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Abstract

Abstract

Without a shadow of a doubt, adap�ve radia�on processes have played a major role in our current

understanding of how species evolved on our planet. Since the original proposal of the theory of evolu�on

by natural selec�on was published by Charles Darwin and Alfred Wallace more than 150 years ago,

examples of adap�ve radia�ons have been extensively studied, par�cularly in oceanic islands. Because of

their well-known geochronology, well defined boundaries, and simpler ecosystems when compared with

con�nental regions, volcanic archipelagos had been referred as natural laboratories to study evolu�onary

or ecological process. The focus of this thesis is the spider genus Dysdera, which has undergone a

remarkable diversifica�on in the Canary Islands—a volcanic archipelago situated off the northwestern

coast of Africa. The primary objec�ve of this thesis is to test the hypothesis that the great diversifica�on of

the group was the result of an adap�ve radia�on process and gain insights into the drivers of their eco-

phenotypic differen�a�on.

First, we conducted an integra�ve taxonomic revision of the group, employing a combina�on of molecular

and morphological data. Our specific objec�ves were to determine whether DNA barcodes reveal the

presence of previously overlooked lineages and help resolve any conflicts that may arise between different

datasets. Addi�onally, we aimed to inves�gate whether species that are morphologically dis�nguishable

can poten�ally be iden�fied using DNA barcodes.

Second, using geometric morphometrics, we analysed various morphological structures of the spider body.

Our goal was to establish a comprehensive guide for studying varia�on in the body plan of a non-model

system. By integra�ng different views of similar phenotypic structures, we revealed that the different body

parts analysed are interconnected, providing insights into various ecological factors. This research sheds

light on the importance of considering mul�ple morphological characters when studying organismal

varia�on.

Third, we have integrated geometric morphometric tools and experimental approaches with a fully

resolved phylogeny. With that we have characterized the different cheliceral morphologies present in the

archipelago and unveiled their dietary func�on. Addi�onally, we tested if they evolved mul�ple �mes

independently during the diversifica�on of the group and unveil if trophic specializa�on could be a case of

irreversibility in the Dysdera spiders from the Canary Islands. We iden�fied nine different cheliceral

morphologies. We confirmed that some of these morphologies were indeed related to either “generalist”

or “woodlice-specialized” diets. We provided significant support for the evolu�onary convergence of

cheliceral morphs in the context of an adap�ve radia�on. Finally, our results pointed towards the

irreversibility of trophic specializa�on in these spiders.

Four, we inves�gated the diversifica�on pa�erns and the role that trophic specializa�on played in this
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diversifica�on. Addi�onally, with the use of clima�c variables and occurrence data, we unveiled the underlying

mode of specia�on in the islands. Our results provide support for the hypothesis of adap�ve radia�on, showing an

ini�al burst of diversifica�on followed by a decelera�on in diversifica�on rates. We also found that trophic

specializa�on played a significant role in shaping the diversifica�on pa�erns within the group. Furthermore, our

analysis suggests that specia�on primarily occurred in allopatry, followed by secondary contact events.

Five, we tested whether species underwent an ecological release process following coloniza�on of low compe��on

environments. With that aim, we employed a mul�dimensional approach to evaluate various aspects of the

species' ecological niche. Specifically, we considered trophic breadth, morphological disparity, and clima�c and

distribu�onal range. Our findings demonstrate that the poten�al for experiencing an ecological niche release in

Canarian Dysdera is strongly influenced by their trophic specializa�on. Specialist species exhibit the ability to

expand their spa�al range and trophic breadth to a greater extent compared to generalist species.

The present work provides compelling evidence suppor�ng the Dysdera genus diversifica�on as a case of adap�ve

radia�on in the Canary Islands, and the ecological and evolu�onary effects associated with their cheliceral

morphology.
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Introduc�on

Introduc�on
1. Evolu�on, adap�ve radia�ons, and oceanic islands

Species evolve. The idea that species are independent units not related to each

other, which was historically promoted by religious beliefs and/or ignorance, gave way

to more ra�onal and scien�fic approaches that seek to explain the extant biodiversity

that surrounds us, a science known as evolu�onary biology. While some of the current

ideas in evolu�onary biology can be traced back to ancient Greece, such as

Anaximander's proposal that humans descended from fishes, these types of myths

cannot be viewed as precursors to scien�fic evolu�onary theories (Futuyma 1998). It

was not un�l the beginning of the seventeenth century that some of the first views

close to the modern understanding of how species evolve started to flourish. One of

the earliest and most prominent modern approaches to the concept of evolving

species was best exemplified by the French naturalist Jean-Bap�ste Pierre Antoine de

Monet chevalier de Lamarck, who more than 200 years ago proposed that species

were not immutable (Lamarck 1809), but rather changed towards more perfected

beings through the individual improvement of specific organs that would then be

inherited by their descendants. This concept is known as the inheritance of acquired

characters (Koonin & Wolf 2009). However, Lamarck's conclusions have since been

thoroughly disproven. It was only 50 years a�er the publica�on of this theory that two

scien�sts, Charles R. Darwin and Alfred R. Wallace, parallelly laid the founda�ons of

the theory of evolu�on by natural selec�on that we know today.

Although over 150 years have passed since the modern founda�ons of our current

understanding of evolu�on were established, comprehending the influence of species

ecology on evolu�onary and historical processes remains a major challenge (Lessard

et al. 2012). A large amount of the underlying general pa�erns of how species evolve

are s�ll beyond our comprehension. Evolu�on is complex, mul�factorial, and has
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unfolded over hundreds of millions of years, forming a con�nuum of large temporal

and spa�al scale processes, which greatly complicates our understanding of the

origins of biodiversity (Gillespie 2016). However, a�er the publica�on of the theory of

island biogeography (MacArthur & Wilson 1967), islands and other isolated biotas

began to be viewed as useful natural experiments for understanding evolu�onary,

ecological, and biogeographical pa�erns, which contrast with the more complex and

deeper in �me processes that shape the pa�erns found in con�nental regions. These

isolated systems have well-defined boundaries, rela�vely simple ecosystems, and

well-known geo-chronologies, which help to simplify the inherent complexity of the

species' eco-evolu�onary history. It should be noted that islands in a broad ecological

sense encompass all environments suitable for a given species that are surrounded by

unfavorable condi�ons which limits their dispersal abili�es (Brown 1978), such as

mountain tops or glacial lakes. Addi�onally, oceanic islands, such as hot-spot

archipelagos (i.e., island chains that are the combined result of a volcanic hot-spot on

the oceanic crust and tectonic movement), provide independent snapshots of the

evolu�onary process (Gillespie & Roderick 2002). Not surprisingly, both Darwin in the

Figure 1. Graphical representa�on of a hypothe�cal species under a process of adap�ve radia�on in an oceanic archipelago.

Different colors represent the species' different phenotypes related to ecological pressures. The coloniza�on of a different

island which have similar habitats than the first colonized island, leads species to adapt similarly independently.
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Galapagos (1859) and Wallace in Indonesia (1881), extracted their conclusions from

observa�ons of the fauna and flora found in these insular environments.

Evolu�onary radia�ons, or periods of accelerated species diversifica�on, have been

a prominent feature of life’s history on Earth (Linder & Bouchenak-Khelladi 2017).

Among these, adap�ve radia�ons have garnered significant a�en�on due to their

importance in shaping the planet's biodiversity (Harmon et al. 2010) and shed light on

the link between evolu�on and ecology (Givnish & Sytsma 1997). Typically, adap�ve

radia�ons are characterized by the evolu�on of eco-phenotypically dis�nct species

from a single common ancestor (Futuyma 1998; Schluter 2000; Losos 2010), and the

fast synchronous diversifica�on of lineages a�er the coloniza�on of a new

environment, which slows down as ecological niches are filled (Glor 2010). The study

of adap�ve radia�ons has greatly contributed to understanding the mechanisms that

drive specia�on and promote eco-phenotypic diversifica�on, along with many other

related ecological and evolu�onary processes (Gillespie et al. 2020). Although this

process has been observed in various environments, young and isolated regions such

as volcanic archipelagos offer ideal condi�ons for studying these phenomena

(Schluter 2000) (Fig. 1). For this reason, the most prominent cases of adap�ve

radia�on have been studied in such environments (Harmon et al. 2010; Pa�on et al.

2021; Cerca et al. 2023) such as the Hawaiian silverswords (Purugganan & Robichaux

2005), the Darwin’s finches from the Galapagos (Lack 1947) or the anoles lizards in the

Caribbean (Losos 2009).

However, while many species diversifica�ons on islands can be defined as adap�ve

radia�ons, not all of them can be classified as such. In the past, some island species

prolifera�ons have been mistakenly referred to as adap�ve radia�ons without

inves�ga�ng whether they were truly adap�ve or not. These nonadap�ve radia�ons

involve lineages of species that show li�le or no ecological divergence (Czekanski-Moir

& Rundell 2019). One example is the Hawaiian spider genus Orsonwelles Hormiga,
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2002, whose diversifica�on occurred due to geographical isola�on from the

sequen�al coloniza�on of islands in the archipelago. As natural selec�on does not

play a significant role in their evolu�on, sister species in this group are ecologically

similar and differ only in their phenotypic characters due to the random accumula�on

of changes a�er differen�a�on, which is evidenced by a strong phylogene�c signal in

their character data (Hormiga et al. 2003).

Addi�onally, although the defini�on of adap�ve radia�on may seem well

established, different interpreta�ons of pa�erns that sustain a species' diversifica�on

under this process can be problema�c, as some dis�nc�ve features may be absent,

while others that are not essen�al may be included (Givnish 2015). For instance, some

authors have claimed that under adap�ve radia�on species emerge in a short period

of �me (Soulebeau et al. 2015), but evidence shows that some adap�ve radia�ons

evolve over extended �me periods (Nilsson et al. 2010), which has been recognized as

a possible scenario since the original defini�on of adap�ve radia�ons (Simpson 1953).

Moreover, our understanding of the underlying mechanisms of these phenomena

remains incomplete. While the evolu�on of ecologically and phenotypically dis�nct

species from a common ancestor is a hallmark of adap�ve radia�ons (Futuyma 1986),

few other common pa�erns have emerged from studies of these processes. For

instance, the link between lineage and phenotypic diversifica�on has not been found

in some adap�ve radia�on cases (see Pincheira-Donoso et al. 2015). The typical

signature in adap�ve radia�ons of an early-burst followed by a slowdown in lineage

diversifica�on (Phillimore & Price 2008; Rabosky & Love�e 2008; Harmon et al. 2010)

has failed to find support in some cases (Slater et al. 2010), indica�ng that the

dynamics of adap�ve radia�ons may be more complex than previously thought.

Furthermore, the triggers of the diversifica�ons remain unclear. While theory predicts

that ecological opportuni�es promote species' lineage diversifica�on (Losos 2010;

Pincheira-Donoso et al. 2015), and the historically widespread belief was that
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specia�onwasmainly accomplished by geographical isola�on (Mayr 1963), no general

consensus exists regarding the early stages of adap�ve radia�ons. Consequently, an

increasing amount of efforts have been put on characterizing the temporal, spa�al,

and gene�c/morphological pa�erns in adap�ve radia�ons (see Gavrilets & Losos

2009). In this context, addi�onal model systems including different ecological

pressures are needed to test the species' response to one of the most influen�al

processes of species evolu�on on our planet.

A�er considering the aforemen�oned points, the ques�on that arises is how to

demonstrate that a presumed species lineage diversifica�on is indeed an adap�ve

radia�on. Moreover, one should consider which phenotypic characters should be

examined as relevant in this radia�on and what ecological and diversifica�on pa�erns

are associated with it. The focus of the present thesis is to address these ques�ons

using the species of the highly diverse spider genus Dysdera endemic to the Canary

Islands as a model system.

2. Species’ boundaries and their phylogene�c rela�onships

To ensure accurate results in any evolu�onary study, it is crucial to have a proper

and unbiased delimita�on of the target species, as under- or biased species sampling

may lead to erroneous outcomes in various analyses, such as es�ma�on of �me

divergence (Beaulieu et al. 2015), ancestral character reconstruc�on (Li et al. 2010) or

the inference of diversifica�on dynamics (Fitzjohn et al. 2009). The defini�on of a

species has long been a challenging issue in biology, with different proposals put

forward (Mallet 1995). Nonetheless, the concept of metapopula�ons that evolve

independently from each other seems to have gathered all the aspects of what we can

consider that define two separate species. However, how can we iden�fy these

independent evolved linages? Historically, species delimita�on was based solely on

morphological differences. However, this approach was o�en hampered by biological
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factors such as polymorphic or cryp�c characters, leading to either over-spli�ng or

overlooked species. The advent of molecular techniques introduced new tools for

delimi�ng animal species that provide more objec�ve and reliable criteria for

dis�nguishing two dis�nct species compared to previous approaches, which relied

solely on the exper�se of the taxonomist describing the group.

A popular technique for delimi�ng species has been the use of short-standardized

mitochondrial DNA sequence fragments, the DNA barcoding, which has been

extremely useful for species delimita�on (Hubert & Hanner 2016) or discovery (Matz

& Nielsen 2005). However, due to the inherent limita�ons of relying solely on a single

marker of maternal inheritance, several alterna�ve methods have been developed to

address the issue of taxonomic uncertainty. These include the Barcode Index Number

(BIN) assignment (Ratnasingham & Hebert 2013), the distance-based ASAP model

(Puillandre et al. 2021), the character-based mPTP model (Kapli et al. 2017) or the

GMYC, which use a species ultrametric tree to perform the delimita�on. Nevertheless,

these methods are not immune to bias andmay produce varying results depending on

the assump�onsmade. Tominimize the poten�al for bias, it is common prac�ce to use

mul�ple methods in taxonomic revisions. However, these methods have not been

exempt of drawbacks (Rubinoff 2006), as the results of a single marker of maternal

inheritance can be compromised by all the mul�tude of processes involved in the

species specia�on, and the use of nuclear markers is advised. In addi�on, incomplete

lineage sor�ng as a result of recent specia�on �mes, and short coalescent �mes and

large effec�ve popula�on sizes (Maddison 1997), can result in scenarios under which

the gene tree is not expected to accurately reflect the species tree. For this reason,

when using mitochondrial genes only for species delimita�on, as usually done with

the Cytochrome c Oxidase subunit 1 (COI), the combined use of molecular and

morphological criteria to perform a species group revision, could provide more

reliable outcomes compared when these two techniques are applied separately.
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Another important aspect in evolu�onary studies is to understand how these

species are related to each other. Early phylogenies based on Sanger sequencing of

single or a fewmarkers outperformed those based solely on morphological characters

(Aguinaldo et al. 1997). With the more modern nucleo�de sequencing technologies,

longer gene�c data was able to be incorporated into phylogenies recovering more

robust species rela�onships. However, although the cost of obtaining these gene�c

data has been reduced considerably, obtaining the whole genomic informa�on of all

the species in a studied group is not always feasible. In addi�on, the informa�on

provided in Sanger sequencing could be relevant for ecological and evolu�onary

processes (Fernández et al. 2018; Macías-Hernández et al. 2020) and some studies

has proven that the combina�on of Sanger informa�on with genomic data have

improved the systema�cs and evolu�onary knowledge of certain studied groups

(Azevedo et al. 2022). For this reason, including different sources of gene�c

informa�on, even if some of them are incomplete, could contribute to more accurate

hypothesis of the species rela�onships.

3. Eco-phenotypical proper�es of species

A�er characterizing how many species exist in the studied group, the next step is

to inves�gate whether their diversifica�on was driven by natural selec�on and which

ecological pressures influenced their divergence. Specifically, researchers may ask

whether the diversifica�on represents an example of adap�ve radia�on and what

anatomical features have been influenced by ecological pressures, a hallmark of such

radia�ons. To answer these ques�ons, various methods can be used, such as

compara�ve analyses of morphological and ecological traits, sta�s�cal modeling of

trait evolu�on, and tests of convergence and divergence among species. However, the

first step would be to select the phenotype(s) which we hypothesize are influenced by

specific ecological pressures throughout the history of the group, something that in

non-model organisms is not always straigh�orward.
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3.1 The choice of ecologically relevant characters and the use of geometric
morphometric tools

The impact of natural selec�on on phenotypic traits has been extensively studied

in the scien�fic literature (Andersson 2009). Morphological features that improve an

organism´s performance in its environment, through adap�on to specific ecological

requirements, are known as func�onal traits (McGill et al. 2006). However, species are

not subject to a single ecological pressure, but rather to a n dimensional hypervolume

that define their fundamental niche (Hutchinson 1957). Despite the progress made in

understanding the effects of selec�on on individual traits, there is s�ll much to learn

about how selec�on operates on the mul�variate phenotype (Blankers et al. 2017).

Therefore, to understand the morphological differen�a�on among different species, a

mul�dimensional phenotypic approach is needed (Guillerme 2018), and to infer the

evolu�onary pressures that have driven such differen�a�on we need to know how

phenotypes and their func�on relate with their ecological environment.

In addi�on, ecological traits that are shaped by different evolu�onary pressures are

not completely independent of each other, as organisms func�on as a whole system

(Klingenberg 2009). However, the degree of covaria�on between traits can vary

depending on the rela�onships between different body parts (Olson & Miller 1958).

Traits with higher levels of covaria�on (i.e., integra�on) form composite units, or

modules, that are affected by more similar evolu�onary pressures compared to other

body parts. These modules are interconnected and form the whole body of an

organism, which needs to func�on in a coordinated manner, where changes in one

trait can inevitably lead to changes in others (Adams 2016). The integra�on of

different modules can arise due to various reasons, including gene�c, developmental,

func�onal or evolu�onary factors (Klingenberg 2008a). A consequence of trait

integra�on is that determining whether certain phenotypes have been shaped by

specific evolu�onary pressures or whether trait varia�on emerges as a result of co-
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evolu�on with other interconnected modules is not always straigh�orward. Thus,

understanding which sets of traits show high covaria�on is crucial to discern the

different biological factors that may explain their evolu�on.

Characterizing certain phenotypes and retaining this informa�on for downstream

analyses can be challenging. Morphometrics is the research field that aims to

characterize shape varia�on and its rela�on with other variables (Bookstein 1991).

Tradi�onally, this was achieved by means of mul�variate analyses of linear

measurements of the structures of interest (Fig. 2A), although some�mes ra�os or

angles were also used (Rohlf & Marcus 1993). Those were the so called “tradi�onal”

morphometrics. However, differences in linear measurements of a specific structure

Figure 2. A) Example of tradi�onal morphometrics with mul�ple linear measurements to capture varia�on in shape of a

structure of interest. B) Same previous structure but with the landmarks (red dots) and semi-landmarks (blue line) used for

the study of shape varia�on with geometric morphometrics. This method uses a system of cartesian coordinates system (C)

to calculate shape differences between the specimens or species analyzed (D).
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or organism, had been seen to be highly correlated with size in linear morphometrics

(Humphiries et al. 1981), and although many efforts were made for size correc�on

(Sundberg 1989; Jungers et al. 1995), no standardized agreements have been reached

(Adams et al. 2004).

One solu�on to the aforemen�oned problems is the use of geometric

morphometrics, which differs from tradi�onal morphometrics by using two- (or

three-) dimensional landmark and semi-landmark coordinates instead of linear

measurements (Fig. 2B). This method quan�fies shape varia�on based on the rela�ve

posi�on of these landmarks in a cartesian coordinate system (Fig. 2C-D). To remove all

varia�on between landmarks related to orienta�on, posi�on and scale,

superimposi�on methods are applied, aligning the landmark coordinates according to

some op�miza�on criterion, among them the known as Generalized Procrustes

Analysis (GPA, Rohlf & Slice 1990). The result is the mathema�cal removal of all non-

shape informa�on, including size (Adams et al. 2004). Several so�ware packages can

be used to apply this methodology, such as MorphoJ (Klingenberg 2008b) or the TPS

series packages (Rohlf 2015). However, the package “geomorph” (Collyer & Adams

2018; Adams et al. 2021; Baken et al. 2021), implemented in the R sta�s�cal

environment (R Core Team 2022), allows for a be�er integra�on of morphometric

data with other non-morphological informa�on and implements most cu�ng-edge

techniques in the field of morphometrics. In addi�on, this package allows the

combina�on of different structures’ landmark configura�ons (Collyer et al. 2020) and

tests the integra�on between them (Adams & Collyer 2016, 2019). By using this

method, in combina�on with knowledge on the ecology of different species and a�er

selec�ng the phenotypic structures that compose the relevant body parts of an

organism, we can unravel the rela�onship between ecology and morphology and the

level of integra�on and co-evolu�on between these different structures.
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3.2 Tes�ng the hypothesis of adap�ve radia�on and the phylogene�c compara�ve
method.

A common underlying pa�ern of adap�ve radia�on processes is the rapid

synchronous diversifica�on of lineages and phenotypes (Glor 2010). Moreover, similar

phenotypic outcomes are frequently during the evolu�onary history of the group (Fig.

