heled & Drummond, 2010) implemented 
in BEAST v2.6.3 (Bouckaert et al., 2019). Since this method 
requires a priori assignment of individuals to divergent pop-
ulations (lineages or species), we defined as independent 
evolutionary lineages those recovered by the species delimi-
tation analyses (see below). In *BEAST, the species tree, 
gene trees, and divergence times were co-estimated. The 
specifications of the analysis settings are described in the 
“Estimation of lineage divergence times” section.

Molecular species delimitation

Species delimitation was inferred using the Bayesian multi-
species coalescent model implemented in the package STA-
CEY (Jones, 2017) for BEAST2 v2.6.3 (Bouckaert et al., 
2019). This method co-estimates gene trees and the species 
or minimal clusters trees (SMC-tree) along with the species 
delimitation. STACEY does not require a guide tree a priori 
or an assignment of individuals to species or lineages as 
minimal clusters; hence, the possible number of species can 
range from one to the total number of individuals (Jones, 
2017).

The STACEY analyses were conducted including both the 
mitochondrial and nuclear intron data sets. Each individual 
was considered a priori as a minimal cluster. Parameters 
of the substitution models were specified in the priors for 
each gene fragment, and the mitochondrial clock models and 
mitochondrial trees were linked. A strict molecular clock 
model was specified for each partition. The bdcGrowth-
Rate and popPriorScale priors were set with a lognormal 
distribution, and relativeDeathRateSpecies and collapse-
Weight priors were set with a uniform distribution (0–1). 
Two independent runs of 10 million generations, sampling 
every 1000 generations were carried out. The convergence 
and mixing of each MCMC chain were assessed with Tracer 
v1.7.1. Independent runs were combined with LogCombiner 
v2.6.3 (10% burn-in), and the TreeAnnotator v2.6.3 (both 
included in the BEAST 2 package) was used to summarize 
the information from the sampled trees. Results from STA-
CEY were analyzed with the package speciesDA.jar setting 
the collapse height to 0.0001 and sim cutoff to 1. The priors 

Fig. 1  A Body coloration patterns of juvenile, female and male of A. 
lagotis Form I. B Habitat of A. lagotis Form I, Lomas de Araminda, 
Canelones, Uruguay. C Habitat of both A. lagotis forms in the area 
of sympatry, showing the microhabitat each one occupies, Villa Ser-
rana, Lavalleja, Uruguay. D Habitat of A. lagotis Form II, Lunarejo, 
Rivera, Uruguay. E Juvenile, female and male's body coloration pat-
terns of A. lagotis Form II (photos: Carlos A. Toscano-Gadea)

◂
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Table 1  Sampled localities of A. lagotis and haplotype/allele fre-
quencies. Code: locality number that corresponds to localities in 
Fig. 2. Coordinates: longitude and latitude of each locality. N: num-
ber of individuals sampled per locality. Haplotypes and alleles: mito-

chondrial haplotypes (cox1 + 12S + 16S + L1 + nad1, and cox1) and 
nuclear alleles (tif5A) codes, in brackets, are indicated their frequency 
and the individual codes that showed the same haplotype/allele

Locality Code Coordinate N Haplotypes
(cox1 + 12S + 16S + L1 + nad1)

Alleles
tif5A

Haplotypes
cox1 (655 bp)

Latitude Longitude

Arroyo Los 
Chanchos, Artigas,  
Uruguay

1  − 30.591944  − 56.625833 5 Hap5 (1: NK4-fI) A12 (1:NK4-fI)
A14 (1:NK4-fI)

Hap7 (1:MG61-jII)
Hap17 (4: NK4-fI, 

NK7-fI, NK8-fI, 
MG30-fI)

Arroyo Cuaró Chico, 
Artigas, Uruguay

2  − 30.710278  − 56.711389 1 Hap17 (1:NK14-fI)

Arroyo Catalán 
Grande, Artigas, 
Uruguay

3  − 30.841389  − 56.236389 4 A2 (2:MG39-fII) Hap4 (1:MG26-fII)
Hap 6 (1:MG25-fII)
Hap13 (1:MG39-fII)
Hap17 (1:MG29-fI)

Subida de Pena, 
Rivera, Uruguay

4  − 31.140278  − 55.920278 7 Hap4 (4:MG43-jII, 
MG51-fII, MG60-fII, 
MG64-jII)

Hap17 (2:NK6-fI, 
NK12-fI)

Hap21 (1:NK29-fI)
Paso Parque Río 

Daymán, Paysandú, 
Uruguay

5  − 31.797667  − 57.554369 1 Hap 4 (1:MG106-mII) A2 (2:MG106-mII) Hap 14 (1:MG106-
mII)

Route 26, Km49, 
Paysandú, Uruguay

6  − 32.059139  − 57.714750 2 Hap 16 (1:NK52-fI) A1 (1:NK52-fI)
A21 (1:NK52-fI)
A22 (1:NK54-fI)
A12 (1:NK54-fI)

Hap 17 (1:NK54-fI)
Hap 20 (1:NK52-fI)

Near to Meseta de 
Artigas, Paysandú, 
Uruguay

7  − 31.729361  − 57.743750 1 Hap 5 (1:NK53-fI) Hap 17 (1:NK53-fI)

Meseta de Artigas, 
Paysandú, Uruguay

8  − 31.612722  − 57.983917 4 Hap 3 (1:MG56-mII) A4 (1:MG56-mII)
A5 (1:MG56-mII)

Hap 1 (3:MG35-mII, 
MG59-jII, MG63-jII)

