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are all qualitative in nature, such as relative length and 
shape, with no quantitative way to distinguish similar spe-
cies from each other (Bond et al., 2012).

Ocular patterns are commonly used to identify spiders in 
most families as there is a vast amount of diversity (Crews, 
2011; Polotow & Brescovit, 2014). The size and arrange-
ment of these eyes are generally used. For this the standard 
measurements tend to be eye diameter across the lens, inter-
eye distances and the arrangement of the different eye pairs 
(Crews, 2011). Eye patterns are particularly useful at the 
family level within the araneomorphs which show a signifi-
cantly higher degree of morphological variation than the 
mygalomorphs. (Crews, 2011; Polotow & Brescovit, 2014). 
Stasimopidae typically have eight eyes, the Anterior Median 
eyes (AME) are known as the ‘principal’ eyes, with the other 
eyes (Anterior Lateral (ALE), Posterior Median (PME) and 
Posterior Lateral (PLE) known as ‘secondary’ eyes (Fig. 1). 
Principal and secondary eyes differ extensively in terms 
of development, structure and function (Morehouse et al., 
2017). Ocular patterns are often included in species descrip-
tions of Stasimopus where they are considered diagnostic 
(Engelbrecht & Prendini, 2011; Hendrixson & Bond, 2004; 
Hewitt, 1910; Pocock, 1902). It has however never been 

Introduction

The taxonomic placement of Stasimopus, like other myga-
lomorph spiders, has historically been based on morpho-
logical characters. This can however be confounding as 
organisms may be cryptic morphologically, display high 
levels of homoplasy or the characters used to describe them 
may be vague, indiscriminate and subjective. The characters 
which are often used to describe mygalomorph species are: 
the shape of the carapace and fovea; sternum shape and the 
position of the sigilla; ocular patterns; chelicerae, rastellum 
and cuspules; the relative leg lengths and spination patterns; 
the pedipalp shape and relative length to the first legs; the 
spinnerets; and genitalia (Engelbrecht & Prendini, 2012; 
Jocque & Dippenaar-Schoeman, 2007). These characters 
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tested for phylogenetic signal, thus there is no hard evidence 
that the trait is driven by heritable change and evolution. 
Phylogenetic signal is based on the observation that closely 
related species tend to have similar morphological traits and 
without phylogenetic signal, these traits should not be used 
to identify nor describe species (Adams, 2014b; Hendrixson 
& Bond, 2009).

Engelbrecht and Prendini (2012) used ocular patterns 
and described the distance of the anterior ocelli from the 
carapace margin, the curvature of the anterior and posterior 

ocular rows as well as the eye sizes relative to each other. 
This is a step forward in using ocular patterns as an identi-
fiable character for Stasimopus, but is not specific enough 
for the fine scale variation which exists between the spe-
cies. The morphological differences between the species of 
the genus are subtle, making the evolutionary adaptations 
that would have driven these differences difficult to detect. 
In having a better understanding of what the differences in 
the ocular patterns are across the genus, we may be able to 
make better predictions about the differing environmental 

Fig. 1 Map of the type localities and general localities of the specimens 
analysed. The localities are coloured according to the species found 
there. Numbered markers indicate type localities, unnumbered mark-
ers are specimens collected in the Karoo and assigned to species. The 

various shapes indicated defined locality groupings (A-F) for analyses. 
(A) stars, (B) squares, (C) triangles, (D) circles, (E) hexagons, (F) dia-
monds. Map created in QGIS version 3.4.8-Madeira (2019), available 
at: http://qgis.osgeo.org
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pressures the species historically faced. In order to achieve 
this, a more quantitative methodology is required.

One solution to this is the implementation of geometric 
morphometric techniques. Morphometrics is a branch of 
comparative biology and statistics which finds methods of 
describing and quantifying variations of shape and relative 
size between organisms and the analyses make it possible to 
identify discrete patterns in continuous data (Hendrixson & 
Bond, 2009; Rohlf & Marcus, 1993; Zelditch et al., 2004c). 
Geometric morphometrics allows for the capturing of the 
entire structure being analysed in either two-dimensions or 
three-dimensions as coordinates of landmark points (Mit-
teroecker & Gunz, 2009; Rohlf & Marcus, 1993).

Morphometrics has been broadly applied to the Ara-
neae. However, these studies tend to focus on the genitalia, 
carapace and legs of different spiders to identify species or 
genera (Bond & Beamer, 2006; Costa-schmidt & de Araujo, 
2010; Fernández-Montraveta & Marugán-Lobón, 2017; 
Hendrixson & Bond, 2009; Prenter et al., 1995; Spaso-
jevic et al., 2016). To the best of our knowledge no study 
addressed the issue of the use of morphometrics to analyses 
ocular patterns in the Araneae.

We aim to fill this gap and address the following two 
related questions: First: can we detect evolutionary signal 
in the ocular pattern thereby making them useful and robust 
identifying traits. Second, to test the viability of applying 
geometric morphometrics to the ocular pattern of Stasimo-
pus species to determine their feasibility as quantitative 
characters to distinguish between morphospecies or possi-
bly species.