1). The explana�on for such pa�erns lay in the similar ecological regimes of newly

colonized environments by not closely related species which triggers similar adap�ve

responses in their traits (Rundle et al. 2000; Schluter 2000; Brakefield 2006; Losos

2011), producing remarkably similar phenotypes (Losos et al. 1998). This can result in

species clades with homoplasy in their phenotypic characteris�cs, a phenomenon

known as repeated evolu�on, which englobes the two previous concepts (see Cerca

2022 for a review in the topic). This is the main point that dis�nguishes between

adap�ve and non-adap�ve radia�ons: in the later, ecological pressures are not the

main driver in the diversifica�on, which leads sister species to be more similar

between them. However, how the ecological influence can be tested in a specific study

group? The study of species evolu�on has tradi�onally relied on the compara�ve

method, which involves analysing the co-varia�on of phenotypic traits and ecological

characteris�cs of interest, across a selected group of species (the compara�on of

phenotypes with other phenotypes, environmental variables, chromosome numbers,

etc.). However, because species share a common evolu�onary history and thus are

not independent from one another, assuming independence in sta�s�cal methods can

lead to misleading results (Felsenstein 1985). Solving this problem resulted in the

development of phylogene�c compara�ve methods, which u�lize the species'

phylogene�c rela�onships to infer evolu�onary pa�erns in their traits (Harvey & Pagel

1991; Pennell & Harmon 2013). These methods allow us to inves�gate the tempo and

mode of the species evolu�on (Simpson 1944), and to test hypotheses about the

rela�onship between ecology and morphology in the context of an evolu�onary

radia�on.
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Species are constantly evolving, but they are not always exposed to the same

ecological pressures or evolve at the same rate. Some species, as seen in non-adap�ve

radia�ons, may diversify due to geographical isola�on yet maintain the same

ecological requirements. In such a scenario, and due to the stochas�c accumula�on of

random changes, closely related species are expected to be more similar between

them than with distantly related ones. This is known as a Brownian mo�on model of

evolu�on (Hansen & Orzack 2005). Conversely, if species are subject to different

ecological pressures, this is expected to be reflected in their phenotypes. In such a

case, ecologically similar species will be more similar to other species that have faced

similar selec�ve pressures, even if they are less closely related. These pa�erns can be

detected using sta�s�cal methods that account for the evolu�onary history of species,

such as the quan�fica�on of phylogene�c signal, which measures the degree to which

a trait's value depends on phylogene�c rela�onships (Revell et al. 2008). When

species differences are due to the stochas�c accumula�on of random muta�ons and

closely related species are more similar than the distant related ones, high

phylogene�c signal will be observed, meaning that the species differences are

correlated with their phylogene�c rela�onships. This is expected under a Brownian

Figure 3. A) Example of the possible varia�on of a phenotype through �me under a Brownian mo�on stochas�c model, with

a mean value of 0 and an increasing variance depending on �me. A species diversifica�on under this model will show closely

related species to be more phenotypically similar than distantly related ones B). This is due to the fact that no selec�ve

pressures are affec�ng this phenotype, and its varia�on depends on �me since divergence between species pairs. C)

Alterna�vely, if distantly related species are under similar ecological pressures that affects the selected species trait, distantly

related species will be more similar compared with the closely related ones.
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model of evolu�onary change through �me (Revell & Harmon 2022) (Fig. 3A-B).

However, in adap�ve radia�ons, where the repeated independent evolu�on of similar

adap�ve phenotypes is a common pa�ern (Losos et al. 1998), phenotypic differences

or similari�es among species may not be correlated with phylogene�c rela�onships

(Fig. 3C), which translates into a weak phylogene�c signal.

Two main approaches are available to sta�s�cally test for phylogene�c signal,

Pagel’s λ and Blomberg’s K (Blomberg et al. 2003), although there are alterna�ve

methods (see Münkemüller et al. 2012 for a review). The main difference between

Pagel’s λ and Blomberg’s K is that the first transforms the phylogeny to ensure the best

fit of trait data to a Brownian mo�on model, while the second is based on comparing

the mean and mean squared error between the expected data under a Brownian

mo�on model of evolu�on, and the observed data given their phylogene�c

rela�onships (Münkemüller et al. 2012). Several R packages provide func�ons to

perform these tests, such as “picante” (Kembel et al. 2010) or “phytools” (Revell

2012). However, Pagel’s λ is not implemented for mul�variate geometric

morphometric data and currently only the Blomberg’s K can be tested with the

“geomorph” package ; Adams et al. 2021; Baken et al. 2021). However, despite the low

phylogene�c signal that is typically found in a trait of a species clade that has

undergone an adap�ve radia�on, this does not necessarily suggest a convergent

evolu�on of characters. The importance of iden�fying the repeated evolu�on of a

trait in a given species clade, is capital to differen�ate a group with ecomorphological

differences among species, from an adap�ve radia�on (Stayton 2015a). To date, few

so�wares provide significance values to test for convergence, e.g. SURFACE (Ingram &

Mahler 2013), the Wheatsheaf index (Arbuckle et al. 2014) or the R package

“convevol” (Stayton 2015b, 2018). The last so�ware provides different metrics which

show complementary views on how excep�onal the similarity between two taxa is.

This is done by considering the ra�o between the phenotypic distance between the
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two poten�ally convergent taxa and the maximum distance observed between any

pair of taxa (either ancestral or extant) across the evolu�onary history of these

lineages. In addi�on, phylogene�c compara�ve methods can also shed light on other

pa�erns related to adap�ve radia�ons. As explained previously, one typical

diversifica�on pa�ern observed in adap�ve radia�ons, although not always a

prerequisite (Givnish 2015), is an early burst in species lineages, followed by a

slowdown in their specia�on rates (Phillimore & Price 2008; Losos & Mahler 2010).

This has been interpreted as the early occupa�on of niches in the early stages of

coloniza�on, followed by a decrease in the rate of specia�on once those niches are

filled (Schluter 2000; Gavrilets & Vose 2005). Phylogene�c compara�ve methods can

provide valuable informa�on not only about the specia�on pa�erns but also the

ex�nc�on rates in a species group. Two simple methods that rely only on the

informa�on provided by a �me-calibrated phylogeny are the lineage-through-�me

(LTT) plots and the γ sta�s�c (Pybus & Harvey 2000). The LTT plot represents the

accumula�on of lineages through �me. Under a constant-rate process of stochas�c

specia�on without ex�nc�on (i.e. a pure birth model, REF), species lineage

accumula�on will be constant from the early ages of the phylogeny to themore recent

distal �ps. However, if the species group has undergone an early burst of higher

diversifica�on rates in the first stages of their specia�on, the LTT plot will show an

ini�al increase with a posterior stabiliza�on. Conversely, if specia�on rate has

increased in the more recent part of the phylogeny, an exponen�al pa�ern known as

the "pull of the present" will be observed. This pa�ern is linked to past ex�nc�on

events and subsequent recovery of species richness. Complementary to these plots,

the γ method provides significance values by conver�ng observed pa�erns to a

summary sta�s�c that can be compared to pure birth (Nee et al. 1994). The R package

“phytools” (Revell 2012) offers easy-to-use func�ons to perform these analyses.

Another relevant point is that species diversifica�on dynamics can be influenced by
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specific traits known as "diversifying traits" that can increase diversifica�on in specific

lineages (Miller et al. 2023). Although not necessary, the evolu�on of these traits,

along with key innova�ons that allow species to occupy new ecological niches, has

been tradi�onal considered a core component of adap�ve radia�ons (Simpson 1953).

Phylogene�c compara�ve methods can also provide valuable informa�on about

whether specia�on or ex�nc�on in a specific clade has been influenced by specific

traits. There are numerous sta�s�cal methods available to test the influence of traits

on species evolu�on, such as the State Specia�on and Ex�nc�on (SSE) models. In its

simpler version, the Binary State Specia�on and Ex�nc�on (BiSSE) model (Maddison

et al. 2007), phylogene�c rela�onships are used to test if the diversifica�on of a group

of species is dependent on a specific binary trait. This method compares a null model

where the phylogene�c tree evolves under a birth-death process without influence

from the trait to an alterna�ve model where diversifica�on depends on the value of

the binary trait (Maddison et al. 2007; Revell & Harmon 2022). Addi�onally, the BiSSE

model can provide informa�on about what state of the character influences the

diversifica�on of the species. The R package "diversitree" (Fitzjohn 2012) includes

several versions of the SSE models, including quan�ta�ve, mul�state, or geographic

characters. However, as men�oned earlier, evolu�on is complex and mul�factorial,

and specia�on can be influenced by unaccounted traits, either as the main

diversifica�on drivers or complemen�ng the effects of the target trait (Beaulieu &

O’Meara 2016). When tes�ng against a null model that assumes constant specia�on

and ex�nc�on rates, a state-dependent model may perform be�er, but the challenge

lies in iden�fying whether the varia�on in rates is due to the target character or other

unaccounted factors (Rabosky & Goldberg 2015). One proposed solu�on is the use of

hidden-state specia�on and ex�nc�on models (HiSSE, Beaulieu & O’Meara 2016),

which fit models that take into account state-dependency of diversifica�on rates

based on one or several unaccounted factors, or even more complex models that

consider the combined effect of unaccounted factors and the target characters. The R
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package "hisse" (Beaulieu & O’Meara 2016) provides func�ons to fit these model

combina�ons.

4. Specia�on pa�erns and their ecological outcomes

As men�oned earlier, adap�ve radia�on refers to the diversifica�on of eco-

phenotypically diverse species from a single common ancestor. So far, we have

discussed how to test if the evolu�on of a given lineage follow the expected early

burst pa�ern expected from an adap�ve radia�on model and iden�fy the drivers

promo�ng this diversifica�on. However, a crucial ques�on arises: how do these

cladogene�c events, where a single species gives rise to two dis�nct popula�ons or

metapopula�ons that eventually become separate species, ini�ate? What processes

lead to the divergence of popula�ons? Historically, allopatric specia�on, which

typically involves the geographical isola�on of a popula�on either by the rising of

barriers or coloniza�on of new areas and �me to diverge, was considered the primary

mode of specia�on (Mayr 1963). This mechanism contrasts with ecological specia�on

models, which occurs by the direct involvement of natural selec�on without the need

for geographical separa�on of popula�ons. (Bolnick & Fitzpatrick 2007). So how can

we test the main mode of specia�on in a given group of organisms? How can we

capture the complex specia�on events that may have been influenced by various

factors? And finally, what are the species ecological consequences of colonizing a new

habitats?

4.1 Tes�ng diversifica�on pa�erns: Age-range correla�ons and joint species
distribu�on modelling

There is currently no consensus regarding the role of geography in adap�ve

radia�on (Matsubayashi & Yamaguchi 2022). As a result, there is a need for sta�s�cal

tests that can help disentangle the types of biogeographic distribu�ons that precede

cladogene�c events. Furthermore, the interac�on and complex combina�on of
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different mechanisms in an adap�ve radia�on can o�en impede our understanding of

how species have diversified. For example, a common pa�ern observed in adap�ve

radia�on is allopatric specia�on followed by ecological divergence in sympatry (Stroud

& Losos 2016), which results in extant species with a sympatric distribu�on despite

having originated allopatrically.

The age-range correla�on (ARC) method has been employed to address these

issues. This method hypothesizes that the range overlap between two species will

ini�ally depend on the geography of specia�on, but will become randomized over

�me due to distribu�onal shi�s, resul�ng in a sta�s�cal rela�onship between �me

since divergence and range overlap (Lynch 1989; Barraclough 1998; Barraclough &

Vogler 2000; Berlocher & Feder 2002; Fitzpatrick & Turelli 2006).It also sustains that

the overlap between ranges of two different species will eventually become unrelated

to their original geographic context of specia�on, and rather reflect the independent

biogeographic movements they have experienced throughout their evolu�onary

history a�er divergence. A commonly used R package for performing these analyses is

"phyloclim" (Heibl & Calange 2018), which integrates phylogene�cs and clima�c niche

modeling. However, es�ma�ng species ranges is not always straigh�orward. Species

distribu�on modeling (SDMs) provides an efficient method for es�ma�ng species

ranges that can be used to calculate the overlap between species pairs. SDMs

combine species occurrence data with environmental characteris�cs of the sampled

locali�es as predictors to characterize the natural distribu�ons of species (see Elith &

Leathwick 2009 for a review). However, these methods only consider abio�c

interac�ons and do not account for bio�c ones, which are equally important (Ospovat

1981). An alterna�ve method that can capture all the species interac�ons, including

those unrelated to clima�c predictors, is joint species distribu�on modeling (jSDM).

This approach decomposes the pa�erns of occurrence explained by abio�c factors

and residual pa�erns of co-occurrence, which represent species interac�ons that
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cannot be explained by the clima�c environment (Pollock et al. 2014). In cases where

the distribu�onal range of species cannot be solely explained by clima�c condi�ons,

the residual correla�ons may provide be�er predic�ons of species interac�ons, and

subsequent evolu�onary ques�ons should be addressed using these data rather than

relying solely on environmental responses. R packages such as "jSDM" (Clément &

Vieilledent 2022) and "Hmsc" (Tikhonov et al. 2020, 2022) provide func�ons for

performing these analyses.

4.2 The coloniza�on of new environments and ecological release

Allopatric specia�on is a common pa�ern in adap�ve radia�ons, par�cularly in

oceanic archipelagos where specia�on may occur on different islands (Stroud & Losos

2016). When a popula�on of a species, either through its dispersal ability or by

random geographic events, colonizes a different island with lower compe��on or

predatory levels compared to its original distribu�on, it may encounter new ecological

resources that can be exploited, which is known as ecological opportunity. This can

lead to a relaxa�on of selec�ve pressures that the species was previously subjected to

(Losos & De Queiroz 1997; Yoder et al. 2010; Des Roches et al. 2015), resul�ng in an

expansion of the species' niche. This phenomenon is referred to as ecological release.

As a result of the relaxed selec�on, the colonizing popula�on may exhibit changes in

habitat, popula�on density, phenotypic disparity, and/or resource usage (MacArthur

et al. 1972; Bolnick et al. 2007; Parent & Crespi 2009; Gillespie 2020). However, while

a species' niche involves mul�ple ecological axes (Hutchinson 1957), most studies

usually focuse only on one of them (e.g. Buckley & Jetz 2007; Parent & Crespi 2009;

Andrades et al. 2019; Ba�ey 2019), and the response of different aspects of species

ecology during an ecological release event remains poorly explored.

An increase in phenotypic disparity, or direc�onal change in species morphology,

both possible consequences of ecological release, can be easily quan�fied using

morphometric data (Foote 1993; Collyer & Adams 2013), even in high-dimensional
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datasets produced by geometric morphometric methods (Collyer et al. 2015). The R

package "geomorph" ( Adams et al. 2021; Baken et al. 2021), as men�oned earlier,

provides useful and easy-to-implement func�ons for performing sta�s�cal tests to

assess changes in morphology between selected groups. However, addressing

changes in other niche axes that may be affected by ecological release can pose more

challenges.

Inferring the complete distribu�on of a species is o�en hampered by

undersampling, par�cularly in the case of small mobile organisms like arthropods, as

compared to immobile organisms like plants or large mammals, which have be�er-

known distribu�ons due to their traceability. Predic�ons made by SDMs can then be

used to assess changes in spa�al range between species or groups occurring in

situa�ons like coloniza�on events, which facilitates tes�ng hypothesis of ecological

release. In R, there are several packages that can perform SDMs, such as "dismo"

(Hijmans et al. 2022), which implements various models and provides func�ons that

can be used in conjunc�on with other packages, such as "gam" (Has�e 2022), which

offers tools for fi�ng and working with generalized addi�ve models.

Another important aspect of a species’ niche easily affected by ecological release

is that of trophic preferences. However, quan�fying the trophic niche of species has

not always been straigh�orward. In the past, direct observa�ons or gut content

analyses have been used to determine species' diets. However, these methods may

not be feasible in some organisms such as spiders that feed on liquified preys

(Pompanon et al. 2012). Molecular methods, such as metabarcoding, have improved

diet analyses for species that pose challenges in data gathering due to their size or

feeding behavior (e.g. Macías-Hernández et al. 2018; Kennedy et al. 2019; Novotny et

al. 2021; Or�z et al. 2021). However, issues such as the presence of endosymbionts,

degraded DNA, or the prevalence of predator DNA rather than prey DNA in samples

have hampered the use of this technique. Stable isotope analyses have been
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recognized as a useful approach to address ques�ons about species' trophic niche

space (Newsome et al. 2007). Ra�os of different isotopes, such as Carbon C13 and

Nitrogen N15, have been shown to provide informa�on about the type of diet and

trophic level of species in terrestrial fauna (Bearhop et al. 2004). Incorpora�ngmetrics

such as standard ellipse area (SEA) has simplified the assessment of changes in trophic

niche breadth (Jackson et al. 2011). The R package "SIBER” (Jackson et al. 2011)

enables the calcula�on and comparison of ellipse areas using Bayesian inference

based on isotopic data.

5. The study system

5.1 The Canary Islands

The Canary Islands are an archipelago of volcanic origin located in the northeast of

the Atlan�c Ocean, between 27º and 29º N, and 13º and 18ºW, approximately 100

kilometres off the northwest coast of Africa (Fig. 4A). Together with the Azores, Cabo

Verde, Madeira, and Selvagens, they form the biogeographic region known as

"Macaronesia," although this defini�on is currently under discussion (Freitas et al.

2019). The archipelago is composed of seven major islands, which are geo-

chronologically arranged due to the movement of the tectonic plate above a volcanic

hotspot. The oldest islands, Lanzarote and Fuerteventura (15 million years and 23

million years, respec�vely), are located at the easternmost side, while the islands

become progressively younger towards the western side (Fig. 4A), from east to west:

Gran Canaria (subaerial age 15 million years), Tenerife (12 million years), La Gomera

(11 million years), La Palma (1.7 million years), and El Hierro (1.1 million years) (Van

Den Bogaard 2013).

The smaller islands are located in the westernmost part of the archipelago, with El

Hierro covering an area of 278 km2 and reaching an al�tude of 1500m, La Gomera

covering 378 km2 and reaching an al�tude of 1487m, and La Palma covering 700 km2
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and reaching an al�tude of 2426m. The larger islands in the archipelago are Lanzarote,

covering 795 km2 with an al�tude of 607m, Gran Canaria, covering 1532 km2 with an

al�tude of 1949m, Fuerteventura, covering 1732 km2 with an al�tude of 807m, and

Tenerife, covering 2052 km2 with an al�tude of 3718m(Troll & Carracedo 2016). The

Canary Islands exhibit a pa�ern in both area and al�tudinal range that is commonly

observed in hotspot archipelagos, showing an increase in both factors with �me,

reaching a peak of maximum topographic complexity in the middle-aged island of

Tenerife, followed by a decrease in area and al�tude in the older and younger islands.

This pa�ern is consistent with the hump-shaped pa�ern of islands' ontogeny, as

described by Whi�aker et al. (2009).

Despite their rela�vely small size, the Canary Islands exhibit a great climatological

complexity, with six main ecological regions and dis�nct bioclima�c and vegeta�on

Figure 4. A) Map of the Canary Islands with the al�tudinal gradient for each island. B) Teide mountain emerging from the

cloud bell in Tenerife. C) Arid environment from Lanzarote. D) Humid laurel forest from the Na�onal parc of Garajonay (La

Gomera).
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differences between the northern and southern slopes of the islands. The local

communi�es encompass a wide range of habitats, including xerophy�c shrub

communi�es, thermo-sclerophyllous woodlands, subtropical mesic to humid laurel

forests influenced by the cloud belt (Fig. 4B), na�ve pine forests, mesic to dry endemic

Pinus canariensis forests, dry subalpine scrubs, and scarce vegeta�on in the

mountaintops (Macías-Hernández et al. 2016). Furthermore, due to erosion in the

older islands, Lanzarote and Fuerteventura have reduced habitat diversity compared

to the younger islands, exhibi�ng a more general arid environment in contrast to the

humid forests found in other islands (Fig. 4C-D). This habitat complexity has provided

an ideal scenario for colonizing species to adapt to new and diverse environments,

leading to diversifica�on processes that may have been more restricted in their

original con�nental regions.

The Canary Islands are known for their high levels of endemicity in their biota, with

approximately 27% of vascular plants and around 50% of invertebrates found only in

these islands (Arechavaleta et al. 2010). Remarkably, more than half (64%) of the

spider species in the Canary Islands are endemic to the archipelago (Juan et al. 2000).

Throughout the geological history of the islands, coloniza�on and neo-endemism

have led to adap�ve radia�on events in some species' clades, par�cularly in plants

(Gillespie & Roderick 2002; Meimberg et al. 2006).

5.2 The red devil spider genus Dysdera

Spiders, classified under the order Araneae, are a highly diverse group with

approximately 51,000 known extant species (World Spider Catalog 2023). However,

new species discoveries are common in this group, with tens or hundreds of

publica�ons every year. The spider body consists of two main sec�ons: the anterior

part known as the prosoma, also known as cephalothorax, and the posterior part

known as the opisthosoma or abdomen. The prosoma bears the eyes, the locomotory

appendages, the palps and the chelicerae, which cons�tute the spider's mouthparts,
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while the opisthosoma is characterized by the presence of the spinnerets, the organs

used by spiders to produce silk and the genitalic opening (Fig. 5A). The general

differences between males and females are the sexual organs in the adult stage, with

males possessing secondary copulatory structures at the distal part of their palps, the

copulatory bulbs, and females having a vulva located at the ventral anterior part of the

opisthosoma.