Hap 2 (2:MG56-mII, 
MG62-mII)

Valle Edén,  
Tacuarembó,  
Uruguay

9  − 31.824944  − 56.170278 5 Hap 9 (1:MG126-mII)
Hap 10 (1:MG127-mII)
Hap 13 (1:NK30-fI)
Hap 14 (1:NK31-fI)
Hap 15 (1:NK34-fI)

A2 (2:MG126-mII)
A12 (1:NK30-fI)
A19 (1:NK30-fI)
A12 (1:NK34-fI)
A20 (1:NK34-fI)

Hap 3 (1:MG126-mII)
Hap 4 (1:MG127-mII)
Hap 17 (2:NK31-fI, 

NK34-fI)
Hap 19 (1:NK30-fI)

Quebrada de los 
Cuervos, Treinta y 
Tres, Uruguay

10  − 32.919167  − 54.456389 7 Hap 2 (1:MG52-jII)
Hap 11 (1:NK9-fI)
Hap 12 (1:NK13-fI)

A2 (1:MG52-jII)
A3 (1:MG52-jII)
A12 (1:NK9-fI)
A15 (1:NK9-fI)
A16 (1:NK13-fI)
A17 (1:NK13-fI)

Hap 3 (1:MG75-mII)
Hap 5 (1:MG38-fII)
Hap 6 (1:MG52-jII)
Hap 17 (1:NK9-fI)
Hap 25 (1:NK10-fI)
Hap 26 (2:NK13-fI, 

NK15-fI)
Route 20 Km26.5,  

Río Negro,  
Uruguay

11  − 32.929167  − 57.562778 3 Hap 11 (1:NK17-fI) A18 (2:NK17-fI) Hap 17 (3:NK17-fI, 
MG20-fI, MG21-fI)

Fray Bentos, Río 
Negro, Uruguay

12  − 33.123162  − 58.247764 8 Hap 3 (1:MG76-jII) A6 (1:MG76-jII)
A7 (1:MG76-jII)

Hap 1 (3:MG22-
jII, MG23-jII, 
SPDAR312-13-fII)

Hap 2 (3:MG76-jII, 
SPDAR310-13-mII, 
SPDAR313-13-mII)

Hap 8 (1:MG2-fII)
Hap 11 (1:SPDAR314-

13-fII)
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Table 1  (continued)

Locality Code Coordinate N Haplotypes
(cox1 + 12S + 16S + L1 + nad1)

Alleles
tif5A

Haplotypes
cox1 (655 bp)

Latitude Longitude

Route 2 Km260, 
Soriano, Uruguay

13  − 33.606541  − 57.683740 3 Hap 5 (1:SPDAR301-13-fI)
Hap 6 (1:SPDAR303-13-mI)

A12 (1:SPDAR303-
13-mI)

A13 (1:SPDAR303-
13-mI)

Hap 17 (1:SPDAR301-
13-fI)

Hap 18 (1:SPDAR303-
13-mI)

Hap 23 (1:SPDAR302-
13-fI)

Villa Serrana, 
Lavalleja, Uruguay

14  − 34.325139  − 54.999639 5 Hap 5 (1:MG47-fII)
Hap 6 (2:MG4-fII, 

MG48-fII)
Hap 16 (1:MG9-fI)
Hap 24 (1:MG1-fI)

Cerro del Toro,  
Maldonado,  
Uruguay

15  − 34.862848  − 55.263977 1 A2 (2:MG125-fII)

Pan de Azúcar,  
Maldonado,  
Uruguay

16  − 34.774900  − 55.225700 4 Hap 17 (4: 
SPDAR304-13-mI, 
SPDAR305-13-fI, 
SPDAR306-13-mI, 
SPDAR307-13-fI)

Piedras de Afilar, 
Canelones,  
Uruguay

17  − 34.728889  − 55.512778 1 Hap 1 (1:MG3-fI) A1 (2:MG3-fI) Hap 21 (1:MG3-fI)

Lomas de Araminda, 
Canelones,  
Uruguay

18  − 34.767361  − 55.553640 5 Hap 17 (4:MG14-fI, 
SPDAR297-13-mI, 
SPDAR299-13-fI, 
SPDAR300-13-mI)

Hap 22 (1:SPDAR298-
13-fI)

Parque Lecocq,  
Montevideo,  
Uruguay

19  − 34.795000  − 56.332778 2 Hap 15 (1:MG18-mI)
Hap 17 (1:MG17-fI)

Ascochinga, 
Córdoba, Argentina

20  − 30.964700  − 64.278800 3 Hap 7 (1:SPDAR316-13-mII) A8 (1:SPDAR316-
13-mII)

A9 (1:SPDAR316-
13-mII)

Hap 2 (3:SPDAR316-
13-mII, SPDAR317-
13-fII, SPDAR318-
13-fII)

Tanti, Córdoba,  
Argentina

21  − 31.356700  − 64.587500 1 Hap 2 (1:SPDAR308-
13-fII)

Almafuerte, 
Córdoba, Argentina

22  − 32.189200  − 64.255200 3 Hap 9 (1:SPDAR319-
13-fII)

Hap 10 (1:SPDAR321-
13-mII)

Hap 12 (1:SPDAR320-
13-fII)

Reserva Nat. Gral. 
San Martín, 
Córdoba, Argentina

23  − 31.360200  − 64.265800 1 Hap 3 (1:SPDAR309-13-fII) A8 (2:SPDAR309-
13-fII)

Hap 2 (1:SPDAR309-
13-fII)

Santa Fé, Argentina 24  − 29.441000  − 60.385000 1 Hap 3 (1:SPDAR925-15-fII) A8 (1:SPDAR925-
15-fII)

A10 (1:SPDAR925-
15-fII)

Hap 2 (1:SPDAR925-
15-fII)

Parque Nacional El  
Palmar, Entre Ríos,  
Argentina

25  − 31.884252  − 58.261611 1 Hap 8 (1:SPDAR340-14-mII) A4 (1:SPDAR340-
14-mII)

A11 (1:SPDAR340-
14-mII)

Hap 11(1:SPDAR340-
14-mII)
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for the analyses were selected following the STACEY pack-
age documentation (Jones, 2014).