Methods and Materials

Specimen Selection

Specimens were selected to attempt to represent as much 
of the Stasimopus species diversity possible. Material was 
loaned from various national and international collections: 
Albany Museum (AMGS), Grahamstown, South Africa; 
The National Museum (NMBA), Bloemfontein, South 
Africa; Ditsong Museum of Natural History (TMSA), Pre-
toria, South Africa; Iziko Museum of Cape Town (SAMC), 
Cape Town, South Africa; Museum für Naturkunde (ZMB), 
Berlin, Germany; National Collection of Arachnida (NCA), 
Pretoria, South Africa. As far as possible only holotypes, 
allotypes and syntype series were used, as many of the Sta-
simopus identifications after this are incorrect or unvali-
dated. Specimens collected from the Karoo area of South 
Africa were included in some analyses in order to test if 
they could be allocated to the correct species (Specimens 
information is available in Table S1). GPS coordinates were 

omitted from Table S1, as the Karoo region is of conserva-
tion concern and the IUCN conservation statuses for Sta-
simopus species are completely known due to the lack of 
data. In total 35 of the 47 currently recognised Stasimopus 
species were represented between the two sexes (32 spe-
cies for the females; 20 species for the males) (World Spider 
Catalog, 2022). As well as nine previously undescribed spe-
cies which are currently undergoing description.

Specimens were also split into ‘morphospecies’ accord-
ing to the major biomes in South Africa (A-F in Fig. 1). 
Some species were also grouped due to known phylogenetic 
relationships.

Geometric Morphometric Data Capture

The top angle of the ocular pattern was photographed for 
123 females and 66 males belonging to various species 
of Stasimopus. The females were photographed using a 
Leica M 165 C stereomicroscope attached to Leica camera 
(DMC-2900), whereas males were photographed on a Zeiss 
Axio Zoom V16 with the Axiocam 512 color and stacked 
with ZEN 2.3 SPI (Blue Edition). Two different systems 
were required as the males have a steeper carapace and thus 
required an imaging system with a greater depth of field. All 
specimens were photographed on a petri dish of glass beads 
for ease of adjustment, to ensure similar angles in each pho-
tograph. The specimens were selected at random when pho-
tographed to ensure that there was no operational bias in the 
photography process. Operational bias in this context would 
arise from photographing specimens of the same species 
directly after one another, this would lead to the operator 
subconsciously detecting similarities in the positions of the 
specimens (Bakkes, 2017; Fruciano, 2016).

Once photographed all the images were compiled 
using tpsUtil v1.79 (Rohlf, 2015) and were imported to 
tpsDig v.2.31 (Rohlf, 2015) for digitisation. Thirty-two 
landmarks were selected to capture as much of the shape 
variation as possible as seen in Fig. 2. Landmarks in the 
context of geometric morphometrics are distinct loci which 
are homologous in location between different specimens 
(Rodriguez-Mendoza, 2013; Seetah, 2014; Zelditch et al., 
2004a). A list of operational definitions for each landmark 
are included in Table S2. The specimens were selected at 
random when digitising to ensure that there was no opera-
tional bias.

DNA Extraction, Sequencing and Alignment

Genomic DNA was extracted from the removed third right 
leg of each specimen. DNA extraction was performed using 
the Macherey-Nagel NucleoSpin® Tissue kit (Düren, Ger-
many) following the manufacturer’s instructions.

1 3

352



Evolutionary Biology (2023) 50:350–364

were precipitated using the standard protocol of sodium 
acetate and ethanol. All sequences generated were edited in 
CLC Bio Main Workbench Version 6.9 (http://www.clcbio.
com). All the sequences generated from the barcoding 
CO1 region will be submitted to the Barcode of life data-
base (BOLD). CO1 along with the other two gene regions 
were submitted to GenBank and the accession numbers are 
recorded in Table S1.

The CO1, 16 S and EF-1ɣ datasets were concatenated 
using FASconCAT v1.11 (Kück & Meusemann, 2010). The 
edited sequences for each gene region as well as the concat-
enated dataset, were aligned using MAFFT online (Katoh, 
2005; Katoh & Toh, 2008). The ‘Auto’ strategy for align-
ment was used in MAFFT, this inspects the direction of the 
sequences and adjust the alignment in correlation to the first 
sequence.