Spiders are globally distributed and can be found on every con�nent, except for

Antarc�ca. Their species richness generally shows an increasing pa�ern towards

equatorial zones, although there are excep�ons, such as the Lyniphiidae family, which

peaks at temperate zones. Spiders exhibit ecological diversity and are known to prey

on a wide variety of organisms. Due to their high species richness and worldwide

distribu�on, spiders have been widely studied as models for understanding evolu�on,

Figure 5. A) Anatomy of a spider, l1-4: legs 1 to 4; plp: pedipalp; chl: chelicera; ey: eyes; pro: prosoma; op: opisthosoma; spi:

spinnerets. B) Dysdera insulana from Tenerife. C) Dysdera brevisetae from Tenerife. D) Dysdera sp. in its typical cocoon under

a rock (Photo credit: A. Bellvert).
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predic�ng species ex�nc�on pa�erns, and working as indicators of ecosystem health

or pest control agents (Marc et al. 1999; Mcgregor et al. 2008; Cardoso et al. 2010).

However, in some cases, spiders are s�ll underrepresented as model organisms

compared to other animal groups (Mammola & Isaia 2017).

The family Dysderidae C. L. Koch, 1837 is a group of small to mid-sized spiders with

six eyes, distributed from Eurasia to the northern part of Africa. This family belongs to

the Synespermiata clade, which includes ecribellate spiders, meaning they lack

cribellum or calamistrum, which are special web-spinning organs, and haplogyne

spiders, referring to the simplified male copulatory organs and lack of external female

genital structures (Michalik & Ram 2014). The Dysderidae family comprises 25

different genera, with the genus Harpactea Bristowe, 1939 and Dysdera Latreille,

1804 contribu�ng to over half of the total species richness. The genus Dysdera,

commonly known as red devil spiders, is themost species-rich genus within the family,

with approximately 300 described species (World Spider Catalog 2023). These spiders

are typically nocturnal and are commonly found in warm and wet environments,

where they construct silk nests under rocks, barks, or dead logs (Macías-Hernández et

al. 2008). The genus shows a western Palearc�c distribu�on, mostly circumscribed to

the Mediterranean basin (Deeleman-Reinhold & Deeleman 1988), with the excep�on

of the synanthropic species D. crocata C.L. Koch 1839 (Deeleman-Reinhold &

Deeleman 1988). The north-western Atlan�c Macaronesian archipelagos represent

the westernmost limit of its range (Arnedo & Ribera 1999a; Arnedo et al. 2001).

Although Dysdera has colonized all Macaronesian archipelagos (Crespo et al. 2021), it

has been in the Canary Islands, and in a lesser degree in Madeira (Crespo et al. 2021),

where it has undergone major diversifica�on. In the Canary archipelago alone, 47

valid species of Dysdera have been described (Arnedo & Ribera 1999a, 1999b, 1999c;

Arnedo et al. 2000;Macías-Hernández et al. 2010, 2016) (Fig. 5B-D), most of which are

single island endemics, accoun�ng for one-fi�h of the total diversity of the genus
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(World Spider Catalog 2023). Although the actual number of coloniza�on events that

account for such a remarkable diversity has been conten�ous (Arnedo et al. 2001,

Macías-Hernández et al. 2008) recent mitogenomic data supports the single origin of

all Canarian endemics except for one (Adrián-Serrano et al. 2020). The ancestor of the

species Dysdera lancerotensis Simon, 1907 colonised the archipelago (Lanzarote and

Fuerteventura), independently and at a later �me than the ancestor of all remaining

species.

Species within the genus Dysdera have been consistently reported to feed on

woodlice (Bristowe 1958; Sunderland & Su�on 1980; Hopkin &Mar�n 1985; Raupach

2005), a prey that is typically avoided by generalist predators due to the woodlice's

defensive mechanisms and their accumula�on of heavy metals (Pekár et al. 2016),

which makes them difficult to digest. Dysdera also exhibits unusual variability in

mouthpart morphology, which has been suggested to be related to different levels of

dietary specializa�on and prey capture strategies, specifically driven by feeding on

woodlice (Řezáč & Pekár 2007). Similarly, Dysdera species from the Canary Islands, like

their mainland counterparts, display high variability in cheliceral morphology,

including morphotypes similar to con�nental species, and some of these

morphotypes have been associated with different metabolic adapta�ons for feeding

on isopods (To� & Macías-Hernández 2021), sugges�ve of the role of trophic

specializa�on in driving phenotypic diversifica�on in the group. Recent transcriptomic

analyses have also revealed poten�al instances of convergent evolu�on of trophic

specializa�on in Canarian Dysdera species (Vizueta et al. 2019). Moreover, in addi�on

to the variability in cheliceral mouthparts and trophic adapta�ons, Dysdera species

from the Canary Islands also exhibit other remarkable adapta�ons that are not found

in con�nental counterparts. For instance, the Canary Islands are home to several

obligate cave-dwelling species of Dysdera that exhibit soma�c modifica�ons such as

the loss of eyes and pigmenta�on, or extreme elonga�on of extremi�es, as seen in
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Dysdera unguimanis Ribera et al., 1985, and some epigean species exhibit unusual

modifica�ons in the shape of the carapace (Arnedo & Ribera, 1999).

Because of the remarkable diversifica�on that Dysdera spiders have undergone,

the high variability of their phenotypic characters, the different levels of trophic

specializa�on and their ability to adapt to different clima�c environments in the

archipelago, this genus represents a perfect test case to inves�gate the link between

morphological traits to either habitat or diet requirements, examine the evolu�onary

consequences of trophic specializa�on and test whether the diversifica�on of these

spiders in the Canary Islands cons�tute a case of adap�ve radia�on.
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OBJECTIVES

The main aim of this thesis is to inves�gate whether the diversifica�on of the Dysdera spider genus in the

Canary Islands can be classified as a case of adap�ve radia�on, and iden�fy the ecological and evolu�onary

drivers of the diversifica�on of these spiders within the archipelago. To achieve these goals, we have

established the following specific objec�ves:

1. To conduct an integra�ve taxonomic revision of the spider genus Dysdera in the Canary Islands

and reveal puta�ve cases of overlooked species (Chapter 1).

2. To test the link between different spider’s body parts and different ecological pressures, and

build a framework for future eco-phenotypic studies in non-model systems (Chapter 2).

3. To sta�s�cally characterize the different cheliceral morphotypes present in the islands and assess

its rela�onship with different levels of trophic specializa�on (Chapter 2).

4. To detect cases of parallel divergent selec�on in the macroevolu�onary landscape of Canarian

Dysdera (Chapter 2).

5. To test evolu�onary irreversibility following trophic specializa�on of these spiders (Chapter 2)

6. To test whether diversifica�on in this group followed an early burst model of evolu�on (Chapter

3).

7. To assess if the trophic specializa�on, or the different cheliceral morphologies, influenced

diversifica�on rates during their evolu�onary history of these species (Chapter 3).

8. To test whether the diversifica�on of species on the islands was driven by geographic isola�on,

and species co-occurrence is the result of secondary contact (Chapter 3).

9. To test whether species colonizing islands with lower levels of interspecific compe��on

experienced ecological release (Chapter 3).
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species delimita�on in the red devil spiders (Araneae: Dysderidae)

of the Canary Islands, with descrip�on of ten new species
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Abstract

The use of DNA barcodes has greatly contributed to ease iden�fica�on and discovery of new candidate species.

However, this approach is far from flawless. Single molecular markers on their ownmay fail to convey the com-

plexity of evolu�onary history and mul�-faceted nature of species. Poten�ally overlooked species disclose by

DNA barcodes should be further delimited using addi�onal nuclear markers and phenotypic data. The red devil

spiders of the genus Dysdera has colonized and highly diversified the Canary Islands. This genus has been ob-

ject of several taxonomic revisions in the last decades, which have raised the number of currently accepted

species to approximately 50. We present the results of a large DNA barcode analysis of the Canarian Dysdera

to specifically address ₍1₎ whether morphologically diagnosable species are also well defined and poten�ally

diagnosed using DNA barcodes, ₍2₎ whether DNA barcodes uncover the existence of previously overlooked lin-

eages and ₍3₎ unravel poten�al conflicts between data set that may hint to specific evolu�onary processes.

Results of a phylogene�c analysis of mitochondrial markers and the nuclear ITS-2, revealed few instances of

non-monophyly across markers. Character-based species delimita�on methods revealed that in two-thirds of

the species molecular data matches nominal species, while most of the remaining disagreements involve mo-

lecular splits related to intraspecific geographic structure. We also iden�fied two poten�al instances of intro-

gression between species, and two of incomplete lineage sor�ng. Despite barcode analyses failed to iden�fy

the existence of a barcoding gap among the individuals analysed, the success rate of correct assignment of

unknown individuals was well above 90%. With the integra�on of this molecular data with morphological dia-

gnosable characters we provide descrip�on for 10 new species to science namely: D. aniepa sp.n., D. banot

sp.n., D. gaifa sp.n., D. garoei sp.n., D. guamet sp.n., D. herii sp.n., D. marmorata sp.n., D. tabona sp.n., D. un-

dupe sp.n. and D. yballa sp.n. Addi�onally, we describe for the first �me of the male of D. hirguan and the

female D. orahan.

Keywords:Macaronesia, Taxonomy, Arachnida, Dysdera, island radia�on, COI, ITS-2
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Introduc�on
“Stat rosa pris�na nomine, nomina nuda tenemus”

Umberto Eco, 1980. The Name of the Rose

In recent years, the use of a short, standardized DNA sequence fragment, as a

species iden�fier to overcome some of the former limita�ons of morphology only

iden�fica�ons, has become extremely popular. DNA barcodes have revealed

themselves as extremely useful in taxonomy with a huge variety of different

aplica�ons. However, form the onset of the proposal of the DNA barcoding technique,

the approach has also been extensively used for species discovery and to help to assist

in species delimita�on. With that aim in mind, a plethora of assignment algorithms

and methods have been developed, ranging from fast, yet strictly opera�onal criteria

to more computa�onally consuming methods based on evolu�onary op�misa�on

(Fujisawa and Barraclough 2013; Zhang et al. 2013). The use of DNA barcodes for

species delimita�on however is not exempt of pi�alls and drawbacks. To start with, a

single marker, haploid and maternally inherited in the case of the Animal barcode, can

hardly resolve all the mul�tude of processes involved in the specia�on process, and

hence the use of mul�-locus approaches, specially through the inclusion of unlinked

nuclear markers, is strongly advised. The use of DNA barcode of either iden�fica�on

or species discovery can be seriously compromised in scenarios under which the gene

tree is not expected to accurately reflect the species tree. Such scenarios include

incomplete lineage sor�ng as a result of recent specia�on �mes, and short coalescent

�mes and large effec�ve popula�on sizes (Maddison 1997), or in the presence of

postspecia�onal gene-flow and paralogy. Despite these limita�ons, DNA barcode

screenings provide a star�ng ground to (1) generate working hypothesis of candidate

species and (2) provide addi�onal evidence to iden�fy and assign problema�c taxa.

Because the unusual characteris�cs of isola�on, species able to colonize volcanic

islands usually undergo to a set of ecological and evolu�onary changes, o�en result in
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adap�ve radia�on (Gillespie 2007). Islands adap�ve radia�ons may provide a

challenging system for the use of DNA barcodes, since in many cases the radia�on

process may have involved either recent or fast specia�on events. In addi�on, the

phylogene�c and spa�al closeness of island taxa may offer ample opportuni�es for

introgression (Shaw 2002). The volcanic archipelago of the Canary Islands is located

100km in front of the African Nord-west coast and is formed by 7 major islands (Fig.

1). Because of the movement of the tectonic plates above the volcanic hotspot, these

islands are chronologically arranged with the oldest islands in the east (Lanzarote and

Fuerteventura with 15 and 23 My respec�vely) and becoming younger to the west

(Gran Canaria 15 My, Tenerife 12 My, La Gomera 11My, La Palma 1.7 My and El Hierro

1.1 My) (Van Den Bogaard 2013).

The red devil spider genus Dysdera Latreille, 1804, is one of the most species-rich

genera in the western Palearc�c. To date, over 300 species have been described

(World Spider Catalog 2023). Species in this genus are ground dwellers of nocturnal

habits that ac�vely hunt their prey. They are usually found in warm and wet

environments under rocks, barks or tree logs (Macías-Hernández et al. 2008), where

they spend the day�me under cocoons (Roberts 1995; pers. com). Because of their

habits they are frequently found in caves, and some species have evolved cave

adap�ve traits (Arnedo et al. 2007). The genus has colonized all the Macaronesian

archipelago, which represent the westernmost limit of its distribu�on (Arnedo and

Figure 1.Map of the Canary Islands
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Ribera 1999a). In the Canary Islands, the first endemic Dysdera species were

described by Eugene Simon (1883), namely D. cribellate, D. macra Simon, 1883, D.

verneaui Simon, 1883 and D. insulana Simon, 1883, along with the record of the

synanthropic species D. crocata C. L. Koch, 1838. Since then, several samplings and

studies conducted in the archipelago have raised the species number to 51 (see Simon

1907; Strand 1911; Schmidt 1973; Ribera et al. 1985; Wunderlich 1987; Wunderlich

1991; Ribera and Arnedo 1994; Arnedo et al. 1997; Arnedo and Ribera 1999a; Arnedo

and Ribera 1999b; Arnedo et al. 2000; Arnedo et al. 2007; Macías-Hernández et al.

2010). Most of these studies delineated species only based on morphological traits,

and in certain cases, the presence of intraspecific varia�on that requires addi�onal

inves�ga�on was emphasized. Furthermore, successive surveys have yielded a

substan�al amount of new material, some of which may contain new species.

Here we conduct an extensive DNA barcode analyses of the endemic species of the

red devil Dysdera spiders form the Canary Islands. The aims of the study were twofold.

First, we want to assess how well the DNA barcodes recover the current, mostly

morphology-based taxonomy of the groups and, second, to reveal puta�ve cases of

overlooked specimens more specifically of unaccounted deeply divergent lineages

that may deserve species status. Furthermore, the DNA barcode library developed in

the study will be a useful tool for non-specialist iden�fica�on, which may help to

preserve this amazing component of the Canarian Biota. In addi�on, based on

morphological evidence with support from the DNA markers analysed, we described

10 new species of endemic Canarian Dysdera.

Material and methods

Specimens were collected in the field by the authors, with the help of several filed

assistants and colleagues, through several collec�on trips conducted over the last 20

years. Adult specimens were iden�fied to species using available taxonomic revisions
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on the group (Arnedo and Ribera 1997, 1999b, 1999a; Arnedo et al. 2000a, 2007;

Macías-Hernández et al. 2010). Immatures could not be iden�fied other than to genus

level but were included in the molecular analyses to refine the distribu�on range of

some of the species.When possible, specimens collected in the filed were fixed in 95%

ethanol and stored at -20oC for subsequent molecular analysis. In some cases, we had

to rely on subop�mal material, mostly including specimens preserved in 75% ethanol

or/and kept at room temperature. Recently collected specimens (<5 years old) in

these condi�ons were successfully amplified, especially when using primers targe�ng

shorter (i.e. ~300 bp) fragments.

Molecular lab protocols

Whole DNA was extracted from one or two legs, or the whole-body following

puncturing for small and immature specimens, using the SpeedTools Tissue DNA

Extrac�on Kit (Biotools), following the manufacturer’s protocol. DNA extrac�ons were

amplified bymeans of the Polymerase Chain Reac�on (PCR). We targeted two regions,

the standard animal barcode, the first half of the mitochondrial cytochrome c oxidase

subunit I gene (COI), and the nuclear Internal transcribed spacer 2 (ITS-2), the most

popular nuclear marker for examining shallow rela�onships in animals (Agnarsson

2010). In addi�on, we included a mitochondrial gene fragment spanning the second

half of the large subunit of the rRNA (16S, the tRNA leu (L1) and the first half of the

NADH dehydrogenase subunit 1 (nad1) to impove resolu�on in the mitochondrial tree

inference. All PCR’s were made with a mixture of the following reagents: Taq

polymerase (0.2 μL), direct and reverse primers with a 10 μM concentra�on, MyTaq

Red DNA polymerase (Bioline) (5 μL), dis�lled water (12μL) and 2μL of the DNA

extract, for a total volume of 20μL per sample. PCR condi�ons were as follows: a first

step of 94ºC for 5’, followed by 25 cycles of 94ºC for 30’’ denaturaliza�on, 42ºC to

52ºC (depending on the primer pair) for 35’’ primer hybridiza�on, and 72ºC for 45’’for

extension, and a final step of 72ºC for 5’ for finishing extension of all fragments. The
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amplicons were sequenced in both direc�ons in Macrogen Inc.

Sequence edi�ng and manipula�on

Edi�ng of the raw sequences, primer removal and manipula�on of consensus

sequences were conducted with the program Geneious v. 10.2.6 (h�ps://www.

geneious.com). Newly generated sequences were uploaded to Genbank, and the COI

sequences also to BOLD (h�ps://boldsystems.org/).

We assembled individual data matrices for the COI and ITS markers, and the

concatenated mitochondrial gene fragments, by combining the newly generated

sequences with those available in Genbank from previous studies. The sequence

alignment of COI and nad1 fragments was trivial since no evidence of indel muta�on

was observed. The final COI and nad1 alignment were translated to aminoacids to

ensure that no stop codons were present within the sequences. For the 16S and ITS-2

automa�c alignments of the DNA fragments were built with the online version of the

program MAFFT v.7.427, using the G-INS-I algorithm with default parameter. For the

ITS2, we determined the game�c phases of heterozygous individuals using the

algorithms provided by PHASE (Stephens et al. 2001; Stephens and Donnelly 2003), as

implemented in the DnaSP v6.11.01 program (Rozas et al. 2017). Iden�cal sequences

(i.e. COI haplotypes and ITS sequences types) were detected and removed from

downstream analyses under the criterion implemented in RAxML v.8 (Stamatakis

2014).

Molecular phylogene�c analyses

We inferred phylogene�c rela�onships of the concatenated mitochondrial data

matrix and the ITS2 data matrix using a combina�on of parsimony, maximum

likelihood and Bayesian tree inference methods. For parsimony, we first coded ITS2

gaps as absence/presence characters following the simple coding method proposed

by Simmons and Ochoterena (2000) with the help of the program FastGap v1.2
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(Borchsenius 2009). We inferred the best tree with the computer program TNT v. 1.5

(Goloboff A et al. 2008), following a “new search strategy” (xmult=hits 10 noupdate

nocss replic 10 ratchet 10 fuse 1 dri� 5 hold 100 noautoconst keepall; bbreak = tbr ).

We assessed node support by means of 1,000 jackknife resampled matrices (heuris�c

search per replicate: mult=replic 10 tbr hold 1000). We implemented maximum

likelihood with the help of IQ-TREE v. 2.1.2 (Minh et al. 2020). We selected the best

model for the IQ-TREE analysis using ModelFinder (Kalyaanamoorthy et al. 2017),

star�ng with spli�ng by gene and codon in the case of the protein coding genes, and

nodal support was es�mated by means of 1,000 replicates of ultrafast bootstrapping

(Hoang et al. 2018). We implemented Bayesian inference with MrBayes v.3.2.6

(Ronquist et al. 2012). We selected the best par��on scheme and evolu�onary model

with Pari�onFinder v2.1.1 (Lanfear et al. 2017). We collected samples from two

independent runs (8 chains each) of 10 million genera�ons each, sampled every

1,000. Support values were calculated as posterior probabili�es. We assessed

convergence of the chains, correct mixing and the number of burn-in genera�ons with

Tracer v. 1.7 (Rambaut et al. 2018). We ran all model-based analyses remotely at the

CIPRES Science Gateway v.3.3 (Miller et al. 2010) and trees were visualized using the

program FigTree v.1.4.4 (available at h�ps://github.com/rambaut/figtree/releases).

All trees were rooted using D. crocata and D. lancerotensis as outgroups.

Species delimita�on

We explored delimita�on schemes inferred using character based approaches

(DeSalle and Goldstein 2019) on the COI data matrix. Specifically, we implement the

mPTP (Kapli et al. 2017) and the GMYC (Fujisawa and Barraclough 2013) models. The

mPTP delimita�on relies on the rela�ve branch length informa�on provided by a gene

tree to iden�fy a transi�on point between inter- and intra-specific divergences, i.e.,

dis�nguishing puta�ve specia�on from coalescence events. The ML tree inferred with

IQ-TREE was used to delimit gene�c clusters using the mPTP model as implemented



62

Adrià Bellvert

in the computer programme mPTP v 0.2.4 (Kapli et al. 2017, available at h�ps://

github.com/Pas-Kapli/mptp). We first iden�fied the minimum branch length

(0.0011069466), which was subsequently used to delimit clusters and assess their

support by means of three Markov Chain Monte Carlo sampling chains ran for 50

million genera�ons, discarding the first 2 million MCMC steps. Unlike mPTP, the GMYC

delimita�on method relies on a tree. With that aim, we conducted a �me es�ma�on

analysis of the data using a Bayesian approach, as implemented in the program BEAST

v.10.4 (Drummond et al. 2012). We selected a coalescent tree prior (constant

popula�on size), which has been suggested to provide a more rigorous test of

delimita�on since the model assumes a single species as the null op�on (Monaghan

et al. 2009). We defined the best par��on schemes and evolu�onary models selected

by Par��onFinder, and es�mated absolute divergence �mes by defining a single

lognormal relaxed clock with a normal prior on the subs�tu�on rate prior (ucld.mean)

with a star�ng and mean value of 0.0125 and standard devia�on of 0.005, based on

spider subs�tu�on rate es�mates available in the literature for spiders (Bidegaray-

Ba�sta and Arnedo 2011). We ran three independent chains of 10 million genera�ons

each, sampling every 1000 genera�ons. We monitored the chain convergence, the

correct mixing, and the number of genera�ons to discard as burn-in (10%) with Tracer.