Estimation of lineage divergence times

Lineage ages were estimated in *BEAST including both 
mitochondrial and nuclear genes of A. lagotis. The analyses 
were carried out using independent parameter models for 
each gene fragment but linking the mitochondrial trees. A 
Yule speciation process and a strict molecular clock model 
were specified as priors. We set a normal prior distribution 
for the substitution rates using the rate estimation described 
in Piacentini and Ramírez (2019) and Bidegaray-Batista and 
Arnedo (2011). Two independent runs of 10 million genera-
tions, sampling every 1000 generations, were carried out. 
The convergence and mixing between the runs were checked 
with Tracer v1.7.1. The results of the runs were combined 
with LogCombiner v2.6.3 (10% burn-in), and the informa-
tion of the trees was summarized with TreeAnnotator v2.6.3.

Comparisons between climatic requirements

We used niche similarity test implemented in ecospat (Di 
Cola et al., 2017) in order to estimate and compare climatic 
requirements of the main lineages recovered in the molecu-
lar species delimitation analyses. To compare each form 
requires at least having more records than ecological vari-
ables considered. All the comparisons were done in two dif-
ferent ways: considering the annual climatic requirements of 
both forms and only considering those corresponding with 
their sexual activity. First, we estimated and compared cli-
matic requirements considering annual climatic variables, 
which correspond to the climatic requirements that each 
form needs to subsist throughout the year. Second, to com-
pare the climatic requirements of sexual periods, the esti-
mations were based on monthly variables, considering for 
each form only those months of sexual activity. The sexual 
periods considered were March to May for the Form I and 
September to December for Form II (González et al., 2014).

Fig. 2  Map showing the sampling localities for genetic and ecologi-
cal niche analyses of A. lagotis. Sampled locations are indicated by 
colored symbols according to the identification of the individuals 

(green circle: Form I, orange triangle: Form II). Symbols with black 
border denote the sampling localities used for the genetic analyses 
and are numbered as in Table 1
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Geographic information

The geographical sources of records of A. lagotis used to 
define the climatic requirements characterization included 
the following: (i) records obtained during field work of 
the authors and colleagues from Uruguay and Argentina, 
including the localities sampled for the molecular analyses; 
(ii) records from the arachnological collection of Facultad 
de Ciencias, Universidad de la República (Montevideo, 
Uruguay); and (iii) records published in Piacentini (2011) 
(Fig. 2; Table S1). These records were mapped using Quan-
tum GIS software (Quantum GIS Development Team, 2020). 
The complete database encompasses 114 records: 59 pres-
ence records from Form I and 55 presence records from 
Form II (27 Form IIa and 28 Form IIb, see below the spe-
cies delimitation results). Given the great importance of the 
geographic background in this kind of analyses (Barve et al., 
2011), the niche for each climatic background was calculated 
as the 50-km buffer zone of those ecoregions containing at 
least one record of the species (sensu Olson et al., 2001).

Environmental variables

From the total set of seven monthly climatic variables (maxi-
mum, minimum and average temperature, precipitation, 
solar radiation, wind speed, water vapour pressure) available 
in Worldclim v2 (Fick & Hijmans, 2017), we selected four 
of them with low correlation (r Pearson < 0.7). Variables 
were downloaded at a spatial resolution of 2.5 arc-min. The 
selected variables were as follows: (1) maximum temper-
ature (°C); (2) precipitation (mm); (3) solar radiation (kJ 
 m−2  day−1); (4) wind speed (m  s−1). With these layers, we 
generated two set of variables according to both approaches 
(annual and sexual requirements) by averaging monthly lay-
ers of the year as follows: (i) for the annual approach, we 
calculated the average layer of the layers corresponding to 
each month of the year; (ii) for the sexual approach, each 
average layer was calculated considering only those months 
of sexual activity for each form, in which females and males 
are present (copulations occurrence period; González et al., 
2014).

Niche similarity analyses

We analyzed the niche overlap of the main lineages based on 
the similarity tests presented by Broennimann et al. (2012) 
and available in the ecospat package, which assess niche 
difference against null model niches taken randomly within 
a given background area. We compared the niche overlap 
between Form Ia with Form IIa and IIb and between Form 
IIa and IIb. We did not include the comparison between 
Form Ia and Form Ib because of methodological limitations, 
as the comparisons require at least more records than the 

ecological variables considered in the study and we only 
have records of individuals of Form Ib for three localities 
(and worked with four ecological variables) where fur-
thermore members of Form Ia are also present. The niche 
similarity test was performed in order to assess whether the 
niches are more similar than expected by chance through 100 
random shifts of the niches within the available conditions 
for each lineage. First, we built a PCA based on the climatic 
variables within the environmental range defined for the 
study area and characterized the environmental space, within 
which we compared the lineages previously detected with 
the molecular species delimitation analyses. We projected 
the PCA scores of each lineage onto a grid of 100 × 100 
cells, bounded by the minimum and maximum PCA scores 
in the study areas. The overlap between the niches was cal-
culated using Schoener’s D and Hellinger’s I metrics, both 
ranging from 0 (no overlap between niches) to 1 (complete 
overlap; see Broennimann et al., 2012 for details). As stated, 
based on our goals, we calculated all these indexes consid-
ering the annual climatic requirements and the sexual ones. 
R-Scripts used are shown in Table S4.