Phylogenetic Analyses

A dated phylogeny was produced using BEAST v1.8.4 
(Suchard et al., 2018). In order to determine the most appro-
priate fossil calibration points, numerous combinations were 
tested varying the fossil calibrations used. The final fossil 
calibration points used were as follows: the Hexathelidae 
fossil, Rosamygale grauvogely (Gresa-Voltzia formation, 
France, Triassic) (Dunlop et al., 2020; Opatova et al., 2020; 
Selden & Gall, 1992). Rosamygale grauvogely is thus, the 
first mygalomorph appearance in the fossil record, dating to 
250–240 MYA (Opatova et al., 2020). The Nemesiidae fos-
sil, Cretamygale chasei (Isle of Wight, Cretaceous) (Selden, 
2002), two Ctenizidae/Halonoproctidae fossils, Ummidia 
damzeni and U. malonowskii (both from Baltic amber, 
Palaeogene) (Wunderlich, 2000). Lastly, a fossil from the 
family Cyrtaucheniidae, Bolostromus destructus (Domini-
can amber, Neogene) (Dunlop et al., 2020; Wunderlich, 
1998). Each family was represented by available sequence 
data from GenBank for 16 S rRNA, cytochrome c oxidase 1 

Three gene regions were selected for sequencing to 
account for the differing mutational rate changes over time. 
These were ribosomal 16 S, mitochondrial cytochrome oxi-
dase 1 (CO1) and nuclear elongation factor 1 gamma (EF-
1ɣ). The rationale for selecting these three gene regions was 
that they allow for the maximisation of phylogenetically 
informative data at a very fine genetic scale (species level 
variation). Histone H3 (H3) was also sequenced but was 
found to not be phylogenetically informative at this level. 
The phylogenetic topologies of the three gene regions will 
show if the gene trees reflect the species tree by congruence 
(Doyle, 1992; Maddison, 1997).

Genomic DNA was amplified by polymerase chain reac-
tion (PCR) for the target genes using previously published 
primer sequences indicated in Table S3. Amplification mix-
tures were prepared to reach a final volume of 50 µL con-
taining: 2.5 mM MgCl2, 20 pmol of each primer, 10 mM 
dNTPs, 1 X PCR buffer, one unit of TaqDNApolymerase 
(Supertherm® DNA polymerase, Separation Scientific SA 
(Pty) Ltd, South Africa) or Emerald Amp®MAX HS PCR 
Mastermix (TAKARA BIO INC., Otsu, Shiga, Japan), for 
problematic samples as well as the EF-1ɣ gene region, in 
combination with 10–50 ng of extracted genomic DNA tem-
plate. The PCR cycling parameters performed for the CO1 
and 16 S gene regions can be viewed in Table S4, and the 
parameters for EF-1ɣ were as stated in Table S5. Purifica-
tion of the successful amplifications was done using the 
Macherey-Nagel NucleoSpin® Gel and PCR Clean-up kit 
(Düren, Germany) according to manufacturer’s specifica-
tions. Samples which presented double bands were gel 
purified following the manufacturer’s specifications. The 
BigDye® Terminator v3.1 Cycle Sequencing kit (Applied 
Biosystems, Foster City, USA) was used for the cycle 
sequence reactions in both sequence directions. Both direc-
tions are used as a precautionary measure as this is a fine 
scale study where the misreading of one base pair could 
impact results significantly. The cycle sequencing products 

Fig. 2 An illustration of the 
position of the landmarks used 
in the geometric morphometric 
analysis of Stasimopus ocular 
patterns. The 32 landmarks 
correspond with the landmark 
definitions given in Table S2. In 
all photographs, the specimen is 
positioned so that the chelicerae 
face the top of the image. The 
following shorthand notations 
are used; PLE: posterior lateral 
eye, PME: posterior median eye, 
ALE: anterior lateral eye and 
AME: anterior median eye
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(Zelditch et al., 2004b). This analysis produces the dis-
tances in three-dimensional space as well as the Procrustes 
distances which measure shape dissimilarity. An additional 
output of this analysis is the centroid size for each specimen 
photograph.

Determining Evolutionary Relationships

Phylogenetic signal was tested for the eye patterns of the 
various species which had available sequence data. Strong 
phylogenetic signal is present if specimens that are pheno-
typically more similar are more closely related than speci-
mens that are phenotypically more distinct (Adams, 2014b; 
Klingenberg & Gidaszewski, 2010). This is expected when 
organisms have experienced divergent evolution, but can be 
diluted by homoplasy due to convergence, parallel evolution 
and reversals (Klingenberg & Gidaszewski, 2010). Phylo-
genetic signal is tested with morphometric data, by mapping 
the shape data onto a known phylogeny. Permutations are 
then performed, simulating the null hypothesis of no phylo-
genetic structure by randomly assigning the various shapes 
to the terminal nodes of the phylogeny (Adams, 2014b; 
Klingenberg & Gidaszewski, 2010; Žikić et al., 2017). This 
was done for the male and female dataset of sequenced indi-
viduals. Phylogenetic signal was tested for average species 
shape. The phylogenetic signal testing conducted using the 
package ‘geomorph’ which is based on a Brownian motion 
evolutionary model. Brownian motion evolution assumes 
that the changes in one trait along the phylogeny is expected 
to have a value of zero and variance among species accumu-
lates proportional to time (Adams, 2014b). The statistic to 
measure phylogenetic signal by this method is Kmult, which 
is equal to one under Brownian motion. A value above one 
would imply that more closely related taxa have a morphol-
ogy in a particular trait which is more similar than expected 
under Brownian motion (Adams, 2014b). To account for 
phylogenetic uncertainty, Kmult was calculated of every tree 
of the posterior distribution of the afore mentioned BEAST 
run (Fruciano, 2016). This was done after discarding 25% of 
the trees as burn-in.