Three chains of 10 million genera�ons were run for each analysis. The accompanying

programs LOGCOMBINER and TREEANNOTATOR were used to remove the burn-in

genera�ons, to combine the results of three independent chains, and select the

op�mal distribu�on of posterior parameters and tree values. The GMYC cluster was

iden�fied with the help of the R package SPLITS (Ezard et al. 2017).

We compared the results of the two molecular delimita�on approaches to the

morphologically determined species. We categorized molecular clusters as either

“match”, “split”, “merge” or “mixture”, depending on whether they assigned

specimens to the same morphological species, split specimens of the same species
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into more than one cluster, merged specimens from two or more species or merged

some specimens of one species with those of another, respec�vely.

We further explored the ability of COI DNA barcodes to correctly assign Canarian

Dysdera specimens by using distance-based methods. We first built a neighbour

joining tree based on distances computed using the Kimura 2-parameter model (K2P)

with the computer program MEGA v11 (Tamura et al. 2021), to ease visualiza�on of

gene�c divergences. The presence of a ‘barcoding gap’ was checked graphically by

plo�ng the maximum intraspecific K2P gene�c distance to the smallest interspecific

K2P gene�c distance. We used two metrics to assess success in iden�fica�on using

DNA barcode informa�on, namely (1) the nearest neighbour criterion (NN), which

assigns the query sequence to the same species as its closest sequence in the

reference library, and (2) a threshold-based analysis, which assigns the query

sequence to the closest individual unless it is further than a given threshold, which

results in no iden�fica�on. We obtained a graphic representa�on of iden�fica�on

error rates (i.e. false nega�ve, false posi�ve) by tes�ng 50 thresholds from 0.01 to

0.15. All analyses were conducted in the R environment with the help of the package

SPIDER (Brown et al. 2012).

We did not conduct species delimita�on analyses on the ITS2 data, as this data was

mostly intended to corroborate the results of the be�er sampled COI data set. It is

well known that the haplotypic nature of the maternally inherited mitochondrial

genes may iden�fy spurious grouping and failed to iden�fied instances of

hybridiza�on (Funk and Omland 2003; Ballard and Whitlock 2004; Rubinoff et al.

2006).

Morphological analyses and species descrip�ons

Specimens were examined and illustrated using a LEICA MZ16A stereoscopic

microscope with a camera lucida. Digital images were taken with a high-resolu�on
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digital camera LEICA DFC 450 a�ached to the microscope with the help of the

so�ware Leica Applica�on Suite v4.4 and mounted with the so�ware Helicon Focus

(Helicon So�, Ltd.) and a FLIR digital camera with a THORLABS C-mount CML15 lens

a�ached to a ZEISS Axio LAB.A1 microscope. Measurements of the specimens were

taken from the scaled images with the program LAS v4.4. Female vulva was removed

with the help of entomological forceps and hypodermic needles. To remove the

membranous �ssues and kept the sclero�zed parts, the genitalia was enzyma�cally

digested in pancrea�n and borax solu�on following Alvarez-padilla & Hormiga (2007).

To visualize the structures of the male copulatory bulb, scanning electron microscope

images (SEM) were performed with a Q-200 (FEI Co.). The palp was removed from the

body cu�ng the structure between the �bia and the tarsus and sonicated with a

Nahita ZCC001 ultrasonic bath for around 30 seconds and air dried for 24 hours.

Before scanning, all the palps were carbon spu�er-coated the day before.

All characters of the new species descrip�on were recorded in DELTA format

(Dallwitz 1980; Dallwitz et al. 1993) from a previous database focused on the

descrip�on of Dysdera species from the Canary Islands (Arnedo and Ribera 1997,

1999b, 1999a; Arnedo et al. 2007). The “addi�onal material examined” has been

recorded using the spreadsheet to expedite taxonomic publica�ons (Magalhaes

2019). The nomenclature used for the descrip�on of the soma�c and genitalic

characters were all named a�er general work at the genus level (Deeleman-Reinhold

and Deeleman 1988) and Canarian Dysdera specific revision of the genitalic features

(Arnedo et al. 2000b).

All maps were performed using the ggmap package (Kahle and Wickham 2013) in

R so�ware (R Development Core Team 2021); map �les where obtained from h�p://

stamen.com/, under h�p://crea�vecommons.org/licenses/by/3.0", and data from

h�p://openstreetmap.org/, under ODbL.
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Abbrevia�ons

Soma�c characters:

AME – Anterior Median Eyes

PLA – Posterior Lateral Eyes

PME – Posterior Median Eyes

B – Basal tooth

D – Distal tooth

M – Median tooth

Fe – Femur

Pa – Patella

Ti – �bia

Me – Metatarsus

Ta – Tarsus

Male genitalia:

AR – Arch-like Ridge

AC – Addi�onal Crest

AL – Addi�onal Lateral Sheet

C - Crest

DD – Distal Division

DH – Distal hematodocha

ES – External Sclerite
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IS – Internal Sclerite

MA – Medial Apophysis

L – Lateral sheet

P – Posterior apophysis

Female genitalia:

AD – Anterior Diver�culum

AVD – Addi�onal Ventral Diver�culum

DA – Dorsal Arch

DF – Dorsal Fold

MF – Major Fold

PD – Posterior Diver�culum

S – Spermathecae

TB – Transversal Bar

VA – Ventral Arch

Results

Molecular analysis

The complete list of sequences available for the present study are listed in

supplementary Table S1. In total we sampled 542 specimens of Canarian Dysdera,

represen�ng 45 nominal Canarian species, all except D. volcania Ribera, Fernández &

Blasco, 1985, and 10 morphologically diagnosable new species (see results for formal

descrip�on). For those species known from more than one island (10 species), we

included samples from all the islands reported—except D. orahan Arnedo, Oromí &
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Figure 2. Bayesian inference tree of the mitochondrial concatenated data matrices. Pies on nodes refer to clade supports.

Upper le� corresponds to Bayesian Inference, upper right to maximum likelihood and lower to parsimony. The colour code

corresponds to support level as follows: black corresponds to either Jackknife parsimony > 75%, bootstrap maximum

likelihood > 95%, and Bayesian inference posterior probability > 0.95; grey to supports below to any of the thresholds, and

white clade was not recovered. Species and main intraspecific clades collapsed to ease visualiza�on.
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Ribera, 1997 known from La Gomera and El Hierro but only represented from the last

island. All species were represented by most than one individual, except in 3 cases. In

addi�on, we included specimens of the species D. lancerotensis Simon, 1907 (15

specimens), a Canarian endemic yet not related to the species treated in the present

study, the synanthropic D. crocata (3 specimens), closely related to the former

species, and the species D. aneris Macías-Hernández & Arnedo, 2010 (7) and D.

vermicularis Berland, 1936 (2) endemic to the Selvagens Islands and Cabo Verde,

respec�vely (Arnedo et al. 2001). We generated 564 sequences of COI of a maximum

length of 646 bp, represen�ng 453 unique haplotypes, 205 sequences of the 16S, of

637 aligned posi�ons, 143 of the nad1, spanning 381 bp, and 243 sequences of ITS2,

which resolved into 216 different sequence types.

Figures 2 and 3 illustrate the Bayesian inference tree for themitochondrial and ITS2

data, respec�vely. These trees also show the support values derived using the three

different inference approaches. The trees generated by parsimony were less resolved

and supports were lower than those generated by the other two approaches, and the

mitochondrial tree was be�er resolved than the ITS2 tree. Maximum likelihood and

Bayesian analyses both confirm the monophyly of the endemic species of the Eastern

and those of theWestern Canaries, with the exclusion of D. sibyllina Arnedo, 2007 and

D. andamanae Arnedo & Ribera, 1997. These two species were supported as either a

sister clade (mitochondrial) or as a grade (ITS2) to the remaining Canarian species.

Overall, clade support increased towards the �ps. In the mitochondrial tree, all

nominal species were shown as monophyle�c, except for D. verneaui, which was

polyphyle�c, and D. liostetha Simon, 1907 and D. levipes Wunderlich, 1987, which

were paraphyle�c with regards to D. curvisetae Wunderlich, 1992 and D. gollumi

Ribera & Arnedo, 1994, respec�vely. For the ITS-2, all species were monophyle�c

except for D. levipes, which like the mitochondrial tree was paraphyle�c regarding D.

gollumi, but also D. nesiotes Simon, 1907, which was paraphyle�c regarding D. aneris,
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Figure 3. Bayesian inference tree of the ITS data matrix. Upper le� corresponds to Bayesian Inference, upper right to

maximum likelihood and lower to parsimony. The colour code corresponds to support level as follows: black corresponds to

either Jackknife parsimony > 75%, bootstrap maximum likelihood > 95%, and Bayesian inference posterior probability > 0.95;

grey to supports below to any of the thresholds, and white clade was not recovered. Species and main intraspecific clades

collapsed to ease visualiza�on.
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and D. aniepa sp.n., which sequences types were intermixed with those of D. macra.

Interes�ngly, ITS2 recovered both D. verneaui and D. lisotetha as monophyle�c.

Molecular delimita�on

The mPTP method delimited a total of 73 clusters, while the GMYC recovered 83

clusters, with a confidence interval from 77 to 91 (Fig. 4). In both cases the number of

delimited species were higher than the 57 morphologically diagnosed species—D.

lancerotensis and D. crocata were removed from the delimita�on analyses.

Approximately 60% of the molecular based delimita�ons matched the nominal

species. The matches were higher for the mPTP delimita�on—39 species, 68.4%—

than for the GMYC one—34 species, 59.6%. Conversely, the GMYC split more species

than mPTP—19 (33.3%) and 12 (21.1%), respec�vely. Intraspecific clusters mostly fell

into three categories, namely island popula�ons of mul�-island species (eg. D.

calderensis Wunderlich, 1987, D. gomerensis Strand, 1911 or D. silva�ca Schmidt,

1981), cave-dwelling species (eg. D. chioensisWunderlich, 1992, D. esquiveli Ribera &

Blasco, 1986, D. sibyllina or D. unguimanis Ribera, Ferrández & Blasco, 1986) or

species with widespread distribu�ons within the same island (eg. D. bandamae

Schmidt, 1973, D. macra or D. verneaui). On the other hand, mPTP merged two

species pairs, the Eastern Canarian endemics D. spinidorsa Wunderlich, 1992 and D.

mahan Macías-Hernández & Arnedo, 2010, which were also merged by GMYC, and

the cave-dwelling species D. ambulotenta Ribera, Ferrández & Blasco, 1986 and D.

gibbifera Wunderlich, 1992. Both methods agreed in iden�fying mixture in two

species pairs, corresponding to the species D. curvisetae and D. gollumi, which

rendered D. liostetha and D. levipes haplotypes, paraphyle�c, as indicated above.

Barcode analysis

The neighbour joining tree build form K2P distances is included as supplementary

Fig. S1. We failed to iden�fy a ‘barcoding gap’ among Canarian Dysdera COI

sequences, since maximum intraspecific (mean= 0.07, maximum=0.18) and the
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Figure 4. Ultrametric tree of the COI data set inferred with BEAST. Columns on the right indicate clusters recovered with the
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rightmost column corresponds to clusters the clades recovered in the analysis of the ITS. The black squares denote

congruence between the COI and the ITS2 circumscrip�on, and the grey squares mismatches.
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nearest interspecific gene�c distance (mean= 0.1, minimum=0,.004) overlapped.

Several pairwise comparison fell below the 1:1 line, indica�ng that the maximum

intraspecific gene�c distance was lower than the distance to the nearest neighbour

(Fig. 5). However, the NN resulted in 99% iden�fica�on success in species represented

by more than one sequence in the reference library. The only false iden�fica�ons

corresponded to one specimen of D. chioensis (X116), which was assigned to the D.

verneaui, once specimen of D. gollumi (K36) which was assigned to D. levipes, and one

of the D. levipes (PK539) that was assigned to D. gollumi, and the two specimens of D.

gaifa sp.n. which were assigned to D. guayota Arnedo & Ribera, 1999. By contrast, the

threshold criterion performed worse, due to the overlapping of false nega�ves and

posi�ves (supplementary Fig. S2). The localMinima func�on of the Spider R package

determined 0.028 as the op�mum threshold for minimizing the cumula�ve

iden�fica�on error, which resulted in 92.5% of correct iden�fica�ons.

Figure 5. Plot comparing the minimum interspecific Kimura two-parameter (K2P) distance to the maximum intraspecific K2P

distance. Values below the 1:1 line indicate the absence of a ‘barcode gap’.

0.00

0.05

0.10

0.15

0.00 0.05 0.10 0.15

Maximum intraspecific divergence

D
is

ta
n

ce
 t

o
 n

e
a

re
st

 n
e

ig
h

b
o

u
r 

(%
K

2
P

)



73

Integra�ve taxonomic revision in Dysdera

Misiden�fica�ons included 1 wrong iden�fica�on, 11 false nega�ves (lumping) and 29

false posi�ves (spli�ng).

Based on the integra�on of the morphological and molecular analyses, we propose

the existence of 10 new species for science. Furthermore, we provide the first

descrip�on of the male of the D. hirguan Arnedo, Oromí & Ribera, 1997 and the

female of D. orahan.

Taxonomy

Family Dysderidae C. L. Koch, 1837

Subfamily Dysderini Deeleman-Reinhold, 1988

Genus Dysdera Latreille, 1804

Type species. Dysdera erythrina (Walckenaer, 1802)

Dysdera aniepa sp.n. Bellvert & Arnedo

(Figs. 6A, 7A, 8A, 9A-E, 10A-C)

Type material

Holotype: Spain. Canary Islands: Tenerife, Buenavista del Norte, El Aderno. Altos de

Buenavista, 28.358258, -16.864456, N. Macías & H. López coll., 12/15/2006, 1♂

(NMH000850)

Paratypes: Spain. Canary Islands: Tenerife, Buenavista del Norte, El Aderno. Altos

de Buenavista, 28.358258, -16.864456, N. Macías & H. López coll., 12/15/2006, 1♀

(NMH000860), 1♀ (NMH000856), 1♂ (NMH000849).

Addi�onal Material examined. Spain. Canary Islands: Tenerife, San�ago del Teide,

Las Arenas, 28.299588, -16.795435, S. de la Cruz coll., 13/IV/2005, 1♂; El Rosario,

Morada del Viento (Pista Siete Fuentes). Las Lagunetas, 28.411180, -16.424427, N.
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Macías coll., 22/XII/2006, 1♂; San�ago del Teide, Cumbre Bolico, 28.314186, -

16.826940, N. Macías, S. de la Cruz, H. Lópes & H. Morales coll., 06/VI/2009, 1♂ 2♀;

Buenavista, Teno Alto, 28.335996, -16.865760, 1♀; Teno Alto 2, D. Suarez coll., 17/III/

Figure 6. Prosoma dorsal view (A) D. aniepa sp.n.; (B) D. banot sp.n.; (C) D. gaifa sp.n.; (D) D. garoei sp.n.; (E) D. guamet sp.n.;

(F) D. herii sp.n.; (G) D. hirguan; (H) D. marmorata sp.n.; (I) D. orahan; (J) D. tabona sp.n.; (K) D. undupe sp.n.; (L) D. yballa

sp.n. Scalebar = 1mm.
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2017, 1♂; Camino el Fraile, 26/III/2017, 1♀; Buenavista del Norte, El Aderno. Altos

de Buenavista, 28.358258, -16.864456, N. Macías & H. López coll., 15/XII/2006, 2♂

8♀ 3 imm.

Figure 7. Prosoma lateral view (A) D. aniepa sp.n.; (B) D. banot sp.n.; (C) D. gaifa sp.n.; (D) D. garoei sp.n.; (E) D. guamet sp.n.;

(F) D. herii sp.n.; (G) D. hirguan; (H) D. marmorata sp.n.; (I) D. orahan; (J) D. tabona sp.n.; (K) D. undupe sp.n.; (L) D. yballa
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Figure 8. Chelicera dorsal view (A) D. aniepa sp.n.; (B) D. banot sp.n.; (C) D. gaifa sp.n.; (D) D. garoei sp.n.; (E) D. guamet sp.n.;

(F) D. herii sp.n.; (G) D. hirguan; (H) D. marmorata sp.n.; (I) D. orahan; (J) D. tabona sp.n.; (K) D. undupe sp.n.; (L) D. yballa

sp.n. Scalebar = 1mm.
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Etymology

The specific name in apposi�on refers to a very elaborate spear (añepa in the

original Spanish transla�on) that preceded the king from the aboriginal culture from

the Canary Islands. As all the other names of the newly described species in this paper,

comes from the original language of the Guanches, aborigines of the Canary Islands.

Diagnosis

Dysdera aniepa sp.n. is dis�nguished from the morphologically similar D. breviseta

Wunderlich, 1992 by the M teeth close to B instead of D (Fig. 8A), and from the also

closely similar D. macra by the light red colora�on in D. aniepa (Fig. 6A, 7A) instead of

dark red. Males are dis�nguished from the closely similar D. macra by the lack of distal

teeth in P (Fig. 9E). Clearly dis�nguished from D. breviseta by the L distal border

parallel instead of 45º (Fig. 9D). C proximal border concave decreasing instead of

convex (Fig. 9C-D). Vulva very similar to the D. macra and D. breviseta but can be

dis�nguished by a shorter S a�achment to AD (Fig. 10A).

Descrip�on - Male Holotype (NMH000850): (Figs 6A, 7A, 8A, 9A-E). Carapace 3.60

long; maximum width 3.00; minimum width 2.05. Red, frontally darker, becoming

lighter towards back; smooth with some small black grains mainly at front. Anterior

border roughly straight, from 1/2 to 3/5 carapace length; anterior lateral borders

divergent; rounded at maximum dorsal width, posterior lateral borders rounded;

posterior margin narrow, straight (Fig. 6A); stepped in lateral view (Fig. 7A). AME

diameter 0.18; PLE 0.14; PME 0.12; AME on edge of anterior border, separated from

one another by about 1 diameter or more, close to PLE; PME touching to each other,

about 1/2 PME diameter from PLE. Labium trapezoid-shaped, base wider than distal

part; longer than wide at base; semicircular groove at �p. Sternum orange, darkened

on borders; very slightly wrinkled, mainly between legs and anterior border; uniformly

covered in slender black hairs.
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Chelicerae 1.65 long, about 1/2 of carapace length in dorsal view; fang medium-

sized, 1.26; basal segment, proximal dorsal and ventral side, scantly covered with

piligerous granula�ons. Chelicera inner groove medium-size, about 2/5 cheliceral

length; armed with three teeth and lamina at base; D>B>M; D triangular, located near

segment �p; B close to basal lamina; M close to B (Fig. 8A). Anterior legs dark orange,

posterior legs yellow. Lengths of male described above: fe1 2.70; pa1 1.70; �1 2.30;

me1 2.15; ta1 0.55; total 9.40; fe2 2.05; pa2 1.55; �2 2.00; me2 1.95; ta2 0.55; total

8.10; fe3 1.85; pa3 1.10; �3 1.25; me3 1.70; ta3 0.50; total 6.40; fe4 2.05; pa4 1.25; �4

1.70; me4 2.15; total 7.15; rela�ve length: 1>2>4>3. Leg1 and leg2 spineless; leg3

spineless; leg4 spineless. Dorsal side of Anterior legs smooth; ventral side of pedipalp

covered with small piligerous grains; long, spine-like hairs on ventral posterior tb, fe.

Claws with 8 teeth or less; hardly larger than claw width.

Abdomen 3.50 long; grey; cylindrical. Abdominal dorsal hairs 0.02 long; thick,

roughly straight, compressed, blunt, lateral knob at the �p; uniformly, thickly

distributed.

Male copulatory bulbus T as long as DD (Fig. 9A-B); external distal border sloped

backwards; internal sloped backwards. DD not bent, same T axis in lateral view;

internal distal border not expanded. IS, ES proximally fused, similarly developed; IS

truncated at DD middle part; ES bend markedly sclero�zed. DD �p straight in lateral

view. C present, short (Fig. 9C-D); distal end beside DD internal �p; well developed;

located close to DD distal �p; proximal border sharply decreasing; distal border

stepped, upper �p not projected, rounded, external side hollowed. AC present. LF

present; distally not projected. L well developed. LF poorly developed. L external

border not sclero�zed, distally markedly folded; distal border approximately parallel,

con�nuous. LA absent. F absent. AL present, very poorly developed; proximal border

in posterior view fused with DH. P fused to T; perpendicular to T in lateral view (Fig.

9E); lateral length from 1/3 to 2/5 of T width; ridge present, perpendicular to T; not
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expanded, upper margin smooth; not distally projected; posterior margin slightly

folded towards internal side.