Results

Morphological identification

We examined 85 specimens from MACN collection from the 
Argentinian provinces of Chaco, Córdoba, Corrientes, Entre 
Ríos, Jujuy, La Rioja, Santa Fé, and Tucumán and from the 
provinces of Canelones, Río Negro, San José, and Soriano 
in Uruguay. All the specimens of Form I were from Uruguay 
(N = 24). Specimens identified as Form II, at least follow-
ing coloration patterns, were found in Uruguay (N = 6) and 
Argentina (N = 55) (Table S2). On the iNaturalist platform, 
we found 175 records, of which in 105, the dorsal views of 
the abdomen were clearly visible. Only two records showed 
the typical pattern of Form I and were from Maldonado and 
Canelones in Uruguay; the other 103 records showed the pat-
tern associated with Form II (Table S3). From the material 
collected to carry out the molecular analyses, 39 were identi-
fied as belonging to Form I and 40 as belonging to Form II.

Sequence information

We sequenced gene fragments of 54 adult individuals of 
A. lagotis from 17 localities and two individuals of A. cas-
taneus from two localities (Fig. 2; Table 1). Additionally, 
we included the information of 25 cox1 sequences of A. 
lagotis available in the BoldSystems database (SPDAR297-
13 to SPDAR310-13, SPDAR312-13 to SPDAR314-13, 
SPDAR316-13 to SPDAR321-13, SPDAR340-14 and 
SPDAR925-15). We obtained 38 sequences from a short 
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fragment of the mitochondrial cox1 gene (ON128450 to 
ON128487), 24 sequences from a long fragment of the 
mitochondrial cox1 gene (ON128488 to ON128511), 12S 
(ON149515 to ON149538) and 16S + L1 + nad1 (ON136032 
to ON136055) mitochondrial genes, and 21 sequences 
of the nuclear intron tif5A (ON136056 to ON13607) 
(Table 1). The alignments of the cox1 long fragment, 12S 
and 16S + L1 + nad1 yielded 1218 characters, 264 and 685, 
respectively. The concatenation of the mitochondrial gene 
fragments of 24 individuals yielded a combined matrix of 
2167 characters (including the outgroup). The alignment 
of the cox1 short fragment from 79 individuals yielded a 
matrix of 655 characters. We constructed two matrices to 
the aligned sequences of the nuclear intron tif5A: (i) one 
included 34 phased sequences and 389 characters and was 
used to infer the species trees, and (ii) the other included 42 
phased sequences and 286 characters, including two inform-
ative gaps recorded as absence/presence, and was used to 
construct the haplotype network.

Phylogenetic inferences, species delimitation, 
and lineage age estimation

The best partition scheme and substitution model for each 
partition selected by PartitionFinder2 were as follows: 
K81UF + I for cox1 and TIM + I for 12S + 16S-L1-nad1. 
Bayesian inference and maximum likelihood analyses 
conducted on the concatenated mitochondrial gene tree 
converged on an identical topology (Fig. 3). Four well-
supported clades were recognized in both BI and ML gene 
trees: the Form Ia clade included nine individuals previously 
identified as Form I from Uruguay (localities 1, 8–11, 13, 
17, 18), the Form IIa clade included four individuals previ-
ously identified as Form II from Uruguay (localities 5, 9, 
10), the Form Ib clade included three individuals previously 
identified as Form I from Uruguay (localities 6, 13, 10), 
and the Form IIb clade included six individuals previously 
identified as Form II, four from Argentina (localities 20,  
23, 24, 25) and two from the localities 8 and 12 near the 
Uruguayan River in Uruguay. The clades Form Ia and Form 
IIa appear as sister groups with high support for both ML 
and BI analyses, and the clades Form Ib and Form IIb appear 
as sister groups in both analyses but with high support only 
for ML analyses (Fig. 3).

The allele network from the nuclear intron tif5A showed 
22 alleles connected by 1 to 6 mutational steps (Fig. 4). The 
A2, A8, and A12 alleles were the most frequent. Allele 12 
was found in individuals identified as Form I and was con-
nected by few mutational steps with the alleles found in the 
remaining Form I individuals (i.e., either from the Form Ia 
or Form Ib clades of the concatenated mitochondrial tree). 
A2 allele was found in almost all Form II individuals from 
Uruguay (i.e., corresponding to the Form IIa clade of the 

concatenated mitochondrial tree) and is connected by few 
mutational steps with alleles of the Form I individuals. A8 
allele was found in Form II individuals from Argentina and 
is closely connected with the remaining alleles of the Form 
II from Argentina and from two localities near the Uru-
guayan River in Uruguay (i.e., corresponding to the Form 
IIb clade of the concatenated mitochondrial tree). The dif-
ferences among Form I, Form IIb, and Form IIa included 
two informative gaps (recoded in the network as absence/
presence). Those gaps that represent indels (insertions/dele-
tions) in the alignment were exclusive to each lineage. One 
includes three base pairs (positions 294–296) that are absent 
in all individuals of Form IIa, and the other includes one 
base pair (position 286) that is absent in all the individu-
als of Form IIb. Those four base pairs are present in all the 
individuals of Form I.