A Phylogenetic Generalised Least Squares (PGLS) was 
performed to test for evolutionary allometry in both sexes. 
Evolutionary allometry describes the covariation between 
shape and size within a phylogenetic context (Adams, 
2014a). This is important in the Stasimopus genus as there 
is a wide variation in average species size, and size is often 
used to aid in species identification. Two methodologies 
were tested, both requiring a pruned phylogeny as well as 
averages for species shape and size (Adams, 2014a). The 
first method follows Adams (2014b) which implements 
a distance-based approach to PGLS in the package geo-
morph. The second follows Clavel et al. (2015) and is based 

(CO1) and elongation factor 1 gamma (EF-1ɣ) (Table S6). 
Each calibration point was set by setting a hard minimum 
bound (the youngest possible age of the fossil based on the 
deposit in which it was found) and a soft upper bound (the 
oldest possible age).

The nucleotide substitution rate was determined using 
jModelTest v2.1.7 (Posada, 2008). This was done for each 
gene region and the best model was selected based on the 
Bayesian information criterion (BIC) (Posada, 2008). The 
results of the JModel test led to the selection of the fol-
lowing nucleotide substitution models; CO1: GTR + I + G 
(I = 0.379, G = 0.638), 16 S: GTR + G (G = 0.348), EFɣ-
1: HKY + G (G = 0.299). This was used to set the prior in 
BEAUTi v1.8.4 (Suchard et al., 2018). Other priors set 
included, the rate of molecular evolution to a relaxed clock 
with a lognormal distribution (this allows mutational rates 
to vary over the tree) (Michonneau, 2017). The tree prior 
was set to ‘Speciation: Birth-Death Incomplete Sampling’. 
An uncorrelated relaxed clock was used, as this allows for 
each branch of the phylogeny to have a different evolution-
ary rate (Drummond et al., 2006). BEAST v1.8.4 (Suchard 
et al., 2018) was then run for 200,000,000 generations and 
sampled every 2000 generations. This was repeated twice 
for each analysis to ensure convergence. BEAST was run in 
conjunction with BEAGLE (Ayres et al., 2012).

Tracer v1.7.1 was used to confirm convergence (Ram-
baut et al., 2018). This was tested by checking the log file 
for each BEAST run and ensuring the ESS values were 
above 200. The individual runs were then compiled to 
ensure a normal distribution. Log Combiner v1.8.4(Suchard 
et al., 2018) was used to combine the multiple tree files into 
one file. The subsampling number was set to 50,000 and the 
burn-in for each tree to 50,000,000. The tree files viewed, 
annotated and edited in FigTree (Rambaut, 2016).

Statistical Analyses

General Statistics

All statistical analyses were performed in either MorphoJ 
v.1.06d(Klingenberg, 2011) or the main packages “geo-
morph”, “Morpho” and “GeometricMorphometricsMix”(A
dams et al., 2021; Baken et al., 2021; Collyer & Adams, 
2018, 2021; Schlager, 2013) in R (R Core Team, 2017).

A Procrustes fit was created using the landmarks in Mor-
phoJ v.1.06d and R in order to superimpose all the photo-
graphs and thus remove the direct effect of size, orientation 
and position (Zelditch et al., 2004b, c). General procrustes 
analysis (GPA) was performed on all datasets before any 
other analyses. This was done by the ‘align principal axes’ 
method, which computes the average position in an itera-
tive manner in order to minimise the Procrustes distance 
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variables, 1–5 indicates moderate correlation (not enough 
to influence results) and > 5 indicates a severe correlation 
which is likely to obscure results such as p-values(Ringle et 
al., 2018). This was tested in R with the packages “car” (Fox 
& Weisberg, 2019) and “DAAG” (Maindonald & Braun, 
2020). This was tested between centroid size and locality 
and species separately (as these variables were never run in 
the same model as they are correlated).

A regression of size and shape was performed in order 
to quantify the effects of allometry (Klingenberg, 2016). 
This is important to take into account as real differences in 
shape between species or populations can be confounded 
with shape differences due to size (Nakagawa et al., 2017). 
A regression separates the component of variation of the 
dependent variable (shape) selected which is predicted 
by the independent variable (size) (Rodriguez-Mendoza, 
2013). A procrustes regression with residual randomisa-
tion was performed in ‘geomorph’. A permutation test was 
included to test the null hypothesis that shape and size are 
independent for 10,000 runs. It is possible to separate the 
component of size which is correlated with shape; this was 
decided against as size is an important predictor of species 
in Stasimopus. As Stasimopus species get larger, the eye pat-
tern is more stretched over the carapace, making the ocular 
pattern sparser by increasing the distance between the vari-
ous eyes. This means that the size of the specimen directly 
impacts the shape of the ocular pattern. Regressions were 
also performed pooled by species and by locality.