Figure 9. D. aniepa sp.n. (A) le� palp retrolateral view; (B) le� palp frontal view; (C) DD right palp frontal-prolateral view; (D)

DD right palp prolateral view; (E) P right palp prolateral view. Scalebar = 0.1mm
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Female paratype (NMH000856): (Fig. 10A-C). All characters as in male except:

carapace 3.60 long; maximum width 2.97; minimum width 2.02. AME diameter 0.17;

PLE 0.15; PME 0.14; AME on edge of Anterior border, separated from one another by

about 2/3 diameter, close to PLE; PME touching to each other, about 1/3 PME

diameter from PLE. Sternum orange, frontally darker, becoming lighter towards back.

Chelicerae 1.70 long, about 1/2 of carapace length in dorsal view; fang long, 1.42

mmLengths of female described above: fe1 2.48; pa1 1.73; �1 2.10; me1 1.89; ta1

0.51; total 8.71; fe2 2.15; pa2 1.55; �2 1.83; me2 1.72; ta2 0.47; total 7.72; fe3 1.79;

pa3 1.11; �3 1.15; me3 1.58; ta3 0.46; total 6.09; fe4 2.23; pa4 1.29; �4 1.61; me4

2.05; ta4 0.51; total 7.69; fe Pdp 1.58; pa Pdp 0.85; � Pdp 0.63; ta Pdp 0.83; total 3.89;

rela�ve length 1>2>4>3.

Abdomen 3.67 long; grey; cylindrical. Abdominal dorsal hairs 0.05 long.

Vulva DA clearly dis�nguishable from VA; DA slightly wider than long (Fig. 10A); DF

wide in dorsal view. MF margins fused (Fig. 10B), sheet-like, well developed,

completely sclero�zed. VA rectangle-like; Anterior region completely sclero�zed;

posterior region sclero�zed in most anterior area; AVD absent. S a�achment not

projected under VA (Fig. 10C); arms as long as DA, slightly curved; �ps not projected;

neck as wide as arms. TB usual shape.

A B C

Figure 10. D. aniepa sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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Intraspecific varia�on

Male cephalothorax ranges in length from 3.40-3.85 (N=4), females from 3.10-3.85

(N=5). Distal teeth could be closer to medial, almost at the same distance that goes

from medial to basal. Leg measurements variability is listed in table 1.

Distribu�on

This species is known from the island of Tenerife, mainly found in Teno, in the

north-west of the island and from one locality from Las Lagunetas (Fig. 11).

I II III IV

Fe 2.5-2.7/2.25-2.75 2.05-2.35/1.9-2.3 1.65-2/1.6-1.8 2.05-2.35/1.95-2.45

Pa 1.6-1.8/1.45-1.8 1.45-1.65/1.3-1.65 1.05-1.15/0.95-1.2 1.05-1.3/1.1-1.4

Ti 2.15-2.45/1.85-2.3 1.8-2.1/1.55-2.05 1.2-1.35/1.05-1.3 1.7-1.85/1.55-1.8

Mt 1.9-2.15/1.65-2.05 1.8-1.95/1.55-1.85 1.55-1.75/1.4-1.65 1.85-2.25/1.8-2.15

Ta 0.45-0.55/0.4-0.55 0.45-0.55/0.45-0.5 0.45-0.5/0.4-0.5 0.45-0.5/0.45-0.5

Total 8.65-9.4/7.65-9.45 7.7-8.5/6.8-8.25 5.9-6.75/5.45-6.3 7.4-8.25/6.95-8.25

Table 1. Intraspecific leg measurements variability of D. aniepa sp.n (males/females).

Figure 11.Map of Tenerife with the new species locali�es. D. aniepa sp.n. = black squares; D. banot sp.n. = white circles; D.

marmorata sp.n. = black triangles; D. tabona sp.n. = inverted white triangles.
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Dysdera banot sp.n.

(Figs 6B, 7B, 8B, 12A-C)

Type material

Holotype: Spain. Canary Islands: Tenerife, Santa Cruz de Tenerife, Las Carboneras,

28.539290, -16.275800, N. Macías & S. Febles coll., 02/X/2015, 1♀ (NMH002929).

Paratypes: Spain. Canary Islands: Tenerife, Santa Cruz de Tenerife, Cabeza del Tejo,

28.565090, -16.165982, Netbiome coll., 23/I/2013, 1♀ (NMH002943).

Addi�onal material examined: Spain. Canary Islands: Tenerife, Santa Cruz de

Tenerife, Pista de Ijuana, 28.560191, -16.169190, N. Macías coll., 22/V/2006, 1♀; El

Pijaral. Anaga, 28.551966, -16.189225, Netbiome coll., 11/I/2013, 1♀; Cabeza del

Tejo, 28.565090, -16.165982, 23/I/2013, 1♀; P. Oromí coll., 23/I/2013, 1 imm.

Etymology

The specific name in apposi�on refers to a rod or spear fire-hardened used by the

Guanches, characterized by the bulge in the upper third to be grasped.

Diagnosis

Can be clearly dis�nguished from all the otherDysdera species from Tenerife by the

short chelicera (Fig. 6B) and the flat and enlarged fang (Fig. 8B). D. banot sp.n. is

dis�nguished from the morphologically similar D. hernandezi Arnedo & Ribera, 1999

by the lack of eyes reduc�on in the former and the two-�me bigger size. Males

dis�nguished from D. hernandezi by the presence of AVD (Fig. 12A).

Descrip�on - Female holotype (NMH002929): (Figs 6B, 7B, 8B, 12A-C). Carapace

4.05 long; maximum width 3.50; minimum width 2.00. Dark red, uniformly

distributed; heavily foveate, covered with circular depressions, some small black

grains mainly at front (Fig. 6B, 7B). Anterior border roughly round, markedly smaller

than 1/2 carapace length; anterior lateral borders convergent; rounded at maximum
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dorsal width, posterior lateral borders rounded; posterior margin narrow, straight.

AME diameter 0.22; PLE 0.22; PME 0.16; AME slightly back from anterior border,

separated from one another by about 1/2 diameter, touching PLE; PME very close to

each other, less than 1/4 PME diameter from PLE. Labium trapezoid-shaped, base

wider than distal part; as long as wide at base; semicircular groove at �p. Sternum

brownish orange, darkened on borders; very slightly wrinkled, mainly between legs

and anterior border; covered in hairs mainly on margin.

Chelicerae 1.05 long, about 1/4 of carapace length in dorsal view; fang short, 0.85;

enlarged onmiddle part; basal segment smooth, with no granula�ons. Chelicera inner

groove short, about 1/3 cheliceral length; armed with three teeth and lamina at base;

B>M>D; D triangular, located near segment �p; B close to basal lamina; M close to B

(Fig. 8B). Legs dark orange-coloured. Lengths of female described above: fe1 2.45; pa1

1.85; �1 1.85; me1 1.65; ta1 0.50; total 8.30; fe2 2.25; pa2 1.75; �2 1.75; me2 1.75;

ta2 0.50; total 8.00; fe3 2.05; pa3 1.25; �3 1.40; me3 1.75; ta3 0.55; total 7; fe4 2.85;

pa4 1.60; �4 2.15; me4 2.70; ta4 0.65; total 9.95; fe Pdp 1.28; pa Pdp 0.83; � Pdp 0.63;

ta Pdp 0.97; total 3.71; rela�ve length 4>1>2>3. Leg1 and leg2 spineless. Fe3d

spineless; pa3 3 anterodorsal; tb3d spines arranged in four bands; proximal 2.2.0;

medial-proximal 2.2.1; medial-distal 1.0.0; distal 2.0.0; tb3v spines arranged in two

bands; proximal 1.2.0; medial-proximal 0; medial-distal 0; distal 1.0.0; with two

terminal spines. Fe4d spineless; pa4 spineless; tb4d spines arranged in four bands;

proximal 1.0.0; medial-proximal 1.3.1; medial-distal 0.1.0; distal 1.0.1; tb4v spines

arranged in two bands; proximal 1.2.0; medial-proximal 0; medial-distal 0; distal 1.1.0;

with two terminal spines. Dorsal side of anterior legs covered with hairs, lacking small

grains; ventral side of pedipalp covered with small piligerous grains; Distal part of the

metatarsus III and IV densely covered with short hair. Claws with 8 teeth or less; hardly

larger than claw width.

Abdomen 4.45 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.08 long;
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medium-sized, curved, not compressed, pointed; uniformly, thickly distributed.

Vulva DA clearly dis�nguishable from VA (Fig. 12B); DA as wide as long; DF wide in

dorsal view (Fig. 12C). MF margins not fused, well developed, completely sclero�zed,

projected backwards, as long as DA lateral length. VA rectangle-like; anterior region

completely sclero�zed; posterior region sclero�zed except for most internal area;

sclero�zed ridge at ventral VA external margin, as long as VA, bent to internal side;

AVD present (Fig. 12A). S a�achment not projected under VA; arms as long as DA,

clearly curved; �ps not projected; neck wider than arms. TB usual shape.

Intraspecific varia�on

Female cephalothorax ranges in length from 4.05-4.5 (N=5). Anterior part of

prosoma could be slightly wider in propor�on to middle part. Opisthosoma grey

colored or whi�sh. Spina�on and leg measurements variability is listed in tables 2-3

respec�vely.

Distribu�on

This species is known from Anaga, in the Northern-east of the island of Tenerife

(Fig. 11).

Figure 12. D. banot sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm

A B C
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Dysdera gaifa sp.n.

(Figs 6C, 7C, 8C, 13A-C)

Type material

Holotype: Spain. Canary Islands: La Gomera, San Sebas�án, Playa de Avalo,

28.114684, -17.113168, Planas E. & Espluga R. coll., 17/II/2011, 1♀ (NMH002927).

Paratypes: Spain. Canary Islands: La Gomera, Valle Gran Rey, Montaña de Las Pilas.

La Mérica, 28.960000, -17.335703, S. de la Cruz & N. Macías coll., 04/II/2008, 1♀

(NMH001440).

Etymology

The specific name in apposi�on refers to spirited Cannary. Also was a noble who

joined Doràmas in the uprising against Guanarteme de Gáldar during XV century.

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 0-2.1-3.0-1 0-3.2.0-1 0-2.0-1.0 1.0.0

Tibia 4 dorsal 1.0-2.0-1 0-1.0-3.0-1 0-1.0-2.0-1 0-1.0.0-1

Tibia 3 ventral 0-1.0-2.0 0-1.1-2.0-1 1-0.0.0 1-2.1-2.0-1

Tibia 4 ventral 0-2.1-2.1 0-1.0-1.0-1 0-1.0-1.0 2-1.1.0-1

Number of rows Number of spines

Femur 3 dorsal 0 0

Femur 4 dorsal 0 0

Table 2. Intraspecific spina�on variability of D. banot sp.n.

Table 3. Intraspecific leg measurements variability of D. banot sp.n.

I II III IV

Fe 2.45-2.8 2.25-2.45 2.05-2.35 2.85-3.1

Pa 1.85-2.1 1.75-1.9 1.15-1.4 1.6-1.8

Ti 1.85-2.1 1.75-1.95 1.35-1.5 2.05-2.25

Mt 1.55-1.75 1.65-1.75 1.75-1.95 2.7-2.85

Ta 0.5-0.6 0.5-0.6 0.55-0.65 0.65-0.7

Total 8.3-9.25 8-8.5 7-7.8 9.95-10.65



86

Adrià Bellvert

Diagnosis

D. gaifa sp.n. is dis�nguished from the morphologically similar D. guamet sp.n. by

its small size, twice �mes shorter in carapace length, short and thick cheliceral basal

segment shorter than half the size of the carapace length in the former, instead of

slightly elongated with the same size than half of the carapace length. Can be clearly

dis�nguished from all the other sympatric Dysdera species from La Gomera by the

bulgy chelicera in lateral view (Fig. 7C).

Descrip�on – Female holotype (NMH002927): (Figs 6C, 7C, 8C, 13A-C). Carapace

3.03 long; maximum width 2.53; minimum width 1.72. Red orange, frontally darker,

becoming lighter towards back (Fig. 6C); smooth with some small black grains mainly

at front. Anterior border roughly round, from 1/2 to 3/5 carapace length; anterior

lateral borders divergent; rounded at maximum dorsal width, posterior lateral borders

straight; posterior margin narrow, straight. AME diameter 0.09; PLE 0.09; PME 0.11;

AME on edge of anterior border, separated from one another by about 2 diameters,

touching PLE; PME about one quarter of diameter apart, about 3/5 PME diameter

from PLE. Labium trapezoid-shaped, base wider than distal part; longer than wide at

base; semicircular groove at �p. Sternum orange, frontally darker, becoming lighter

towards back or darkened on borders; smooth; uniformly covered in slender black

hairs.

Chelicerae 1.58 long, about 1/2 of carapace length in dorsal view; fang long, 1.06;

basal segment, proximal dorsal and ventral side, scantly covered with piligerous

granula�ons. Chelicera inner groove short, about 1/3 cheliceral length; armed with

three teeth and lamina at base; D=B>M; D triangular, located near segment �p; B close

to basal lamina; M close to B (Fig. 8C). Anterior legs dark orange, posterior legs yellow.

Lengths of female described above: fe1 1.99; pa1 1.39; �1 1.65; me1 1.33; ta1 0.43;

total 6.79; fe2 1.85; pa2 1.33; �2 1.63; me2 1.36; ta2 0.45; total 6.62; fe3 1.49; pa3

0.99; �3 1.04; me3 1.39; ta3 0.58; total 5.49; fe4 1.84; pa4 1.21; �4 1.47; me4 1.72;
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ta4 0.56; total 6.8; fe Pdp 1.34; pa Pdp 0.68; � Pdp 0.51; ta Pdp 0.77; total 3.30; rela�ve

length 4=1>2>3. Leg1 and leg2 spineless. Fe3d spines in one row; 1; pa3 spineless;

tb3d spines arranged in two bands; proximal 1.1.1; medial-proximal 0; medial-distal 0;

distal 1.0.1.; tb3v spines arranged in two bands; proximal 1.2.0; medial-proximal 0;

medial-distal 0; distal 1.0.1; with two terminal spines. Fe4d spines in two rows;

forward 1; backward 3; pa4 spineless; tb4d spines arranged in three bands; proximal

0.0.1; medial-proximal 0; medial-distal 1.1.1; distal 1.0.1; tb4v spines arranged in

three bands; proximal 0.0-1.0; medial-proximal 0.2.1; medial-distal 0; distal 1.0.1;

with two terminal spines. Dorsal side of anterior legs smooth; ventral side of pedipalp

covered with small piligerous grains. Claws with 8 teeth or less; hardly larger than claw

width.

Abdomen 3.79 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.12 long;

thin, curved, not compressed, pointed; uniformly, thickly distributed.

Vulva DA clearly dis�nguishable from VA (Fig. 13B); DA as wide as long (Fig. 13C);

DF wide in dorsal view. MF margins fused, sheet-like, well developed, completely

sclero�zed. VA rectangle-like; anterior region completely sclero�zed; posterior region

sclero�zed except for most internal area; AVD absent (Fig. 13A). S a�achment

projected under VA; arms are shorter than DA, straight; �ps not projected; neck wider

than arms. TB usual shape.

A B C

Figure 13. D. gaifa sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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Intraspecific varia�on

Female cephalothorax ranges in length from 2.99-3.09 (N=2). Carapace color

frontally red. PME could be closer to PLE. Distal teeth could almost double the size of

basal. Spina�on and leg measurements variability is listed in tables 4-5 respec�vely.

Distribu�on

This species is known from two locali�es of la Gomera (Fig. 14)

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 1.1.0-1 0.0.0 0.0.0 1.0.1

Tibia 4 dorsal 0-1.0.1 0-1.1.0-1 0.0.0 1.0.1

Tibia 3 ventral 1.1.1 0.0.0 0.0.0 1.0.1

Tibia 4 ventral 0.2-0.0 0-1.1-2.1 0.0.0 1.0.1

Number of rows Number of spines

Femur 3 dorsal 0 0

Femur 4 dorsal 2 1/3-4

Table 4. Intraspecific spina�on variability of D. gaifa sp.n.

Table 5. Intraspecific leg measurements variability of D. gaifa sp.n.

I II III IV

Fe 1.988-1.998 1.816-1.852 1.491-1.495 1.839-1.885

Pa 1.253-1.386 1.317-1.335 0.993-1.048 1.08-1.207

Ti 1.627-1.655 1.633-1.647 1.044-1.098 1.473-1.495

Mt 1.326-1.352 1.356-1.407 1.39 1.723-1.813

Ta 0.432-0.484 0.449-0.479 0.584 0.509-0.559

Total 6.704-6.797 6.625-6.666 5.502 6.782-6.801
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Dysdera garoei sp.n.

(Figs 6D, 7D, 8D, 15A-C)

Type material

Holotype: Spain. Canary Islands: El Hierro, El Pinar, Pista del Mercader,

27.71294436, -18.02217517, GIET coll., 15/1/2011, 1♀ (CRBA002063).

Paratypes: Spain. Canary Islands: El Hierro, Frontera, Supra Casa Forestal Frontera,

27.735116, -18.0243833, H. López coll., 30/XI/2017, 1♀ (NMH003416).

Addi�onal material examined: Spain. Canary Islands: El Hierro, Frontera, Cueva de

la Curva, 27.69234819, -17.972877, GIET coll., 15/2/2004, 1 imm.; Supra Casa Forestal

Frontera, 27.735116, -18.0243833, H. López coll., 30/XI/2017, 1♀.

Figure 14.Map of La Gomera with the new species locali�es. D. gaifa sp.n. = black squares; D. guamet sp.n. = white circles;

D. hirguan = black triangles; D. undupe sp.n. = inverted white triangles; D. yballa sp.n. = white diamond.
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Etymology

The name is given a�er Garoé de la Cruz Macías-Hernandez, name of the son of

Nuria Macías-Hernandez, one of the authors of this paper.

Diagnosis

D. garoei sp.n. clearly dis�nguished from all the other Dysdera species from El

Hierro by the bulgy chelicera in lateral view (Fig. 7D), eye reduc�on and 3 terminal

prolateral spines in fe1. Female of D. garoei sp.n. dis�nguished from the sympatric

species D. gomerensis and D. silva�ca by the wide S curved backwards in ventral view.

Descrip�on – Female holotype (CRBA002063): (Figs 6D, 7D, 8D, 15A-C). Carapace

2.70 long; maximum width 2.02; minimum width 1.41. Red orange, frontally darker,

becoming lighter towards back; smooth with some small black grains mainly at front;

hairy, covered with black hairs mainly at lateral and posterior borders. Anterior border

roughly round, from 1/2 to 3/5 carapace length; anterior lateral borders divergent;

rounded at maximum dorsal width, posterior lateral borders rounded; posterior

margin narrow, straight (Fig. 6D). Eyes markedly reduced but all present; AME

diameter 0.05; PLE 0.045; PME 0.05; AME separa�on 0.24; AME-PLE separa�on 0.04;

PLE-PME separa�on 0.08. Labium trapezoid-shaped, base wider than distal part;

longer than wide at base; semicircular groove at �p. Sternum orange, uniformly

distributed; smooth; uniformly covered in slender black hairs.

Chelicerae 1.31 long, about 1/2 of carapace length in dorsal view; fang medium-

sized, 0.78; basal segment dorsal, ventral side completely covered with piligerous

granula�ons. Chelicera inner groove short, about 1/3 cheliceral length; armed with

three teeth and lamina at base; B>D=M; D triangular, located near segment �p; B close

to basal lamina; M close to B (Fig. 8D). Anterior legs dark orange, posterior legs yellow.

Lengths of female described above: fe1 2.2; pa1 1.34; �1 1.76; me1 1.66; ta1 0.45;

total 7.41; fe2 2.01; pa2 1.22; �2 1.59; me2 1.55; ta2 0.43; total 6.8; fe3 1.8; pa3 0.93;
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�3 1.17; me3 1.58; ta3 0.47; total 5.95; fe4 2.05; pa4 1.11; �4 1.66; me4 2.01; ta4 0.59;

total 7.42; fe Pdp 1.13; pa Pdp 0.65; � Pdp 0.52; ta Pdp 0.73; total 3.03; rela�ve length

4=1>2>3. Leg 1 3-2 terminal spines on forward margin; leg2 spineless. Fe3d spines in

one row; 3; pa3 spineless; tb3d spines arranged in three bands; proximal 1-0.0.0;

medial-proximal 1.1.1; medial-distal 0; distal 1.0.1.; tb3v spines arranged in three

bands; proximal 1.0.1; medial-proximal 0.1.1; medial-distal 0; distal 1.0.0; with two

terminal spines. Fe4d spines in two rows; forward 1; backward 5; pa4 spineless; tb4d

spines arranged in two bands; proximal 1.1.1; medial-proximal 0; medial-distal 0;

distal 1.0.1; tb4v spines arranged in three bands; proximal 0.1.0; medial-proximal

1.1.1; medial-distal 0; distal 1.1.1; with two terminal spines. Dorsal side of anterior

legs covered with small piligerous grains; ventral side of pedipalp covered with small

piligerous grains. Claws with 8 teeth or less; hardly larger than claw width.

Abdomen 3.59 mm long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.11

mm long; thin, roughly straight, not compressed, pointed; uniformly, thickly

distributed.

Vulva DA clearly dis�nguishable from VA (Fig. 15B); DA slightly wider than long (Fig.