The concatenated mitochondrial network (cox1 + 12S +  
16S + L1 + nad1) and cox1 network showed the main mito-
chondrial clades as described in the phylogenetic results of 
the concatenated mitochondrial gene tree (Figs. S1, S2). In 
both networks, fewer mutational steps connected the haplo-
types of each main mitochondrial clade than between clades. 
However, in the concatenated mitochondrial network, the 
position of the Form Ib clade is connected with the Form 
Ia clade instead of with the Form IIb clade. The cox1 mito-
chondrial network included more individuals covering a 
wider distribution range and showed that all haplotypes from 
individuals of Argentina and some individuals from locali-
ties near the Uruguayan River in Uruguay (Hap_1, Hap_2, 
Hap_8, Hap_9, Hap_10, Hap_11 and Hap_12) belong to the 
Form IIb clade (Fig. S2). The remaining haplotypes were 
found in individuals from Uruguay and belong to the other 
clades.

The species delimitation analyses conducted with STA-
CEY recovered that the number of species with the 95% 
highest posterior density (HPD) ranged from 3 to 7, with a 
median of 4 clusters (Fig. S3). The highest posterior proba-
bility (HPP) of clustering recognized 4 clusters (PP = 0.27), 
which include the following: (i) Form IIa clade, (ii) Form 
IIb clade, (iii) Form I clade (Ia + Ib), and (iv) the individual 
AlagNK52, included in the Form Ib clade of the mitochon-
drial analyses. The second HPP clustering recognized 3 
clusters (PP = 0.12) that merge the individual AlagNK52 
in a clade grouping all the individuals identified as Form 
I (i.e., Form Ia and Ib clades). A rerun of STACEY, in 
which individuals were associated with minimal clusters 
recovered in the first run, was performed. The same 4 clus-
ters described above were recovered with a PP = 0.98. The 
clustering agrees with the results of ecological niche com-
parisons (see below), except for the individual AlagNK52 
from Uruguay (locality 6; Fig. 2).

The species-tree analyses obtained with *BEAST 
resulted in a different topology to the ones reported for the 
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concatenated mitochondrial analysis (Fig. 5). The species 
tree recovered a close relationship among the individuals 
of the Form I (Form Ia + Ib clades and AlagNK52), which 

were in turn the sister group of the Form IIa clade. The 
Form IIb clade was shown as sister to the other clades. The 
lineage age estimation obtained under the time-calibrated 

Fig. 3  Maximum likelihood (ML) concatenated mitochondrial gene 
tree of A. lagotis. Bars on branches denote clade support from ML 
(left) and Bayesian Inference (right). Black bar indicates clade sup-
ported by ML bootstrap (> 70%) and Bayesian posterior probabilities 
(pp > 0.95), and gray bar indicates clade recovered but with support 
below the threshold values. The main mitochondrial lineages colors 

correspond to the identification of the individuals as explained in the 
material and methods section (i.e., Form I or Form I;, see Fig. 1) and 
match those of the localities in the map (Fig. 2). The two slash in the 
root indicate that the outgroup (A. castaneus) has been trimmed from 
the tree
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species tree revealed that the time of the most recent com-
mon ancestor (TMRCA) of the sampled A. lagotis indi-
viduals trace back to the Pleistocene (~ 2 Ma) and the 
TMRCA of the Forms I was dated at < 1 Ma (Fig. 5).

Genetic diversity

The average genetic distances (p-distance) among the 
four main mitochondrial clades for the concatenated 
cox1 + 12S + 16S + L1 + nad1 genes were from 1.5 to 3.6% 
(Table S5). The p-distance among the main clades for the 
nuclear intron tif5A (considering the Form I clades together; 
see Fig. 4) was from 1.1 to 3.3% (Table S5). The greater 
distances were between the Form IIb clade and the rest (i.e., 
Form IIa clade and Form I a + b clades) (Table S5). Intra 
clade genetic distances are also shown in Table S5. The 
nucleotide diversity was 0.020 for the concatenated mito-
chondrial genes and 0.019 for the nuclear intron tif5A. The 
haplotype diversity for the concatenated mitochondrial genes 
was 0.957, and the allelic diversity for tif5A was 0.928.

Climatic requirements comparisons

The comparisons between climatic niches performed by 
the similarity test analysis showed a high overlap between 
the annual set of variables of Form I and Form IIa clades 
(D = 0.55, I = 0.73), suggesting that niches are more similar 

than what expected under a null model (p = 0.01; Fig. 6A). At 
the same time, the similarity test analysis showed low over-
lap between niches of Form I and Form IIb clades (D = 0.08, 
I = 0.12) and between niches of Form IIa and Form IIb clades 
(D = 0.02, I = 0.03), further suggesting that niches are not more 
similar than what expected under a null model (p = 1.00 and 
p = 0.61, respectively) (Fig. 6B and C). Also, comparisons 
performed with the sexual climatic niches showed little or no 
niche overlap between all the three clades: Form I and Form 
IIa clades (D = 0.00, I = − 2.22E−16), Form I and Form IIb 
clades (D = 0.00, I = − 2.22E−16), and, more attenuated, Form 
IIa and Form IIb clades (D = 0.04, I = 0.08), suggesting that 
sexual niches are not more similar than that expected under 
a null model (p = 1.00, p = 1, p = 0.31, respectively) (Fig. 6A, 
B, and C). Likewise, each individual variable composing the 
niche showed a low general overlap when niches were com-
pared annually, turning almost to an inexistent overlapping 
when the comparison took into account sexual periods of 
activity (sexual climatic niche; Fig. 6).