Procrustes ANOVA was used to test if there was a signifi-
cant relationship between procrustes distances (shape) and 
multiple dependent variables (Goodall, 1991). In this study 
the null hypothesis was rejected at a significance level of 
0.05. Procrustes ANOVA was used to test for a significant 
relationship between shape and centroid size, species and 
locality for both sexes separately.

Canonical Variates Analysis (CVA) is an exploratory 
analysis which generates Mahalanobis distances between 
groups based on centroids (McKeown & Schmidt, 2013). 
This produces canonical variates (CVs) from the scaling 
and rotation of the centroids, thus showing the distances 
between groups (Manthey & Ousley, 2020; McKeown & 
Schmidt, 2013). A CVA was conducted for species and 
locality for both the male and female datasets in R.

Outline files were created to be able to visualise the shape 
changes between different principal components and dis-
criminant factors. For this tpsDig and MorphoJ were used. 
The males and females were analysed separately due to a 
high degree of sexual dimorphism.

on fitting various evolutionary models under a maximum 
likelihood criterion in the package mvMORPH (Clavel et 
al., 2015, 2019). The evolutionary models tested included 
Brownian motion, Ornstein-Uhlenbeck, early burst and 
Lamba (Clavel et al., 2015).

Partial Least Squares (PLS) is a multivariate statistical 
technique used to compare multiple response and explana-
tory variables (Pirouz, 2006; Rohlf & Corti, 2000). The 
morphometric implementation is 2B-PLS, this methodol-
ogy finds pairs of axes in the two blocks of variables which 
account for the maximal covariation between the blocks 
(Rohlf & Corti, 2000). PLS is considered more robust than 
Principal Component Analysis (PCA), Canonical Variates 
Analysis (CVA) and alternating least squares, as model 
parameters do not change with new data calibrations (Pir-
ouz, 2006). PLS is also advantages over regression as it does 
not assume that the variation in the one variable is caused 
by the other variable, but rather treats the two variables 
symmetrically to uncover the relationship between them 
(Rohlf & Corti, 2000). PLS is better at dealing with small 
datasets, missing data and data that is multicollinear (Pir-
ouz, 2006). For the analyses, the first variable block was the 
shape data for all specimens that have genetic sequence data 
(after GPA), analysed as a pairwise matrix of the Procrustes 
distances. The second block was the pairwise distances of 
the various gene regions (CO1, 16 S and EF-1ɣ). These dis-
tances were obtained by using the sequences generated, and 
constructing the various matrices in MegaX (Kumar et al., 
2018). This block was scaled as it does not share the same 
units as the shape variable block (Rohlf & Corti, 2000). 
There is no direct significance test of 2B-PLS available, 
thus significance was tested by permutations (1000 permu-
tations were used). This tests the null hypothesis that there 
is no association between the two variable blocks (Rohlf & 
Corti, 2000). The strength of the covariation is measured 
by Escoufier RV, which is the multivariate equivalent of the 
correlation coefficient (Rohlf & Corti, 2000).

Determining if Identification is Possible

A Principal Component Analysis (PCA) was performed on 
the whole dataset to test the patterns of covariation of the 
landmark positions of the eye patterns. The PCA was con-
structed to provide a graphical representation of the varia-
tion in the data.

Regression analyses can be inflated by the multicollinear-
ity of variables within a model (two or more dependent vari-
ables being correlated with one another), therefore Variance 
Inflation Factor (VIF) was used to test if this occurred in 
the models used in the analysis by testing the correlation 
and strength between dependent variables (Forthofer et 
al., 2007). A value of 1 indicates no correlation between 
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and Procrustes distances. The Escoufier RV is however 
fairly low, thus the correlation is not strong (CO1: p = 0.001, 
RV = 0.43; 16 S: p = 0.001, RV = 0.36; EF-1ɣ: p = 0.001, 
RV = 0.37). For the male dataset, only 16 S and EF-1ɣ gave 
significant results, both with average correlation (16 S: 
p = 0.008, RV = 0.47; EF-1ɣ: p = 0.02, RV = 0.55). The fig-
ures showing the separation of species in the PLS blocks are 
available in Figures S2 and S3.

Separation of Species or Morphospecies

Eleven PCs explain 87% of the total variation in the female 
dataset with PC1 and PC2 explaining 20.79% and 20.15% 
respectively (Figure S4). For the males nine PCs explain 
85% of the total variation and PC1 contributes 26.8% and 
PC2 23.57% (Figure S5). The PCA for the female dataset 
shows slight clustering between both species and locali-
ties (Figure S4A and S4B). The clusters appear indistinct 
between species and localities as there are so many spe-
cies / localities represented. There are distinct changes in 
relative eye size and position between the PCs in the female 
dataset (Figure S4C). In the first PC, the anterior eyes are 
more clustered together than the average shape. The PLEs 
are also vertically rotated. The second PC saw a reduction 
in the anterior eye sixes. The PLEs are rotated as in PC1 
(Figure S4C). The male dataset PCA shows clustering for 
the species and locality variable (Figure S5A and S4B). The 
changes in eye pattern are more extreme for the male data-
set than the female. Within the first PC, all eyes are signifi-
cantly larger. The AMEs shift from being behind the ALEs 
line, to slightly in front of them (Figure S5C). In the second 
PC, the opposite pattern is observed, all the eyes are signifi-
cantly reduced in size (Figure S5C).