15C); DF wide in dorsal view. MF margins not fused, well developed, completely

A B C

Figure 15. D. garoei sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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sclero�zed, projected backwards, shorter than DA lateral length. VA rectangle-like;

anterior region completely sclero�zed; posterior region sclero�zed except for most

internal area (Fig. 15A); tooth-shaped expansion from internal posterior border;

joined to lateral sclero�za�on, except for its back ends, slightly shorter than DF lateral

margins; AVD absent. S a�achment not projected under VA; arms as long as DA,

slightly curved; �ps not projected; neck as wide as arms. TB usual shape.

Intraspecific varia�on

Female cephalothorax ranges in length from 2.69-3.11 (N=3). Leg colors vary from

pale darkish orange in the anterior legs to bright orange. Sternum could have a brihter

colora�on. In the �bia from leg 2 could present a ventral spine. Spina�on and leg

measurements variability is listed in tables 6-7 respec�vely.

Distribu�on

This species is known from the south of the island of El Hierro (Fig. 16)

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 1.1-2.1 0.0.0 0.0.0 1.0.1

Tibia 4 dorsal 1.1.1 0.0.0 0.0.0 1.0.1

Tibia 3 ventral 1.0-1.1 0.1.1-2 0.0.0 1.0.1

Tibia 4 ventral 0.1.0 1.1.1 0.0-1.0-1 0-1.1.1

Number of rows Number of spines

Femur 3 dorsal 1 3

Femur 4 dorsal 2 1/5

I II III IV

Fe 2.066-2.75 2.01-2.6 1.547-2.05 1.905-2.05

Pa 0.994-1.6 1.22-1.5 0.768-1.1 1.07-1.11

Ti 1.661-2.2 1.59-2 1.084-1.55 1.546-1.66

Mt 1.468-1.9 1.55-1.9 1.447-1.85 1.877-2.01

Ta 0.45-0.481 0.43-0.5 0.466-0.5 0.406-0.59

Total 6.67-8.9 6.8-8.5 5.312-7.05 6.804-7.42

Table 6. Intraspecific spina�on variability of D. garoei sp.n.

Table 7. Intraspecific leg measurements variability of D. garoei sp.n.
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Dysdera guamet sp.n.

(Figs 6E, 7E, 8E, 17A-E, 18A-C)

Type material

Holotype: Spain. Canary Islands: La Gomera, Vallehermoso, Teselinde. Ermita de

Santa Clara, 28.1963, -17.28754, N. Macías & S. To� coll., 08/IV/2011, 1♂

(CRBA002058).

Paratypes: Spain. Canary Islands: La Gomera, Vallehermoso, Teselinde. Ermita de

Santa Clara, 28.1963, -17.28754, GIET coll., 06/VIII/2002, 1♀ (NMH002996); N.

Macías & S. de la Cruz coll., 10/III/2012, 1♀ (CRBA002056, NMH001883); M. Rezac

coll., 16/X/2010, 1♂ (CRBA002495).

Addi�onal material examined: Spain. Canary Islands: La Gomera, Vallehermoso,

Teselinde. Ermita de Santa Clara, 28.1963, -17.28754, N. Macías & S. de la Cruz coll.,

10/III/2012, 2 imm.; M. Rezac coll., 15/X/2010, 1 imm.; Arnedo, Bellvert & Oromí coll.,

17/3/2017, 1♂, 2 imm.; Ctra. Cumbre, altura Mora Gaspar, 28.14614, -17.262784,

Figure 16. Map of El Hierro (le�) and La Gomera (right) with the new species locali�es. D. garoei sp.n. = black squares; D.

orahan sp.n. = white circles.



94

Adrià Bellvert

Arnedo, Bellvert, Domènech & Oromí coll., 21/III/2019, 2 imm.; Vallehermoso,

Teselinde. Ermita de Santa Clara, 28.1963, -17.28754, 1 imm.

Etymology

The specific name in apposi�on refers to a Guamet, king of La Gomera, which later

was Chris�anised as Sebas�an.

Diagnosis

Dysdera guamet sp.n. is dis�nguished from the morphologically similar D. silva�ca

by the bulgy chelicera in the former and fla�ened carapace (Fig. 7E), a light red

colored prosoma and light orange or yellow legs instead of dark red. Males are

dis�nguished from D. silva�ca by the P upper margin ridge expansion and C �p

projected distally (Fig. 17A, C, E). Females are dis�nguished from D. silva�ca by the S

lateral �ps directed backwards instead of markedly projected forward in ventral view

(Fig. 18A).

Descrip�on – Male holotype (CRBA002058): (Figs 6E, 7E, 8E, 17A-E). Carapace 4.66

long; maximum width 3.58; minimum width 2.41. Orange, frontally darker, becoming

lighter towards back; smooth with some small black grains mainly at front; hairy,

uniformly covered with white hairs (Fig. 6E). Anterior border roughly straight, from

1/2 to 3/5 carapace length; anterior lateral borders divergent; pointed at maximum

dorsal width, posterior lateral borders straight; posterior margin narrow, straight.

AME diameter 0.16; PLE 0.10; PME 0.12; AME on edge of anterior border, separated

from one another by about 2 diameters, touching PLE; PME about one diameter apart,

about 1/3 PME diameter from PLE. Labium trapezoid-shaped, base wider than distal

part; longer than wide at base; semicircular groove at �p. Sternum orange, darkened

on borders; very slightly wrinkled, mainly between legs and anterior border; uniformly

covered in slender black hairs.

Chelicerae 2.02 mm long, about 2/5 of carapace length in dorsal view; fang
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medium-sized, 1.66 mm; basal segment dorsal, ventral side completely covered with

piligerous granula�ons. Chelicera inner groove medium-size, about 2/5 cheliceral

length; armed with three teeth and lamina at base; D>B>M; D triangular, located

roughly at centre of groove; B close to basal lamina;M close to B (Fig. 8E). Legs orange.

Lengths of male described above: fe1 3.39; pa1 2.23; �1 2.97; me1 2.6; ta1 0.69; total

11.88; fe2 3.04; pa2 2.12; �2 2.84; me2 2.57; ta2 0.62; total 11.194; fe3 2.51; pa3 1.5;

�3 1.97; me3 2.31; ta3 0.72; total 9.01; fe4 3.07; pa4 1.58; �4 2.43; me4 2.29; ta4 0.72;

total 11.96; fe Pdp 2.19; pa Pdp 1.14; � Pdp 1.14; ta Pdp 0.97; total 5.44; rela�ve

length: 4>1>2>3. Leg1 and leg2 spineless. Fe3d spines in one row; 3; pa3 spineless;

tb3d spines arranged in three bands; proximal 0.0.0-1; medial-proximal 1.0.1; medial-

distal 0; distal 1-0.0.0; tb3v spines arranged in three bands; proximal 1.2.0; medial-

proximal 0.0-1.0; medial-distal 0; distal 1.0.0; with two terminal spines. Fe4d spines in

two rows; forward 1; backward 5; pa4 spineless; tb4d spines arranged in three bands;

proximal 0-1.0.1; medial-proximal 1.0.1; medial-distal 0; distal 1.0.1; tb4v spines

arranged in three bands; proximal 1.1-2.1; medial-proximal 0.1-2.0; medial-distal 0;

distal 0-1.0.1; with two terminal spines. Dorsal side of anterior legs smooth; ventral

side of pedipalp covered with small piligerous grains. Claws with 8 teeth or less; hardly

larger than claw width.

Abdomen 6.41 long; grey; cylindrical. Abdominal dorsal hairs 0.10 long; thin,

roughly straight, compressed, pointed; uniformly, thickly distributed.

Male copulatory bulbus T slightly longer than DD (Fig. 17A); external distal border

sloped backwards; internal sloped backwards. DD slightly bent in lateral view, clearly

less than 45º; internal distal border not expanded. IS, ES equally developed; IS

truncated at DD middle part (Fig. 17B). DD �p sloped towards back in lateral view;

anterior (upper) sheet internal part markedly projected above posterior (lower) sheet.

C present, short; distal end beside DD internal �p; well developed; located close to DD

distal �p; proximal border sharply decreasing; distal border markedly sloped, upper
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�p not projected, pointed, external side hollowed (Fig. 17C). AC present (Fig. 17D). LF

absent. L well developed; external border not sclero�zed, laterally slightly folded,

distally projected; distal border divergent, con�nuous. LA absent. F absent. AL

present, well developed (Fig. 17E); proximal border in posterior view toothed on its

internal half-part. P fused to T; perpendicular to T in lateral view; lateral length from

Figure 17. D. guamet sp.n. (A) le� palp retrolateral view; (B) le� palp frontal view; (C) DD right palp frontal-retrolateral view;

(D) DD right palp retrolateral view; (E) DD right palp frontal-prolateral view. Scalebar = 0.1mm
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2/5 to 1/2 of T width; ridge present, perpendicular to T; dis�nctly expanded, rounded,

upper margin smooth; not distally projected; posterior margin slightly folded towards

internal side.

Female paratype (CRBA002056): (Fig. 18A-C). All characters as in male except:

carapace 5.39 mm long; maximum width 4.27; minimum width 2.97. Dark red,

frontally darker, becoming lighter towards back. Anterior border roughly round. AME

diameter 0.23; PLE 0.15; PME 0.12; PME about one diameter apart, about 3/5 PME

diameter from PLE. Sternum brown red, darkened on borders.

Chelicerae 2.52 long, about 1/2 of carapace length in dorsal view; fang medium-

sized, 2.02. Chelicera inner groove short, about 1/3 cheliceral length; armed with

three teeth and lamina at base; D>B>M; D triangular, located near segment �p; B close

to basal lamina; M at middle of B and D. Lengths of female described above: fe1 3.98;

pa1 2.63; �1 3.4; me1 2.82; ta1 0.66; total 13.49; fe2 3.75; pa2 2.48; �2 3.15; me2

2.73; ta2 0.69; total 12.8; fe3 3.02; pa3 1.82; �3 2.22; me3 2.76; ta3 0.62; total 10.44;

fe4 3.67; pa4 2.14; �4 2.48; me4 3.69; ta4 0.69; total 12.67; fe Pdp 2.61; pa Pdp 1.31;

� Pdp 1.1; ta Pdp 1.32; total 6.34; rela�ve length 1>2>4>3. Fe3d spineless; tb3d spines

arranged in two bands; proximal 1.0.1; medial-proximal 0; medial-distal 0; distal 1.0.1.

; tb3v spines arranged in two bands; proximal 1.2.0; medial-proximal 0; medial-distal

A B C

Figure 18. D. guamet sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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0; distal 1.0.0; with two terminal spines. Fe4d spines in two rows; forward 1; backward

5; pa4 spineless; tb4d spines arranged in three bands; proximal 1.0.1; medial-proximal

0-1.0-1.0; medial-distal 0; distal 1.0.1; tb4v spines arranged in two bands; proximal

1.2.1; medial-proximal 0; medial-distal 0; distal 1.0-1.1; with two terminal spines.

Abdomen 6.57 long; grey. Abdominal dorsal hairs 0.18 long.

Vulva DA clearly dis�nguishable from VA (Fig. 18A); DA twice as wide as long; DF

wide in dorsal view. MF margins fused (Fig. 18B), sheet-like, well developed,

completely sclero�zed. VA rectangle-like; anterior region completely sclero�zed;

posterior region sclero�zed except for most internal area; tooth-shaped expansion

from internal posterior border (Fig. 18C); joined to lateral sclero�za�on, along its

lateral border or except for its back ends, markedly reduced in size; AVD absent. S

a�achment projected under VA; arms are shorter than DA, slightly curved; �ps not

projected; neck as wide as arms. TB usual shape.

Table 8. Intraspecific spina�on variability of D. guamet sp.n.

Table 9. Intraspecific leg measurements variability of D. guamet sp.n (males/females).

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 1.0.1-0 0-1.0.0-1 0.0.0 1.0.0-1

Tibia 4 dorsal 1.0.1 0-1.0-1.0-1 0-1.0.0 1.0.1

Tibia 3 ventral 1.2.0-1 0.0.0 0.0.0 1.0.0-1

Tibia 4 ventral 1-2.2.0-1 1.0-1.1 0.0.0 1-0.0.1-0

Number of rows Number of spines

Femur 3 dorsal 1 0-3

Femur 4 dorsal 2 1/5

I II III IV

Fe 3.39-4.116/2.264-3.98 3.04-3.913/2.058-3.75 2.51-3.088/1.613-3.02 3.07-3.837/2.132-3.67

Pa 2.23-2.696/1.45-2.63 2.12-2.528/1.37-2.48 1.5-1.819/0.911-1.82 2.07-2.16/1.204-2.14

Ti 2.97-3.828/1.801-3.4 2.84-3.596/1.57-3.15 1.97-2.179/1.045-2.22 2.43-2.842/1.609-2.48

Mt 2.6-3.374/1.574-2.82 2.57-3.37/1.552-2.73 2.31-3.045/1.45-2.76 2.29-3.751/2.073-3.69

Ta 0.69-0.76/0.473-0.66 0.62-0.773/0.466-0.69 0.71-0.72/0.4-0.62 0.72-0.77/0.53-0.69

Total 11.88-14.755/7.562-13.49 11.19-13.945/7.016-12.8 9.01-10.841/5.419-10.44 10.58-13.215/7.548-12.67



99

Integra�ve taxonomic revision in Dysdera

Intraspecific varia�on

Male cephalothorax ranges in length from 4.66-5.50 (N=3), females from 2.87-5.39

(N=2). Some specimens could be significa�vely smaller. Teeth could be equidistant

between each other. Carapace color could range from light orange to dark red.

Spina�on and leg measurements variability is listed in tables 8-9 respec�vely.

Distribu�on

This species is known from the north-west of the island of La Gomera (Fig. 14)

Dysdera herii sp.n.

(Figs 6F, 7F, 8F, 19A-E, 20A-C)

Type material

Holotype: Spain. Canary Islands: Gran Canaria, Ingenio, Barranco del Draguillo,

27.9415683310482, -15.4299929537, H. López coll., 08/VIII/2015, 1♂

(NMH003345).

Paratypes: Spain. Canary Islands: Gran Canaria, Agaete, El Sao, 28.068764, -

15.65699, H. López coll., 01/IV/2013, 1♀ (NMH002745); Telde, Caldera de los

Marteles, 27.9522425, -15.527475, 26/3/2016, 1♂ (NMH003361); Ingenio, Barranco

del Draguillo, 27.9415683, -15.429992, 28/XII/2008, 1♀ (NMH001486).

Addi�onal material examined: Spain. Canary Islands: Gran Canaria, Telde, Ojos de

Garza (litoral), 27.95386594, -15.37676092, H. López coll., 02/I/2002, 1 imm.;

Vecindario, Cueva La Luna, 27.91031944, -15.5300565, 02/I/2005, 1 imm.; Valsequillo,

Mina La Federica, M. Naranjo & D. Suárez coll., 03/III/2018, 1 imm.; Ingenio, Los

Majaletes, 27.94016127, -15.4991995, H. López coll., 03/V/2006, 1 imm.; Barranco del

Draguillo, 27.9415683, -15.429992, 26/III/2016, 8 imm.; Valsequillo, Mina de los
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Llanetes, 27.98840205, -15.4789812, M. Naranjo coll., 06/XII/2013, 1 imm.; Ingenio,

Barranco del Draguillo, 27.941568331, -15.42999295, H. López coll., 08/VIII/2015, 1

imm., 1 imm., 1 imm.; 27.9415683, -15.429992, 13/VIII/2018, 1 imm.; 12/VIII/2017, 1

imm., 1 imm.; Telde, Caldera de los Marteles, 27.9522425, -15.527475, 1♀; Ingenio,

Los Majaletes, 27.94016127, -15.499199578, 12/IX/2005, 1 imm.; Barranco del

Draguillo, 27.9415683, -15.429992, 23/XII/2007, 1 imm.; Mogán, Barranco de Tasarte,

Mina del Pino Cortado, 27.90405, -15.77354, M. Naranjo coll., 15/VI/2013, 1 imm.;

Ingenio, Barranco del Draguillo, 27.9415683, -15.429992, H. López coll., 16/VIII/2007,

1 imm., 1 imm.; Los Majaletes, 27.94016127, -15.499199578, 2 imm.; Barranco del

Draguillo, 27.9415683, -15.429992, 19/IV/2019, 1 imm.; 26/XII/2006, 3 imm.; Telde,

Caldera de los Marteles, 27.9522425, -15.527475, 26/III/2016, 1 imm.; Ingenio,

Barranco del Draguillo, 27.9415683, -15.429992, H. Lopez coll., 28/XII/2008, 1 imm.;

H. López coll., 28/XII/2008, 1 imm.; 30/XII/2011, 1 imm.; Telde, Caldera de los

Marteles, 27.952243, -15.527475, 30/XII/2019, 1♀ .

Etymology

The name is given a�er Heriberto “Heri” Lopez, friend and collage who has

sampled extensively the Canary Islands and found for the first-�me specimens of this

species.

Diagnosis

D. herii sp.n. is dis�nguished from the morphologically similar D. arabisenen

Arnedo & Ribera, 1997 by the presence of spines in femurs 3 and 4 and the lack of

pilosity in the carapace in the former. D. herii sp.n. is clearly dis�nguished from the

other sympatric species from Gran Canaria by its huge size, twice bigger than D.

arabisenen, de second bigger Dysdera spider from Gran Canaria.

Descrip�on – Male holotype (NMH003345): (Figs 6F, 7F, 8F, 19A-E). Carapace 7.87

long; maximum width 6.13; minimum width 3.75. Red orange, frontally darker,
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becoming lighter towards back; smooth with some small black grains mainly at front

(Fig. 6F). Anterior border roughly round, markedly smaller than 1/2 carapace length;

anterior lateral borders divergent; pointed at maximum dorsal width, posterior lateral

borders straight; posterior margin wide, straight. AME diameter 0.23; PLE 0.23; PME

0.20; AME on edge of anterior border, separated from one another by about 2

diameters, close to PLE; PME about one quarter of diameter apart, about 1 PME

diameter from PLE. Labium trapezoid-shaped, base wider than distal part; longer than

wide at base; semicircular groove at �p. Sternum orange, frontally darker, becoming

lighter towards back; very slightly wrinkled, mainly between legs and anterior border;

uniformly covered in slender black hairs.

Chelicerae 3.92 long, about 1/2 of carapace length in dorsal view; fang medium-

sized, 2.35; basal segment dorsal, ventral side completely covered with piligerous

granula�ons. Chelicera inner groove short, about 1/3 cheliceral length; armed with

three teeth and lamina at base; D=B>M; D triangular, located roughly at centre of

groove; B close to basal lamina; M close to B (Fig. 8F). Legs orange. Lengths of male

described above: fe1 7.36; pa1 4.56; �1 6.88; me1 6.64; ta1 1.20; total 26.64; fe2 6.72;

pa2 4.32; �2 5.84; me2 6.08; ta2 1.20; total 24.16; fe3 5.20; pa3 2.96; �3 4.16; me3

5.04; ta3 1.12; total 18.48; fe4 6.88; pa4 3.76; �4 5.28; me4 6.64; ta4 1.20; total 23.76;

fe Pdp 3.93; pa Pdp 2.05; � Pdp 1.86; ta Pdp 1.631; total 9.48; rela�ve length: 1>2>4>3.

Leg2 one terminal spine on the forward margin. Fe3d spines in two rows; forward 4-3;

backward 1; pa3 spineless; tb3d spines arranged in four bands; proximal 1.0.1; medial-

proximal 1.1.1; medial-distal 1.0.0; distal 1.0.1.; tb3v spines arranged in three bands;

proximal 1.1.0; medial-proximal 0.1.1; medial-distal 0; distal 1.1.0; with two terminal

spines. Fe4d spines in two rows; forward 4-3; backward 7-8; pa4 spineless; tb4d spines

arranged in four bands; proximal 0-1.0-1.1; medial-proximal 1.0-1.1; medial-distal

1.1.0-1; distal 1.0.1; tb4v spines arranged in four bands; proximal 0.1-2.0; medial-

proximal 1.1-2.1; medial-distal 1.1.1; distal 1.1-2.1; with two terminal spines. Dorsal
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side of anterior legs smooth; ventral side of pedipalp smooth. Claws with 8 teeth or

less; hardly larger than claw width.

Abdomen 10 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.125 long;

thick, roughly straight, compressed, blunt, �p not enlarged; uniformly, thickly

distributed.

Figure 19. D. herii sp.n. (A) le� palp retrolateral view; (B) le� palp frontal view; (C) DD right palp frontal view; (D) DD right

palp retrolateral view; (E) P right palp retrolateral view. Scalebar = 0.5mm
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Male copulatory bulbus T slightly shorter than DD (Fig. 19A); external distal border

sloped backwards; internal sloped backwards. DD slightly bent in lateral view, clearly

less than 45º; internal distal border not expanded. IS, ES proximally fused, similarly

developed (Fig. 19B); IS truncated at DD middle part. DD �p straight in lateral view. C

present, short; distal end on DD internal �p; well developed; located close to DD distal

�p; proximal border sharply decreasing; distal border sloping in its base, upper �p not

projected, pointed, external side hollowed (Fig. 19D). AC present (Fig. 19C). LF absent.