Discussion

More than one species within Aglaoctenus lagotis

In this study, the integration of molecular phylogenetic 
delimitation and macroecological modeling analyses 

Fig. 4  Statistical parsimony network of tif5A alleles of A. lagotis. 
Colors of the pie plots correspond to the identifications of the individ-
uals as in Figs. 1 and 2. The asterisks denote alleles that were present 

in the individuals that correspond to the Form Ib clade of the concat-
enated mitochondrial tree (see Fig. 3)
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support the hypothesis that there is more than one lineage 
inside what is currently defined as Aglaoctenus lagotis. 
These main lineages, referred here as Form I (in Uruguay), 
Form IIa (in Uruguay), and Form IIb (in Argentina and in 
the Uruguayan west coast bordering Argentina), may cor-
respond to new species at present hidden within A. lagotis.

While the ML and BI conducted on the concatenated 
mitochondrial gene tree recognized four clades, with the 
Form I appearing divided in two groups (Form Ia and Ib) 
(see Fig. 3 and Fig. S2), the multilocus Bayesian analyses 
recovered three main lineages and show a close relation-
ship among all individuals previously identified as Form 
I (see Fig. 5). This close relationship is also recovered in 
the allele network of the nuclear intron tif5A (see Fig. 4 
and Fig. S1). Additionally, these three groups (Form I, 
Form IIa and Form IIb) show differences in their ecologi-
cal niches. All of them differ in their sexual niches, which 
means that climatic variables analyzed are different for 
the forms during the mating period, although a greater 
similarity appears between Forms IIa and IIb. However, 
these two forms differ in their annual niche. At the same 

time, the sexual niches of Form I and Form IIa, which can 
be found in sympatry, significantly differ, but their annual 
niches are similar. Finally, Form I and Form IIb differ in 
both ecological types of niches (see Fig. 6). Overall, a 
non-overlapping of lineages at the sexual and/or annual 
ecological niche level is pointed out.

The fact that unlinked gene trees can be different and 
not necessarily congruent with the species trees (Fig. 5) is 
well described and can be explained by different process 
such as introgression, incomplete lineage sorting, horizon-
tal gene transfer, gene duplication, sex-biased behaviors, 
and selective sweeps (Avise, 2009; Edwards, 2009; Ivanov 
et  al., 2018; Maddison, 1997). Specifically, differences 
as the recovered in this study, between mitochondrial and 
nuclear markers (i.e., maternal vs. biparental inheritance, 
respectively), are very common (Avise, 2009; Ballard & 
Whitlock, 2004; Hare, 2001) and have been reported in sev-
eral taxa, such as spiders (Bidegaray-Batista et al., 2016; 
Chang et al., 2007; Doménech et al., 2020; Ivanov et al., 
2018; Peres et al., 2015), insects (Gómez-Zurita & Vogler, 
2003; Mastrantonio et al., 2016), newts (Milá et al., 2010), 

Fig. 5  Species tree and chronogram inferred from mitochondrial 
genes (cox1, 12S, and 16S + L1 + nad1) and the nuclear intron tif5A 
with *BEAST under partition scheme by gene and strict clock. Num-
bers above branches denote Bayesian posterior probabilities clade 

support and below branches indicate node ages and in brackets their 
95% HPD interval. Colors correspond to the identifications of the 
individuals as in Figs. 1 and 2. The names of clades denote main line-
ages identified in the concatenated mitochondrial gene tree
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Fig. 6  Annual and sexual niches 
overlap comparisons between 
the three forms of A. lagotis: 
A comparisons between Form 
I and Form IIa (annual niche 
above, sexual niche below);  
B comparisons between Form 
I and Form IIb (annual niche 
above, sexual niche below);  
C comparisons between Form 
IIb and Form IIa (annual niche 
above, sexual niche below).  
The overlap is represented 
along two principal component 
analysis (PCA) calibrated axes, 
the solid and dashed contour 
lines illustrate 100% and 50%, 
respectively, of the available 
(background) environment. 
Color shading represents the 
density of the occurrences by 
cell. The similarity tests between 
the compared forms were calcu-
lated from 100 iterations
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and birds (Zhang et al., 2019), among others. In this study, 
the differences found might be due events of past introgres-
sion since some individuals (e.g., AlagNK52) were sampled 
in localities where Form I, Form IIb and Form IIa could 
coexist. However, we cannot rule out the incomplete line-
age sorting, which is particularly expected in close related 
species with recent divergence times, as reported here for 
A. lagotis (the TMRCA is ~ 2 Ma). This kind of process is 
taken into account by the multispecies coalescent inference 
methods used in this study (i.e., Heled & Drummond, 2010; 
Jones, 2017).