The VIF analysis for the female indicated slight correla-
tion between species and centroid size (GVIF: 2.999), and 
no correlation between locality and centroid size (GVIF: 
1.151). There were however, certain species which had VIF 
values above 5, indicating a severe correlation with centroid 
size. These species were S. erythrognathus, S. insculptus 
var peddiensis and S. maraisi (Figure S6A). For the male 
dataset, severe correlation was found between species and 
centroid size (GVIF: 19.358), this is seen in the species S. 
erythrognathus, S. gigas, S. griswoldi, S. hewitti, S. insculp-
tus peddiensis and Undescribed species 2. (Figure S6C). 
There was no correlation found between locality and cen-
troid size for the male dataset (GVIF: 1.373).

The regressions between procrustes distances and cen-
troid size (pooled by other variables) are available in Fig-
ures S7 and S8. There is a significant relationship between 
shape (procrustes distances) and centroid size for both sexes 
(Fig. 5, Table S7). The size of an individual accounts for 
a large percentage of shape variability within both sexes, 

Pilot Study for Error Testing

The first pilot study was to test if juveniles could be included 
in order to increase the sample size. It was found that juve-
niles experience allometric growth. The ocular pattern tends 
to be more bulbous in juvenile samples when compared to 
the adult counterparts. Juvenile specimens of the genus are 
often left unidentified as the juvenile traits are not well doc-
umented. It was therefore decided to exclude juveniles from 
the study as it would further complicate the results and take 
away from the straightforward testing if the method can be 
used to aid in the identification species. A second pilot study 
was conducted to determine the amount of rotational and 
digitising error that was incurred and the number of replica-
tions that would be required to reduce this. The pilot study 
found that for the eye patterns there was less than 5% total 
error when two replications were used. For this reason, only 
one replicate was performed in the actual experiment. The 
documentation of this is available in Appendix A.

Results

Phylogenetic Signal and Relationships

The relative position and size of the Stasimopus eyes dis-
play significant phylogenetic signal for both the female and 
male dataset (Kmult=1.0763; Prand=0.007 and Kmult=1.0121; 
Prand=0.011 respectively). This indicates that closely related 
species are significantly similar in eye pattern than what 
would be expected under a Brownian motion evolutionary 
model. The Kmult distribution is shown in Figure S1. This is 
supported by the positions of the various species in phylo-
morphospace being reflective of the evolutionary relation-
ships shown in Fig. 4 (Fig. 3). Here sister species cluster 
closer together in morphospace than more distantly related 
species, indicating that they are more morphologically simi-
lar. Figure 4 also displays the phylogenetic relationships 
between the various species, with the average species eye 
pattern. From this it is clear that more closely related species 
have more similar eye patterns.

The results of the PGLS analyses yielded significant 
results for the female datasets following both the method 
applied in geomorph and mvMORPH (Lamba model) 
(p = 0.033; p = 0.001), indicating that evolutionary allom-
etry is present. For the male dataset evolutionary allometry 
was not found under geomorph but a significant result was 
found through mvMORPH (Early burst model) (p = 0.094; 
p = 0.001).

The PLS analyses for the female sequenced dataset pro-
duced significant results for all three gene regions, indicat-
ing that there is an association between the genetic distances 
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the variation in the data is accounted for in a fewer number 
of CVs for locality than for species. Most species show tight 
clustering, even though the species overlap. For the female 
dataset by species, there are subtle changes in ocular pattens 
along the first and second CV (Fig. 6A). In the locality CVA 
however, the changes are more pronounced, with a reduc-
tion in the AMEs and a slight rotation in the PLEs (Fig. 6B). 
For the male dataset, the CVA by species shows a distinct 
shape change (Fig. 7A). There is a reduction in the AMEs 
size, in the first CV the PLEs and ALEs are also reduced. 
There is less variation in the CVA by locality for the male 
dataset (Fig. 7B). In CV1 there is a reduction in AMEs, and 
in CV2 the ALEs are slightly larger. Cross validation could 
not be performed for the species variable of either dataset 

7.45% for females and 13.63% for males. This percentage 
increases when the data are pooled by species for the female 
dataset (8.61%), but is not significant for males. When 
pooled by locality, the influence of centroid size on shape 
decreases, but is still significant (Table S7).

Relative eye position and size is not only significantly 
influenced by centroid size, but also by the species and 
locality / morphospecies considered (Table S8). These rela-
tionships were observed within both sexes. Pairwise tests to 
determine the species or locality which influence the rela-
tionship were not possible due to sample size constraints.