L well developed; external border not sclero�zed, not folded; distal border divergent,

con�nuous. LA absent. F absent. AL present, very poorly developed or reduced to a

small tooth; proximal border in posterior view fused with DH. P fused to T;

perpendicular to T in lateral view (Fig. 19E); lateral length from 1/2 to 2/3 of T width;

ridge present, perpendicular to T; not expanded, upper margin slightly toothed,

mainly on external side, along its extent; few teeth (4-6); distally slightly projected;

posterior margin slightly folded towards internal side.

Female paratype (NMH001486): (Fig. 20A-C). All characters as in male except:

carapace 8.70 long; maximum width 6.90; minimum width 4.20. AME diameter 0.24;

PLE 0.20; PME 0.24; PME very close to each other, about 1 PME diameter from PLE.

Sternum dark orange, frontally darker, becoming lighter towards back.

A B C

Figure 20. D. herii sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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Chelicerae 3.80 long, about 2/5 of carapace length in dorsal view; fang long, 3.25.

Chelicera inner groove medium-size, about 2/5 cheliceral length; D triangular, located

near segment �p. Lengths of female described above: fe1 7.90; pa1 5.10; �1 7.00; me1

6.70; ta1 1.20; total 27.90; fe2 7.20; pa2 4.60; �2 6.20; me2 6.10; ta2 1.20; total 25.30;

fe3 5.90; pa3 3.50; �3 4.10; me3 5.30; ta3 1.10; total 19.90; fe4 7.20; pa4 4.00; �4

5.90; me4 6.70; ta4 1.10; total 24.90; fe Pdp 4.14; pa Pdp 2.27; � Pdp 1.84; ta Pdp 2.38;

total 10.63; rela�ve length 1>2>4>3. Leg2 one terminal spine on the forward margin.

Fe3d spines in two rows; forward 4-3; backward 2; pa3 spineless; tb3d spines arranged

in four bands; proximal 1.0.1; medial-proximal 1.1.1; medial-distal 1.0.0; distal 1.0.1.;

tb3v spines arranged in three bands; proximal 1.1.0; medial-proximal 0.1.1; medial-

distal 0; distal 1.2.0-1; with two terminal spines. Fe4d spines in two rows; forward 3;

backward 7-8; pa4 spineless; tb4d spines arranged in four bands; proximal 2-1.0.1;

medial-proximal 1.1.1; medial-distal 1.2.1; distal 1.0.1; tb4v spines arranged in four

bands; proximal 1.1.1; medial-proximal 1.1-2.1; medial-distal 1.1-2.1; distal 1.1-3.1;

Table 10. Intraspecific spina�on variability of D. herii sp.n.

Table 11. Intraspecific leg measurements variability of D. herii sp.n (males/females).

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 1.0-1.0-1 1.1.1 0-1.0-1.0-1 0-1.0.0-1

Tibia 4 dorsal 1.0-1.0-1 1.0-1.0-1 0-1.0-1.0-1 1.0.1

Tibia 3 ventral 0-1.0-1.0 0-1.1.1 0-1.0-1.0-1 1.0-1.0

Tibia 4 ventral 0-2.1-2.0 1.1.1 1.0-2.0-1 1.1.0-1

Number of rows Number of spines

Femur 3 dorsal 2 4/1-2

Femur 4 dorsal 2 3-4/8-9

I II III IV

Fe 7.36-7.44/7.055-7.9 6.64-6.72/6.64-6.72 5.2-5.44/5.19-5.9 6.88/6.926-7.2

Pa 4.56-4.88/4.67-5.1 4.32-4.48/3.71-4.6 2.96-3.04/2.813-3.5 3.76-3.84/3.651-4

Ti 6.88-7.04/6.4-7 5.84-6.32/5.782-6.2 4.16/3.66-4.1 5.28-5.68/5.35-5.9

Mt 6.4-6.64/6.34-6.7 6.08/5.828-6.1 4.88-5.04/4.77-5.3 6.64/6.34-6.7

Ta 1.2/1.17-1.369 1.2/1.17-1.276 1.04-1.12/1.081-1.13 1.12-1.2/1.1-1.22

Total 26.64-26.96/25.924-27.9 24.16-24.72/23.1-25.3 18.48-18.56/17.704-19.9 23.76-24.16/23.68-24.9
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with two terminal spines. Dorsal side of anterior legs smooth; ventral side of pedipalp

covered with small piligerous grains.

Abdomen 9.00 long. Abdominal dorsal hairs 0.16 long.

Vulva DA clearly dis�nguishable from VA (Fig. 20B); DA as wide as long; DF wide in

dorsal view (Fig. 20C). MF margins not fused, well developed, completely sclero�zed.

VA rectangle-like; anterior region completely sclero�zed; posterior region sclero�zed

except for most internal area; sclero�zed ridge at ventral VA external margin, as long

as VA, bent to internal side; tooth-shaped expansion from internal posterior border;

not joined to lateral sclero�za�on (Fig. 20A), about half of DF lateral margins; AVD

absent. S a�achment not projected under VA; arms as long as DA, clearly curved; �ps

not projected; neck wider than arms. TB usual shape.

Figure 21.Map of Gran Canaria with the new species locali�es. D. herii sp.n. = black squares.
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Intraspecific varia�on

Male cephalothorax ranges in length from 7.875-7.92 mm (N=2), females from

8.109-8.7 mm (N=3). Spina�on and leg measurements variability is listed in tables 10-

11 respec�vely.

Distribu�on

This species is known from several locali�es spread across the island of Gran

Canaria (Fig. 21)

Dysdera hirguan Arnedo et al. 1997

Dysdera hirguan Arnedo et al. 1997, fig: 12A-E, 13A-B #f. Reventón Oscuro, Bosque

del Cedro, La Gomera.

(Figs 6G, 7G, 8G, 22A-B)

Material examined: Spain. Canary Islands: La Gomera, Hermigua, Reventón Oscuro,

Bosque del Cedro, 28.137044, -17.222569, J.M. Fernandez, 12/IV/1975, 1♀; P. Oromí,

12/X/2004, 1 imm.; P. Oromí & D. Hernandez, 26/VII/2008, 1 imm.; H. López & P.

Oromí, 5/II/2009, 1♂, 2 imm.; P. Oromí, 30/VI/2009, 1 imm.; P. Oromí, 4/I/2010, 1

imm.; Vallehermoso, Pista Mora Gaspar, 28.588937, -17.717572, M. Arnedo, A.

Bellvert, M. Domènech & P. Oromí, 20/III/2019, carapace remains.

Diagnosis

This species can be easily dis�nguished from the other species from La Gomera by

his huge size, more than twice the size of these species. Dis�nguished from the similar

D. enghoffi Arnedo, Oromí & Ribera, 1997 and D. silva�ca by the presence of five

cheliceral teeth (Fig. 8G). Male can be dis�nguished by the extremely elongated TT,

almost double the size of DD (Fig. 22A).
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Descrip�on male (NMH1453): (Figs 6G, 7G, 8G, 22A-B). Carapace 9.36 long;

maximum width 7.44; minimum width 4.48. Dark orange, frontally darker, becoming

lighter towards back; smooth with some small black grains mainly at front (Fig. 6G,

7G). Anterior border roughly round, markedly smaller than 1/2 carapace length;

anterior lateral borders divergent; pointed at maximum dorsal width, posterior lateral

borders straight; posterior margin wide, straight. AME diameter 0.32; PLE 0.34; PME

0.30; AME on edge of anterior border, separated from one another by about 1

diameter or more, close to PLE; PME touching to each other, about 2/5 PME diameter

from PLE. Labium trapezoid-shaped, base wider than distal part; longer than wide at

base; semicircular groove at �p. Sternum orange, frontally darker, becoming lighter

towards back; smooth; uniformly covered in slender black hairs.

Chelicerae 4.32 long, about 2/5 of carapace length in dorsal view; fang medium-

sized, 3.40; basal segment, proximal dorsal and ventral side, scantly covered with

piligerous granula�ons. Chelicera inner groove long, about 1/2 cheliceral length;

armed with six teeth and lamina at base; D1=B>D2>D3>M1=M2; D triangular, located

near segment �p; B close to basal lamina; M at middle of B and D (Fig. 8G). Anterior

legs dark orange, posterior legs yellow. Lengths of male described above: fe1 8.90; pa1

6.10; �1 8.40; me1 8.00; ta1 1.30; total 32.70; fe2 8.00; pa2 5.40; �2 7.50; me2 7.10;

ta2 1.30; total 29.30; fe3 6.60; pa3 3.80; �3 5.40; me3 6.40; ta3 1.20; total 23.40; fe4

8.30; pa4 4.40; �4 6.60; me4 7.90; ta4 1.30; total 28.50; fe Pdp 5.01; pa Pdp 2.70; �

Pdp 2.63; ta Pdp 2.13; total 12.47; rela�ve length: 1>2>4>3. Leg1 and leg2 spineless.

Fe3d spineless; pa3 spineless; tb3d spines arranged in four bands; proximal 1.0.1;

medial-proximal 0.1-2.0-1; medial-distal 1.1.1; distal 1.0.1.; tb3v spines arranged in

three bands; proximal 1.1.0; medial-proximal 0; medial-distal 0.0.0-1; distal 1.0.0;

with two terminal spines. Fe4d spines in one row; 2; pa4 spineless; tb4d spines

arranged in four bands; proximal 1.0.1; medial-proximal 1.2.1; medial-distal 0.0-1.0;

distal 1.0.1; tb4v spines arranged in three bands; proximal 1.1.1; medial-proximal 0;
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medial-distal 1.0.1; distal 1.0.1; with two terminal spines. Dorsal side of anterior legs

covered with small piligerous grains; ventral side of pedipalp covered with small

piligerous grains. Claws with 10-14 teeth; hardly larger than claw width.

Abdomen 8.65 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.04 long;

thick, roughly straight, compressed, blunt, �p not enlarged; uniformly, thickly

distributed.

Male copulatory bulbus T slightly longer than DD (Fig. 22A); external distal border

straight; internal sloped backwards. DD bent about 45º in lateral view; internal distal

border not expanded. IS, ES equally developed (Fig. 22B); IS truncated at DD middle

Figure 22. D. hirguan (A) le� palp retrolateral view; (B) le� palp frontal view. Scalebar = 0.5mm
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part. DD �p straight in lateral view. P not fused to T; perpendicular to T in lateral view;

lateral length from 2/5 to 1/2 of T width; not distally projected; posterior margin not

folded.

Intraspecific varia�on

Spina�on variability is listed in table 12.

Distribu�on

This species is known from laurel forest of La Gomera (Fig. 14)

Dysdera marmorata sp.n.

(Figs 6H, 7H, 8H, 23A-E, 24A-C)

Type material

Holotype: Spain. Canary Islands: Tenerife, Santa Cruz de Tenerife, Monte Aguirre.

Anaga, 28.529534, -16.268309, P. Oromí coll., 02/I/2013, 1♂ (NMH003018).

Paratypes: Spain. Canary Islands: Tenerife, Santa Cruz de Tenerife, Barranco de

Nieto, 28.534069, -16.316254, NetBiome coll., 04/I/2013, 1♀ (NMH002947), 1♂

(NMH002949); 21/XII/2012, 1♀ (NMH002946).

Table 12. Intraspecific spina�on variability of D. hirguan.

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 1.0-2.1 1.0-2.1 0.0-1.0-1 1.0.1

Tibia 4 dorsal 1.0.1 1.0-2.1 0.0-1.0 1.0.1

Tibia 3 ventral 0-1.1.0 0.0.1 0.0.0 1.0.0

Tibia 4 ventral
Number of rows Number of spines

Femur 3 dorsal 0 0

Femur 4 dorsal 1-0 0/0-2
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Addi�onal material examined: Spain. Canary Islands: Tenerife,San Cristóbal de La

Laguna, Monte Aguirre. Anaga, 28.529534, -16.268309, NetBiome coll., 01/II/2013,

3♂; Santa Cruz de Tenerife, S.de la Cruz coll., 01/II/2013,; P. Oromí coll., 02/I/2013,

1♀, 1♂; Barranco de Nieto, 28.534069, -16.316254, Perez coll., 04/I/2013, 1♀, 1♂,

1 imm.; NetBiome coll., 04/I/2013, 2♀, 4♂, 2 imm.

Etymology

The epithet is an adjec�ve meaning “marbled” in La�n, and refers to the colour

pa�ern of the opisthosoma, which resemble that of marble.

Diagnosis

D. marmorata sp.n. is dis�nguished from the other simpatric species by his

elongated and slender chelicera, 3/5 of the length of the carapace (Fig. 6H), small

cheliceral tooth and D teeth slightly under the centre of the groove. D. marmorata

sp.n. is similar in size as the sympatric D. levipes, but clearly dis�nguished by straight

shape of the carapace in lateral view of the former instead of semi-circular (Fig. 7H).

Descrip�on –Male holotype (NMH003018): (Figs 6H, 7H, 8H, 23A-E). Carapace 2.08

long; maximum width 1.72; minimum width 1.28. Dark red, uniformly distributed;

heavily foveate, covered with circular depressions, some small black grains mainly at

front (Fig. 6H). Anterior border roughly round, about 3/5 carapace length; anterior

lateral borders divergent; rounded at maximum dorsal width, posterior lateral borders

rounded; posterior margin narrow, straight. AME diameter 0.11; PLE 0.10; PME 0.09;

AME on edge of anterior border, separated from one another by about 1 diameter or

more, close to PLE; PME touching to each other, about 1/3 PME diameter from PLE.

Labium trapezoid-shaped, base wider than distal part; as long as wide at base;

triangular groove at �p. Sternum dark red, darkened on borders; heavily wrinkled;

uniformly covered in slender black hairs.

Chelicerae 1.23 long, about 3/5 of carapace length in dorsal view; fang long, 0.95;
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basal segment, proximal dorsal and ventral side, scantly covered with piligerous

granula�ons. Chelicera inner groove medium-size, about 2/5 cheliceral length; armed

with three teeth and lamina at base; B>D=M; D triangular, slightly under centre of

groove; B close to basal lamina; M close to B (Fig. 8H). Legs yellow. Lengths of male

described above: fe1 1.36; pa1 0.92; �1 1.08; me1 1.00; ta1 0.36; total 4.72; fe2 1.24;

pa2 0.88; �2 0.96; me2 0.92; ta2 0.36; total 4.36; fe3 0.96; pa3 0.56; �3 0.64; me3

0.80; ta3 0.32; total 3.28; fe4 1.32; pa4 0.76; �4 0.96; me4 1.16; ta4 0.40; total 4.60;

fe Pdp 0.85; pa Pdp 0.48; � Pdp 0.43; ta Pdp 0.49; total 2.25; rela�ve length: 1>4>2>3.

Leg1 and leg2 spineless. Fe3d spineless; pa3 spineless; tb3d spines arranged in three

bands; proximal 0.2.0; medial-proximal 1.0.1; medial-distal 0; distal 1.0.0; tb3v spines

arranged in one band; proximal 0.1.0; medial-proximal 0; medial-distal 0; distal 0; with

two terminal spines. Fe4d spineless; pa4 spineless; tb4d spines arranged in two

bands; proximal 0.1.0, or 0.0-1.0; medial-proximal 0; medial-distal 0; distal 1.2.1; tb4v

spines arranged in two bands; proximal 0.1.0; medial-proximal 0; medial-distal 0;

distal 0.1.0; with two terminal spines. Dorsal side of anterior legs covered with hairs,

lacking small grains; ventral side of pedipalp covered with hairs, lacking grains. Claws

with 8 teeth or less; hardly larger than claw width.

Abdomen 2.08 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.02 long;

thick, curved, compressed, blunt, �p not enlarged; uniformly, thickly distributed.

Male copulatory bulbus T slightly shorter than DD (Fig. 23A); external distal border

straight; internal sloped backwards. DD not bent, same T axis in lateral view; internal

distal border not expanded. IS, ES equally developed (Fig. 23B); IS truncated at DD

middle part. DD �p straight in lateral view. C present, short; distal end beside DD

internal �p (Fig. 23D); well developed; located close to DD distal �p; proximal border

sharply decreasing; distal border sloping in its base, upper �p not projected, rounded,

external side hollowed (Fig. 23C). AC absent. LF absent. L well developed; external

border not sclero�zed, laterally slightly folded; distal border approximately parallel,
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con�nuous. LA absent. F absent. AL present (Fig. 23E), reduced to a small tooth;

proximal border in posterior view fused with DH. P fused to T; perpendicular to T in

lateral view; lateral length from 1/3 to 2/5 of T width; ridge present, perpendicular to

T; not expanded, upper margin smooth; not distally projected; posterior margin

slightly folded towards internal side.

Figure 23. D. marmorata sp.n. (A) le� palp retrolateral view; (B) le� palp frontal view; (C) right palp frontal-retrolateral view;

(D) right palp retrolateral view; (E) DD right palp frontal-prolateral view. Scalebar = 0.1mm
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Female paratype (NMH002947): (Fig. 24A-B). All characters as in male except:

carapace 2.04 long; maximum width 1.68; minimum width 1.28. AME diameter 0.12;

PLE 0.12; PME 0.09; AME on edge of anterior border, separated from one another by

about 2/3 diameter, close to PLE.

Chelicerae 1.28 long, about 3/5 of carapace length in dorsal view; fang long, 1.04;

basal segment, proximal dorsal and ventral side, scantly covered with piligerous

granula�ons. Lengths of female described above: fe1 1.20; pa1 0.88; �1 0.96; me1

0.88; ta1 0.32; total 4.24; fe2 1.12; pa2 0.80; �2 0.92; me2 0.84; ta2 0.32; total 4.00;

fe3 0.96; pa3 0.56; �3 0.56; me3 0.80; ta3 0.28; total 3.16; fe4 1.28; pa4 0.76; �4 0.92;

me4 1.16; ta4 0.36; total 4.48; fe Pdp 0.82; pa Pdp 0.47; � Pdp 0.29; ta Pdp 0.48; total

2.06; rela�ve length 4>1>2>3. Leg1 and leg2 spineless. Fe3d spineless; pa3 spineless;

tb3d spines arranged in three bands; proximal 1.2.0; medial-proximal 1.2.1; medial-

distal 0; distal 1.0.0; tb3v spines arranged in one band; proximal 0.1.0; medial-

proximal 0; medial-distal 0; distal 0; with two terminal spines. Fe4d spineless; pa4

spineless; tb4d spines arranged in one band; proximal 1.2.1; medial-proximal 0;

medial-distal 0; distal 0; tb4v spines arranged in two bands; proximal 0.0-1.0; medial-

proximal 0; medial-distal 0; distal 0.1.0; with two terminal spines. Dorsal side of

anterior legs covered with small piligerous grains; ventral side of pedipalp covered

A B C

Figure 24. D. marmorata sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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with small piligerous grains.

Abdomen 2.68 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.04 long;

thick, roughly straight, compressed, blunt, �p not enlarged; uniformly, thickly

distributed.

Vulva DA clearly dis�nguishable from VA (Fig. 24B); DA slightly wider than long (Fig.

24C); DF wide in dorsal view. MF margins fused, sheet-like, well developed,

completely sclero�zed. VA rectangle-like; anterior region completely sclero�zed;

posterior region sclero�zed except for most internal area; AVD absent (Fig. 24A). S

a�achment projected under VA; arms are shorter than DA, slightly curved; �ps not

projected; neck as wide as arms. TB usual shape.

Intraspecific varia�on

Male cephalothorax ranges in length from 1.64-2.28 (N=6), females from 2.04-2.24

Table 13. Intraspecific spina�on variability of D. marmorata sp.n.

Table 14. Intraspecific leg measurements variability of D. marmorata sp.n (males/females).

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 0-2.1-2.0 0-1.0-2.1 0-1.0.0 0-1.0.0-2

Tibia 4 dorsal 0.0-1.0 0-1.1-2.0-1 0-1.0.0 0-1.0.0-1

Tibia 3 ventral 0.0.0 0.0-1.0 1-0.0.0 0.0.0

Tibia 4 ventral 0.0-1.0-1 0-1.1.0 1.0.1 0.0.0

Number of rows Number of spines

Femur 3 dorsal 0 0

Femur 4 dorsal 0 0

I II III IV

Fe 0.88-1.44/1.2-1.36 0.88-1.24/1.12-1.2 0.72-1.08/0.96-1.08 1-1.44/1.28-1.4

Pa 0.68-0.96/0.88-0.96 0.64-0.92/0.8-0.88 0.44-0.64/0.52-0.64 0.56-0.8/0.72-0.8

Ti 0.8-1.08/0.96-1.04 0.72-0.96/0.84-0.96 0.52-0.72/0.56-0.64 0.72-1.04/0.88-0.96

Mt 0.72-1/0.84-1 0.68-0.96/0.84-0.92 0.64-0.88/0.8-0.88 0.84-1.36/1.16-1.24

Ta 0.24-0.4/0.32-0.36 0.28-0.36/0.32-0.4 0.28-0.48/0.28-0.36 0.32-0.4/0.36-0.4

Total 3.44-4.88/4.24-4.64 3.24-4.44/4-4.28 2.6-3.68/3.16-3.48 3.48-5.04/4.48-4.72
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(N=5). Legs color could range from dark orange to pale yellow. Cheliceral teeth could

be extremely reduced. Spina�on and leg measurements variability is listed in tables

13-14 respec�vely.