Interestingly, individuals recognized phenotypically as 
Form II appear in two lineages (Form IIa and IIb) that are not 
sister groups in the species tree (see Fig. 5). Furthermore, 
we did not find an overlap between both lineages neither in 
their sexual nor in their annual climatic requirements. Based 
on the localities sampled in our study, these forms appear to 
have a parapatric distribution, and the Form IIa appears to 
be associated with shrubs and trees in natural forests, while 
Form IIb appears to be also present in grasslands (based on 
González et al., 2014, 2015b). Our results, together with the 
reports of Macrini et al. (2015) and Fontes (2016), raise the 
need for a greater number of studies on what today we call 
A. lagotis, which has a very wide distribution and probably 
contains more than one cryptic species, if we consider that 
the detection of these lineages have occurred only having 
studied part of the total distribution of “A. lagotis.” While 
as we mentioned above, differences between Form I and 
Form IIb had been pointed out in several previous stud-
ies, the existence of two cryptic lineages inside which was 
named as “Form II” was first detected in this study. Likely, 
differences were not detected in previous behavioral studies 
because the vast majority of the studies were carried out 
with individuals from what is now called Form IIb and Form 
I, but not between individuals from Form IIa and Form IIb. 
However, sexual studies with individuals from the locality 
14 (Lavalleja, Uruguay), where Form IIa and I are sympat-
ric, point out that the phenology of Form IIa is very similar, 
if not identical, to that reported for Argentinian individuals 
of Form IIb. And similarities also persist in relation to the 
sexual repertoire (González, pers. obs). Given our present 
results, these differences and similarities between both Form 
II deserve a more detailed study focusing on differences in 
other traits, as those already detected in molecular, sexual, 
and annual niches and microhabitat levels.

The differences reported between Form I and Form 
IIb are reaffirmed in the present study, but had also been 
detected previously based on other traits. González et al. 
(2013) showed differences in behavioral patterns of court-
ship and copulation durations. In addition, González et al. 
(2014) found differences in body coloration patterns (in 
adults and subadults), and the genitalia of males showed 
discrete differences in the median apophysis (González, 

2015; González et al., 2015b). Additionally, sexual encoun-
ters between the Form I and Form IIb (in the laboratory 
and the field) strongly suggest a reproductive isolation 
between them (González et al., 2015b). Finally, the analy-
sis of the microhabitats demonstrated that individuals of 
Form I occupy open areas as grasslands and the herba-
ceous stratus, while Form IIb can also occupy close areas 
and higher strata (González et al., 2014, 2015b). Another 
source of evidence that supports these differences is the 
distribution, clearly delimited in Form I, as was shown 
analyzing the material from the MACN collection and the 
images deposited in the iNaturalist digital platform. This 
material shows that the distribution of Form I is restricted 
to Uruguay. As we mentioned above, Form I and Form IIa 
are mostly sympatric (except for a southern area of Uru-
guay where we have only found the Form I until today), but 
always maintain different microhabitats. Additionally, their 
annual niches are similar but not the sexual niches. Since 
there was no overlap in the sexual niches or heterozygous 
individuals for the nuclear intron tif5A, it would appear that 
there is no gene flow between these two lineages (which 
could be consistent with the existing phenotypic differences 
between them). Therefore, mentioned characteristics of the 
somatic and genital morphology allow to clearly recognizing 
Form I and, together with the phenological, behavioral, and 
genetic characteristics mentioned, are enough to recognize 
this group as a different species. Other species of typical 
wandering lycosids of the Schizocosa genus (S. crassipes 
(Walckenaer, 1837), S. ocreata (Hentz, 1844), S. rovneri 
Uetz & Dondale, 1979, S. duplex Chamberlin, 1925, S. uetzi 
Stratton, 1997 and S. stridulans Stratton, 1984) have also 
shown differences in their sexual behavior and morphologi-
cal structures, accompanying genetic differences (Hebets & 
Uetz, 1999; Miller et al., 1998; Stratton & Uetz, 1986). In 
web, lycosids of the Sosippus genus (S. floridanus Simon, 
1898 and S. placidus Brady, 1972) from North and Central 
America have also been reported similar scenarios (Hodge 
& Marshall, 2018).

Recent origin and diversification

Our results show a recent origin of the sampled individuals 
of A. lagotis, with diversification times that trace back to the 
Early to Middle Pleistocene (~ 2 to 0.7 Ma). According to 
Turchetto-Zolet et al. (2013), several South American taxa 
underwent demographic and lineage splitting events that are 
related with Pleistocene climatic changes. These processes 
have also been reported in recent studies in spiders (Bartoleti 
et al., 2017, 2018; Campón et al., 2021; Peres et al., 2015; 
Postiglioni et al., 2019).

Specifically, during the Pleistocene, there were many 
changes in the sea level, where there were very large areas 
under water, with which many animals of Argentina and 
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Uruguay would be isolated and reconnected again many 
times (Campón et al., 2021; Langone et al., 2016; Villamil 
et al., 2019). This scenario might explain the main split 
between Form IIb and the ancestral lineage of Forms I and 
Form IIa. Both Form I and Form IIa show restricted distri-
butions, until now only reported for Uruguay. A plausible 
explanation could be that the large rivers function as barri-
ers, as has been reported many times for other animals in the 
River Plate basin (Kopuchian et al., 2020; Marquez et al., 
2006). Currently, the Uruguay River would be functioning 
in a similar way and would mainly affect the Form I, prob-
ably because it lives in grasslands and, conversely, coasts of 
the Plata River are generally shrubbier. The only form found 
on both sides of the River is Form IIb, but only found in the 
coastal zone of Uruguay, on the border with Argentina. In 
relation with the northern limit of Form I, it may have been 
distributed in southern Brazil, considering that until the late 
Holocene, that area was grassland, but now it is araucaria 
forests (Behling, 2002). These consequences of isolation and 
re-connection related with sea levels and climatic shifts have 
been already reported as causes of speciation process in web 
lycosids from North America (Hodge & Marshall, 2018).