Clear clustering is visible in the CVA plots. The cluster-
ing is more pronounced when the data are analysed by local-
ity/morphospecies than by species for both sexes. More of 

Fig. 4 Molecular phylogeny of 
the sequenced Stasimopus speci-
mens. Species colours correspond 
to the map in Fig. 1. The average 
shape based on thin plate splines 
averaged by species is given for 
each sex when available
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The separation of the species and morphospecies clusters 
are validated by the results of the procrustes ANOVA (Table 
S8). The ANOVA shows that there are significant relation-
ships between shape and species groupings, as well as shape 
and morphospecies groupings for both sexes.

Discussion

Phylogenetic Relationship to Eye Pattern

This study is the first to test the phylogenetic signal of a 
trait in Stasimopus. The results show that there is signifi-
cant phylogenetic signal for the relative position and size 
of eye patterns in the genus. The Kmult values for both sexes 
are above one, this shows that individuals which are more 
closely related will have morphologically more similar eye 
patterns than what would be expected under a Brownian 
evolutionary model (Adams, 2014b). The eye patterns of 
Stasimopus species can thus be used as character for classifi-
cation of species (Hendrixson & Bond, 2009). The question 
then becomes, what may drive the observed morphological 
changes in eye patterns in the various species over evolu-
tionary time? A key pattern which can be observed is that 
males of a species have larger principal eyes (AMEs) rela-
tive to the secondary eyes than females. The primary eyes 
of arachnids have higher photoreceptor sensitive and higher 
spatial accuracy than secondary eyes as well as having the 
muscularity to allow eye movements (Morehouse et al., 
2017). The males may have larger AMEs due to males driv-
ing dispersal by actively seeking out females at night and 
thus having different visual requirements.

as some species only have one representative. For the local-
ity variable for the female dataset the overall classification 
accuracy was 66.67% and for the male dataset 50.85%.

The between group PCA produced obvious grouping for 
the various datasets, but these are not as clustered as in the 
CVA (Figure S9 and S10). Cross validation could again not 
be performed for the species groupings. The overall clas-
sification accuracy for location in the female dataset was 
59.64%, and for the male dataset 67.80%.

Fig. 5 Regression plots. (A) Regression of procrustes distances and centroid size for females. (B) Regression of procrustes distances and centroid 
size for males

 

Fig. 3 Phylomorphospace plots of the first two principal components 
for the female and male datasets. Species colours correspond to the 
map in Fig. 1
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eye pairs within the Araneae and particularly within Myga-
lomorphae. This oversight is likely due to the assumption 
that as mygalomorphs occur in low-light environments, 
they must primarily rely on chemo- and mechanoreception, 

Females of S. rufidens and Undescribed species 1 also 
have larger primary eyes relative to secondary when com-
pared to the other species. There is a fundamental gap in the 
scientific literature concerning the functionality of individual 

Fig. 6 Morphospace plots of the first two CVs for the female dataset. 
(A) CVA by species morphospace plot. The species colours correspond 
to the map in Fig. 1. Shape changes in the female ocular pattern for the 
first and second PC are shown for all the landmarks. The original aver-

age shape is indicated in grey and the new target shape in black. (B) 
CVA by locality / morphospecies morphospace plot, also including the 
shape changes along the CVs.
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females. One possibility may be that as the spiderlings have 
to leave the mothers burrow to construct their own, a larger 
pair of AMEs may be beneficial in more open habitats as to 
allow for the detection of predators through the use of active 
eye movements. If this is the case, then the trait of larger 
relative AMEs would be shared within a species by both 

thus little focus being paid to vision. There is a need for this 
information as due to the differences in orientation, position 
and size of each eye pair, it is likely that they all perform 
different functionalities (Dacke et al., 2001; Kovoor et al., 
1993). No eye pairs have never been tested in isolation for 
the mygalomorphs, making it difficult to draw concrete rea-
sons as to why there may be differences in the AME of these 

Fig. 7 Morphospace plots of the first two CVs for the male dataset. (A) 
CVA by species morphospace plot. The species colours correspond to 
the map in Fig. 1. Shape changes in the male ocular pattern for the first 
and second PC are shown for all the landmarks. The original aver-

age shape is indicated in grey and the new target shape in black. (B) 
CVA by locality / morphospecies morphospace plot, also including the 
shape changes along the CVs.
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Eye Patterns as an Identifier

As clear phylogenetic signal has been confirmed for eye pat-
terns, the next logical step is to determine to what extent it 
can be applied in a taxonomic context. The morphospace 
plots (PCA, CVA and between group PCA) show overlap 
between the sampled species. This is expected due to the 
continuous nature of the eye patterns as well as the number 
of species examined (Kallal et al., 2022). Despite this, spe-
cies still form discrete groupings, implying that the differ-
ences between species is greater than within species, this is 
further supported by the results of the procrustes ANOVA. 
It is likely that some of the overlap could be reduced by 
increasing the sample size of each species, as many are only 
represented by one specimen. The apparent shape differ-
ences between the PCs and CVs show that there are dis-
tinct shape differences between the various species. This is 
demonstrated clearly when looking at the average thin plate 
splines if the sequenced species. Each species has a distinct 
eye pattern, but a larger sample size would be necessary to 
create average shapes for each species.