Additionally, in Uruguay, the most southern area of the 
distribution, the climatic conditions, and the increase of 
grasslands from the Late Pleistocene (Behling, 2002; Ubilla 
et al., 2004) could have favored the success of Form I. As 
we mentioned above, this form is associated with open areas 
of grasslands and with a sexual period similar to other typi-
cal lycosids that inhabit similar areas (Costa & Simó, 2014). 
The hard conditions of being sedentary and going through 
the winter in open areas could be related to completely sep-
arating the sexual period from the egg sac and spiderlings 
period, something that does not occur in closed areas of 
natural forests with shrubs and trees. Moreover, as most 
differences encountered between the Forms (I and IIa) in 
relation to ecological niches exist between the sexual ones, 
these ones could be the efficient barrier to isolate them, 
even in a recent scenario of divergence as it appears in our 
analyses (~ 1 Ma; see Fig. 5). This allochrony in sexual 
periods, in other words, the impossibility of encountering 
between the different groups during matings, may have 
functioned as a quick reproductive barrier between these 
forms. The phenology assigned to Form IIa and Form IIb, 
with sexual period mainly during spring and immediately 
followed by the eggsac and spiderlings season, is the com-
mon pattern for spiders in Central and Northern Argentina 
and Southern and Central Brazil (Sordi, 1996) and is the 
most common for temperate zone spiders (Foelix, 2011). 
This trend is also observed in other arachnids such as most 
scorpions (Peretti, 1997; Polis, 1990; Toscano-Gadea, 
2002) and harvestmen (Machado & Macías-Ordóñez, 2007; 
Toscano-Gadea & Simó, 2004). However, in Uruguay, the 
phenology reported in Form I, with an autumnal sexual 

period and a mainly period of egg sac and spiderlings dur-
ing the spring, has been found in other spider species, such 
as the anyphaenid Sanogasta backhauseni (Simon, 1895), 
the caponid Caponina notabilis (Mello-Leitão, 1939), and 
the lycosid Schizocosa malitiosa (Tullgren, 1905) (Costa 
& Simó, 2014).

At the same time, it is fair to say that with this study, 
we could not discard sympatric speciation as another pro-
cess involved, especially explaining isolation between 
Form I and Form IIa. These closely related forms appear 
to differ in sexual behavior and body coloration pattern 
of their members (females and males) (González et al., 
2015a, b; González pers. obs.). This differentiation could 
have evolved driven by sexual selection, as has been 
reported for other spiders (e.g., Barth & Schmitt, 1991; 
Masta & Maddison, 2002), although in this case, the anal-
yses of the mitochondrial genes together with the nuclear 
one also showed genetic differentiation (Fig. 5; Fig. S3). 
In other wolf spiders supposed to be recently isolated by 
sexual selection, as Pardosa European species, the mito-
chondrial genes show very low differentiation (Astrin 
et al., 2016). Another possible scenario between these 
two forms is the occurrence of microallopatry, consider-
ing that both of them are biogeographically sympatric 
but occupy niches that are spatially exclusive (Fitzpatrick 
et al., 2008). Comparing potential ecological niches in 
the past of Form I and Form IIa will be very valuable 
to clarify which scenario underlies their differentiation.

Future perspectives

Although a formal description of the species is beyond 
the scope of this paper, future studies for its determina-
tion will be of great value. The holotypes of the proposed 
junior synonyms for A. lagotis should be reviewed in 
order to evaluate the presence of the diagnostic charac-
ters of the Form I and II. However, a problem related to 
this is the absence of type material of A. lagotis, added 
to the fact that several of the junior synonyms of A. lago-
tis have been described based on juveniles (Santos & 
Brescovit, 2001). Future studies resolving these prob-
lems and formally describing this new species will be 
valuable to advance in the taxonomic challenges of this 
spider family. Also, a phylogenomic approach from the 
whole geographic range of individuals that fit with the 
actual taxonomic concept of A. lagotis is a key aspect 
to species delimitation and to understand the underly-
ing processes that shape their diversification. To clarify 
the scenario especially in the three forms’ sympatric area 
and to assess if there is introgression among the forms, 
a further study will be required, including a thorough 
sampling and genomic data such as single nucleotide 
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polymorphisms (SNPs). Additionally, it is necessary to 
study the two Forms II discovered in this study, searching 
other traits (as sexual behavior and morphological struc-
tures) to understand how divergence process are acting 
to maintain both forms isolated, even in sympatry and 
with several morphological similarities. These mentioned 
studies become even more essential if we strive to clarify 
the already mentioned conservation issues of this species. 
Currently, the different lineages reported here (Form I 
and Form IIa) are considered as a unique species in the 
priority list of arachnids from Uruguay (Ghione et al., 
2017). That is why solving these topics is so important, 
in order to take into account each form as independent 
evolving lineages to design appropriate conservation 
policies. Further studies of Form I and Form IIa, related 
with population structure, dispersal capacity, and species 
distribution models appear really promising in order to 
have a more complete idea about the evolutionary history 
and conservation situation of the species that inhabit in 
sympatry in their southernmost distribution.

Conclusions

Based on different sources of information, our findings sup-
port the existence of more than one lineage inside what is 
nowadays Aglaoctenus lagotis, defined here as Form I, Form 
IIa, and Form IIb. Form I appears restricted to Uruguay and 
closely related and sympatric with Form IIa, whereas Form 
IIb locates in Argentina and in the Uruguayan west coast, 
generating a sympatric area of the three forms. The three 
forms also show differences in the ecological niches. Our 
study sets a framework for further studies in this group in 
order to shed light on the evolutionary history and conserva-
tion of the species.
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