Another important aspect is that some synoptic species 
appear to be separate in morphospace (e.g., S. maraisi and 
Undescribed species 6). This could be a useful way of dis-
tinguishing species which co-occur in a quantitative man-
ner. There are very few characters which are reliably used to 
distinguish species not only in Stasimopus but the Mygalo-
morphae generally (Hendrixson & Bond, 2009). Thus, find-
ing a continuous character that can be used to do so would 
aid in this greatly. This does however, indicate that the mor-
phospecies groupings based on geographic proximity and 
similarity may be problematic and need to be revised. Cross 
validation of the locality variable shows fair results. Accu-
racy is between 50 and 70% for both sexes, which is surpris-
ing given the small dataset and geographic groupings.

The results of the regression analyses showed a signifi-
cant correlation between shape and centroid size for both 
sexes. These larger specimens are also the data points that 
affected the VIF results as shape and size are linked. As 
shown, evolutionary allometry is present in the genus, thus 
the variation accounted for by this relationship is impor-
tant when attempting to determine species classifications 
and should not be removed in subsequent studies. When 
this relationship is pooled by species, it accounts for below 
9% of the variation and is thus, although important, is not 
a main factor driving shape variation among species. The 
relationship of size and shape in the eye patterns of Stasimo-
pus is important to note as it contributes to shape in larger 
specimens, but it is not a main contributor to overall eye 
shape in the genus.

The significant relationship between both species and 
locality with shape in both sexes reiterates that the relative 

sexes. This could not be confirmed as no male is described 
for S. rufidens.

A high amount of variation was found in the relative 
position of the PLEs. This may be a new trait to use when 
identifying species. These eyes would dictate the amount 
of peripheral vision the spider possess (Morehouse et al., 
2017). The females of S. leipoldti, Undescribed species 1, 
Undescribed species 3 and Undescribed species 6 all have 
PLEs which are angled at 90 degrees, whereas the other 
species PLEs extend past 90 degrees towards the abdomen. 
This implies that these species may not require as wide a 
peripheral vision as the others. Possible reasons for the need 
of more peripheral vision may be linked to the density of 
vegetation around the burrow. If a burrow is not well con-
cealed, the spider may need a wider range of vision in order 
to detect predators while hunting. Fine scale habitat surveys 
would be needed to determine if this is the case. Differ-
ences in predator and parasitoid fauna may also be a pos-
sible reason. Interestingly, these species are not sister taxa, 
indicating that this has evolved multiple times. The fact that 
mygalomorph spiders tend to be short-range endemics may 
explain this (Harvey, 2002; Mason et al., 2018). As genetic 
drift or isolated and independent selection events over time 
within these isolated species may have led to the convergent 
evolution observed.

The PMEs also appear to display variation in relative 
size between the species in both sexes. In S. maraisi and 
Undescribed species 6, both sexes have PMEs which are 
significantly larger than the PLEs. The same is seen for 
females of S. unispinosus and Undescribed species 1. Most 
species appear to have similar sized PMEs and PLEs, except 
for S. rufidens, whose female has larger PLEs than PMEs. 
The secondary eyes of mygalomorph spiders contain tape-
tum lining, which is a mechanism for doubling light paths, 
enabling better detection of dim light (Dahl & Granda, 
1989; Morehouse et al., 2017). This has also been linked 
to the detection of polarized light, for which the secondary 
eyes are ideally situated on top of the carapace (Dacke et al., 
2001). The PMEs of the Stasimopus species appear to be the 
most reflective of the secondary eyes, suggesting that they 
may be best suited for these functions. The enlargement 
of these eyes in some species may thus be due to different 
hunting times. Observational studies would be required to 
test this postulation. There is again, no clear phylogenetic 
pattern underlying this trait.

There is a significant relationship between eye pat-
tern and body size when phylogeny is taken into account 
for both sexes, suggesting evolutionary allometry. This is 
apparent when looking at the eye pattern of larger species 
(e.g., S. gigas) the eye pattern is sparser and more spread 
across the carapace than in smaller species.
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eye position and size can be used as an identifier. It would 
be useful to conduct pairwise analyses to determine which 
species can be differentiated by this technique, this would 
be a good avenue for future research if a larger sample size 
can be obtained.

There is clear variation in the relative positions and 
sizes of the eye patterns in both the males and females of 
the genus. These differences have qualitatively been used 
to describe and identify species historically (Engelbrecht & 
Prendini, 2011; Hendrixson & Bond, 2004; Hewitt, 1910; 
Pocock, 1902). This study provides the first statistical evi-
dence that this trait carries phylogenetic signal and should 
and actually can be used for this purpose. We show the 
power of this method to elucidate the evolutionary history 
and adaptations of the spider genus. We also show that using 
geometric morphometrics to quantitatively differentiate 
morphospecies using this character is possible and there is 
potential for the methodology to be applied at species level, 
but this requires validation with more samples or additional 
species.
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