Distribu�on

This species is known from two locali�es of Anaga, in the North-eastern part of the

island of Tenerife (Fig. 11).

Dysdera orahan Arnedo et al. 1997

D. orahan Arnedo et al. 1997: fig. 17A-D, 18A-D, 19A-D♂. Puntallana, La Gomera.

(Figs 6I, 7I, 8I, 25A-C)

Material examined: Spain. Canary Islands: La Gomera, San Sebas�an, Puntallana,

28.127989, -17.106446, P. Oromí, 12/II/1993,♂; El Hierro, Frontera, Mirador de

Bascos, 27.754861, -18.118217, P. Oromí, 2/III/1997, 2♂; Las Cancelitas, 27.809530,

-17.927239, GIET, 11/II/2001, 2♂; Valverde, Ventejís, Tiñor, 27.785991, -17.937508,

N. Macías, 22/IV/2013, 1♀, 2♂; M. Arnedo, A. Bellvert & J. Rozas, 23/III/2017, 2♀.

Diagnosis

D. orahan is dis�nguished from the similar sympatric D. ramblae Arnedo, Oromí &

Ribera, 1997 by the spineless dorsal �bia IV. Female dis�nguished from the other

sympatric species from la gomera by the short S distally slightly directed backwards

and absence of AVD (Fig.25A).

Descrip�on – Female (CRBA2891): (Figs 6I, 7I, 8I, 25A-C). Carapace 2.84 long;

maximumwidth 2.20; minimumwidth 1.46. Red, darkened at borders; slightly foveate

at borders, slightly wrinkled with small black grains mainly at front (Fig. 6I, 7I).

Anterior border roughly round, markedly smaller than 1/2 carapace length; anterior
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lateral borders divergent; rounded at maximum dorsal width, posterior lateral borders

rounded; posterior margin narrow, straight. AME diameter 0.21; PLE 0.17; PME 0.19;

AME on edge of anterior border, separated from one another by about 1/2 diameter,

touching PLE; PME touching to each other, less than 1/4 PME diameter from PLE.

Labium trapezoid-shaped, base wider than distal part; as long as wide at base;

semicircular groove at �p. Sternum orange red, darkened on borders; very slightly

wrinkled, mainly between legs and anterior border; uniformly covered in slender

black hairs.

Chelicerae 1.00 long, about 1/3 of carapace length in dorsal view; fang short, 0.83;

basal segment proximal dorsal side scantly covered with piligerous granula�ons.

Chelicera inner groove long, about 1/2 cheliceral length; armed with three teeth and

lamina at base; D=B>M; D triangular, located near segment �p; B close to basal

lamina; M close to B. Legs orange (Fig. 8I). Lengths of female described above: fe1

2.03; pa1 1.34; �1 1.69; me1 1.65; ta1 0.47; total 7.17; fe2 1.93; pa2 1.34; �2 1.55;

me2 1.50; ta2 0.44; total 6.77; fe3 1.60; pa3 0.91; �3 1.08; me3 1.43; ta3 0.44; total

5.46; fe4 2.21; pa4 1.24; �4 1.72; me4 2.06; ta4 0.51; total 7.74; fe Pdp 1.05; pa Pdp

0.64; � Pdp 0.49; ta Pdp 0.74; total 2.92; rela�ve length 4>1>2>3. Leg1 and leg2

spineless. Fe3d spineless; pa3 spineless; tb3d spines arranged in two bands; proximal

1.0.0; medial-proximal 0; medial-distal 0; distal 1.0.0; tb3v spines spineless; with two

terminal spines. Fe4d spineless; pa4 spineless; tb4d spines spineless; tb4v spines

arranged in one band; proximal 0.1.0; medial-proximal 0; medial-distal 0; distal 0; with

two terminal spines. Dorsal side of anterior legs covered with hairs, lacking small

grains; ventral side of pedipalp covered with small piligerous grains; Distal part of the

metatarsus III and IV densely covered with short hair. Claws with 10-14 teeth; hardly

larger than claw width.

Abdomen 4.22 long; grey; cylindrical. Abdominal dorsal hairs 0.07 long; thick,

curved, compressed, blunt, �p not enlarged; uniformly, thickly distributed.
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Vulva DA clearly dis�nguishable from VA (Fig. 25B); DA slightly wider than long; DF

wide in dorsal view (Fig. 25C). MF margins fused, sheet-like, well developed,

completely sclero�zed, projected backwards, shorter than DA lateral length. VA

rectangle-like; projected under DA; anterior region completely sclero�zed; posterior

region sclero�zed except for most internal area; AVD absent. S a�achment projected

under VA (Fig. 25A); arms are shorter than DA, slightly curved; �ps dorsally projected;

neck as wide as arms. TB usual shape.

Distribu�on

This rare species is known from the islands of El Hierro and from one locality in the

east coast of La Gomera (Fig. 16).

Dysdera tabona sp.n.

(Figs 6J, 7J, 8J, 26A-E, 27A-C)

Type material

Holotype: Spain. Canary Islands: Tenerife, Santa Cruz de Tenerife, La Ensillada

(Aparcamiento). Anaga, 28.556190, -16.179817, N. Macías coll., 13/IV/2007, 1♂

(NMH001213).

A B C

Figure25. D. orahan sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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Paratypes: Spain. Canary Islands: Tenerife, San Cristóbal de La Laguna, Camino La

Ensillada-Chamorga, Anaga, 28.556208, -16.179827, M. Rezac coll., 04/III/2006, 1♀

(NMH000701), 1♀ (NMH000702); Santa Cruz de Tenerife, Cabezo del Tejo 2,

28.565090, -16.165982, N. Macías coll., 16/V/2006, 1♀ (NMH000661). Tenerife,

Santa Cruz de Tenerife, La Ensillada (Aparcamiento). Anaga, 28.556190, -16.179817,

N. Macías coll., 13/IV/2007, 1♂ (NMH001214)

Addi�onal material examined: Spain. Canary Islands: Tenerife, Santa Cruz de

Tenerife, La Ensillada (Aparcamiento). Anaga, 28.556190, -16.179817, N. Macías coll.,

13/IV/2007, 1♀; San Cristóbal de La Laguna, Camino La Ensillada-Chamorga, Anaga,

28.556208, -16.179827, 14/V/2006, 1 imm.

Etymology

The specific name in apposi�on refers to the sharpened stones used by the

Guanches as a cu�ng instrument or weapon.

Diagnosis

Dysdera tabona sp.n. is dis�nguished from the morphologically similar D. insulana

by the smaller size, the orange legs in the former instead of dark red, and the cream-

colored opisthosoma instead of brownish. Males dis�nguished from D. insulana by

the P slightly curved upper margin ridge expansion instead of straight (Fig. 26A, 26E),

stepped C (Fig. 26C) instead of curved spoon shaped. Clearly dis�nguished from the

other sympatric species of Anaga by the concave chelicera in lateral view (Fig. 7J).

Descrip�on – Male holotype (NMH001213): (Figs 6J, 7J, 8J, 26A-E). Carapace 4.45

long; maximum width 3.75; minimum width 2.40. Dark red, uniformly distributed;

smooth with some small black grains mainly at front (Fig. 6J). Anterior border roughly

round, from 1/2 to 3/5 carapace length; anterior lateral borders parallel; rounded at

maximum dorsal width, posterior lateral borders rounded; posterior margin narrow,

straight. AME diameter 0.23; PLE 0.10; PME 0.18; AME on edge of anterior border,
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separated from one another by about 2/3 diameter, touching PLE; PME touching to

each other, less than 1/4 PME diameter from PLE. Labium trapezoid-shaped, base

wider than distal part; as long as wide at base; semicircular groove at �p. Sternum

dark red, frontally darker, becoming lighter towards back or darkened on borders; very

slightly wrinkled, mainly between legs and anterior border; uniformly covered in

slender black hairs.

Chelicerae 2.00 long, about 2/5 of carapace length in dorsal view; fang long, 1.72;

basal segment, proximal dorsal and ventral side, scantly covered with piligerous

granula�ons. Chelicera inner groove medium-size, about 2/5 cheliceral length; armed

with three teeth and lamina at base; B>D>M; D triangular, located roughly at centre of

groove; B close to basal lamina; M close to B (Fig. 8J). Legs orange. Lengths of male

described above: fe1 2.85; pa1 2.00; �1 2.50; me1 2.30; ta1 0.55; total 10.20; fe2 2.70;

pa2 1.85; �2 2.20; me2 2.20; ta2 0.55; total 9.50; fe3 2.20; pa3 1.35; �3 1.45; me3

1.95; ta3 0.55; total 7.50; fe4 2.75; pa4 1.55; �4 2.10; me4 2.70; ta4 0.60; total 9.70;

rela�ve length: 1>4>2>3. Leg1 and leg2 spineless. Fe3d spineless; pa3 spineless; tb3d

spines arranged in three bands; proximal 0.0.1; medial-proximal 1.2.1; medial-distal 0;

distal 1.0.1-0; tb3v spines arranged in four bands; proximal 1.1.1, or 0-1.3.0; medial-

proximal 1.2.0; medial-distal 1.0.0; distal 0; with two terminal spines. Fe4d spines in

two rows; forward 0-1; backward 2; pa4 spineless; tb4d spines arranged in four bands;

proximal 0-1.0.0; medial-proximal 1.3-1.1; medial-distal 0; distal 1.0.1; tb4v spines

arranged in four bands; proximal 0.3-2.0; medial-proximal 1.2.1; medial-distal 1.0.0;

distal 0; with two terminal spines. Dorsal side of anterior legs smooth; ventral side of

pedipalp covered with hairs, lacking grains. Claws with 8 teeth or less; hardly larger

than claw width.

Abdomen 5.50 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.12 long;

thick, curved, not compressed, pointed, �p enlarged; uniformly, thickly distributed.

Male copulatory bulbus T slightly shorter than DD (Fig. 26A); external distal border
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sloped backwards; internal sloped backwards. DD slightly bent in lateral view, clearly

less than 45º; internal distal border not expanded. IS, ES proximally fused, similarly

developed (Fig. 26B); IS truncated at DD middle part. DD �p straight in lateral view. C

present, short; distal end beside DD internal �p; well developed; located close to DD

distal �p; proximal border stepwise decreasing (Fig. 26C); distal border rounded,

Figure 26. D. tabona sp.n. (A) le� palp retrolateral view; (B) le� palp frontal view; (C) right palp prolateral view; (D) DD right

palp frontal-retrolateral view; (E) P right palp prolateral view. Scalebar = 0.5mm
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hardly stepped, upper �p not projected, rounded, external side hollowed (Fig. 26D).

AC present. LF present; distally projected. L well developed. LF poorly developed. L

external border not sclero�zed, laterally markedly folded; distal border approximately

parallel, con�nuous. LA absent. F absent. AL present, very poorly developed (Fig. 26E).

P fused to T; perpendicular to T in lateral view; lateral length from 1/3 to 2/5 of T

width; ridge present, perpendicular to T; not expanded, upper margin smooth; not

distally projected; posterior margin slightly folded towards internal side.

Female paratype (NMH000661): (Fig. 27A-B). All characters as in male except:

carapace 4.45 long; maximum width 3.70; minimum width 2.40. AME diameter 0.19;

PLE 0.19; PME 0.17; AME on edge of anterior border, separated from one another by

about 1 diameter or more, touching PLE; PME touching to each other, about 1/3 PME

diameter from PLE.

Chelicerae 2.35 long, about 1/2 of carapace length in dorsal view; fang long, 1.69.

Lengths of female described above: fe1 3.05; pa1 2.05; �1 2.30; me1 2.20; ta1 0.60;

total 10.20; fe2 2.70; pa2 1.90; �2 2.20; me2 2.05; ta2 0.55; total 9.40; fe3 2.45; pa3

1.40; �3 1.45; me3 2.00; ta3 0.55; total 7.85; fe4 2.90; pa4 1.65; �4 2.00; me4 2.55;

ta4 0.60; total 9.70; rela�ve length 1>4>2>3. Leg1 and leg2 spineless. Fe3d spineless;

pa3 spineless; tb3d spines arranged in four bands; proximal 1.0.1; medial-proximal

A B C

Figure 27. D. tabona sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm



122

Adrià Bellvert

1.2.1; medial-distal 0; distal 0; tb3v spines arranged in four bands; proximal 0.3.0;

medial-proximal 1.2-3.0; medial-distal 0; distal 1.1.0; with two terminal spines. Fe4d

spines in two rows; forward 2; backward 1; pa4 spineless; tb4d spines arranged in four

bands; proximal 0.0.1; medial-proximal 1.1.1; medial-distal 0; distal 1.0.1; tb4v spines

arranged in four bands; proximal 1.6-3.1; medial-proximal 1.1-0.0; medial-distal 0;

distal 0.0.1; with two terminal spines. Dorsal side of anterior legs smooth; ventral side

of pedipalp smooth. Claws with 8 teeth or less; hardly larger than claw width.

Abdomen 4.19 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.12 long;

thin, roughly straight, compressed, pointed; uniformly, thickly distributed.

Vulva DA clearly dis�nguishable from VA (Fig. 27B); DA longer than wide; DF wide

in dorsal view. MF margins not fused, well developed, completely sclero�zed. VA

rectangle-like; anterior region completely sclero�zed; posterior region sclero�zed

except for most internal area; AVD absent. S a�achment projected under VA (Fig.

Table 15. Intraspecific spina�on variability of D. tabona sp.n.

Table 16. Intraspecific leg measurements variability of D. tabona sp.n.

Proximal Medial-Proximal Medial-Distal Distal

Tibia 3 dorsal 0-1.0.0-1 1.1.1 0.0-2.0 0-1.0.0-1

Tibia 4 dorsal 0-1.0.0-1 1.1.1 0.0.0 1.0.1

Tibia 3 ventral 1-0.3.0 1.2-1.1-0 0.0.0 1.0.0

Tibia 4 ventral 1.2.0-1 0-1.1-2.0-1 0.0.0 1.1.0-1

Number of rows Number of spines

Femur 3 dorsal 0 0

Femur 4 dorsal 2 1/2

I II III IV

Fe 2.75-3.15/2.95-3.05 2.55-2.85/2.7-2.8 2.2-2.45/2.35-2.45 2.65-3.05/2.9-2.9

Pa 1.85-2.05/2.05-2.05 1.75-1.85/1.7-1.9 1.25-1.4/1.4-1.4 1.55-1.65/1.65-1.75

Ti 2.45-2.55/2.3-2.6 2.2-2.2/2.1-2.3 1.4-1.6/1.45-1.55 1.85-2.25/2-2.2

Mt 2.25-2.5/2.2-2.35 2.15-2.2/2.05-2.1 1.7-2.15/2-2.15 2.45-2.8/2.55-2.8

Ta 0.55-0.6/0.6-0.6 0.55-0.55/0.5-0.55 0.55-0.55/0.5-0.55 0.6-0.65/0.6-0.65

Total 9.9-10.85/10.2-10.6 9.2-9.6/9.1-9.65 7.15-8.15/7.7-8.1 9.1-10.4/9.7-10.25
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27A); arms slightly longer than DA (Fig. 27C), straight; �ps not projected; neck as wide

as arms. TB usual shape.

Intraspecific varia�on

Male cephalothorax ranges in length from 4.20-4.65 (N=3), females from 4.45-4.70

(N=3). Distal teeth could be closer to medial, almost at the same distance that goes

from medial to basal. Carapace colora�on range from darker red, almost black to

slightly lighter than the holotype descrip�on. Spina�on and leg measurements

variability is listed in tables 15-16 respec�vely.

Distribu�on

This species is known from the most Eastern part of Anaga, in the island of Tenerife

(Fig. 11).

Dysdera undupe sp.n.

(Figs 6K, 7K, 8K, 28A-E, 29A-C)

Type material

Holotype: Spain. Canary Islands: La Gomera, Monte de la Zarza, 28.156704, -

17.292207, H. Contreras coll., 11/V/2003, 1♂ (CRBA001454).

Paratypes: Spain. Canary Islands: La Gomera, Ctra. Cumbre, altura Mora Gaspar,

28.146139, -17.262783, D. Hernández coll., 02/VII/2008, 1♂ (NMH001448);

Vallehermoso, Pista Mora Gaspar, 28.588937, -17.717572, Arnedo, Bellvert,

Domènech & Oromí coll., 20/III/2019, 1♀ (CRBA003624); Hermigua, Reventón

Oscuro. Bosque del Cedro, 28.125809, -17.216615, N. Macías & S. To� coll., 08/IV/

2011, 1♀ (CRBA002057).
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Etymology

The specific name in apposi�on refers to Undupe, king of La Gomera, husband of

Gara, one of the main protagonists in the legend of Gara and Jonay.

Diagnosis

Dysdera undupe sp.n. is dis�nguished from the morphologically similar D.

calderensis by the M tooth markedly closer to B in the former instead of equidistantly

distributed (Fig. 8K) and carapace more markedly cribellate (Fig. 6K). Male

dis�nguished from D. calderensis by the L border markedly curved 45º (Fig. 28C)

instead of slightly curved 20º. Female of D. undupe sp.n. dis�nguished from D.

calderensis by S lateraly pointed projected forward in the former instead of rounded

and backwards directed (Fig. 29A).

Descrip�on – Male holotype (CRBA001454): (Figs 6K, 7K, 8K, 28A-E). Carapace 4.78

long; maximum width 3.59; minimum width 2.24. Dark red, darkened at borders;

heavily foveate, covered with circular depressions, some small black grains mainly at

front (Figs 6K, 7K). Anterior border roughly round, from 1/2 to 3/5 carapace length;

anterior lateral borders divergent; rounded at maximum dorsal width, posterior

lateral borders rounded; posterior margin narrow, straight. AME diameter 0.26; PLE

0.16; PME 0.17; AME on edge of anterior border, separated from one another by

about 1 diameter or more, touching PLE; PME touching to each other, about 1/3 PME

diameter from PLE. Labium trapezoid-shaped, base wider than distal part; as long as

wide at base; semicircular groove at �p. Sternum dark red, frontally darker, becoming

lighter towards back; heavily wrinkled; covered in hairs mainly on margin.

Chelicerae 1.81 long, about 1/3 of carapace length in dorsal view; fang medium-

sized, 1.64; basal segment proximal dorsal side scantly covered with piligerous

granula�ons. Chelicera inner groove long, about 1/2 cheliceral length; armed with

three teeth and lamina at base; D=B>M; D triangular, located roughly at centre of
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groove; B close to basal lamina; M close to B (Fig. 8K). Anterior legs dark orange,

posterior legs yellow. Lengths of male described above: fe1 4.06; pa1 2.67; �1 3.56;

me1 3.43; ta1 0.77; total 13.96; fe4 3.69; pa4 2.05; �4 3.03; me4 3.04; ta4 0.72; total

12.52; fe Pdp 2.08; pa Pdp 1.16; � Pdp 0.98; ta Pdp 1.02; total 5.24. Leg4 spineless.

Dorsal side of anterior legs covered with hairs, lacking small grains; ventral side of

pedipalp covered with hairs, lacking grains. Claws with 8 teeth or less; hardly larger

than claw width.

Abdomen 6.25 long; grey; cylindrical. Abdominal dorsal hairs 0.06 long; thin,

roughly straight, compressed, blunt, �p not enlarged; uniformly, thickly distributed.

Male copulatory bulbus T slightly shorter than DD (Fig. 28A); external distal border

sloped backwards; internal sloped backwards. DD slightly bent in lateral view, clearly

less than 45º; internal distal border not expanded. IS, ES equally developed (Fig. 28B);

IS truncated at DD middle part. DD �p sloped towards back in lateral view. C present,

short; distal end beside DD internal �p; well developed; located close to DD distal �p;

proximal border sharply decreasing; distal border markedly sloped, upper �p not

projected, pointed, external side hollowed (Fig. 28D). AC absent. LF absent. L well

developed (Fig. 28C); external border not sclero�zed, laterally slightly folded; distal

border divergent, con�nuous. LA absent. F absent. AL present, very poorly developed

(Fig. 28E); proximal border in posterior view fused with DH. P fused to T;

perpendicular to T in lateral view; lateral length from 2/5 to 1/2 of T width; ridge

present, perpendicular to T; not expanded, upper margin smooth; distally slightly

projected; posterior margin slightly folded towards internal side.

Female paratype (CRBA002057): (Fig. 29A-C). All characters as in male except:

carapace 4.43 long; maximum width 3.53; minimum width 2.17. AME diameter 0.24;

PLE 0.26; PME 0.23; AME on edge of anterior border, separated from one another by

about 2/3 diameter, close to PLE; PME touching to each other, about 1/3 PME

diameter from PLE.
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Figure 28. D. undupe sp.n. (A) le� palp retrolateral view; (B) le� palp frontal view; (C) DD right palp dorsal view; (D) DD right

palp retrolateral view; (E) P right palp prolateral view. Scalebar = 0.1mm

A B C

Figure 29. D. undupe sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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Chelicerae 1.93 long, about 2/5 of carapace length in dorsal view; fang medium-

sized, 1.57. Chelicera inner groove medium-size, about 2/5 cheliceral length. Lengths

of female described above: fe1 3.80; pa1 2.37; �1 3.16; me1 3.06; ta1 0.75; total

13.14; fe2 3.32; pa2 2.30; �2 2.80; me2 2.84; ta2 0.69; total 11.95; fe3 2.60; pa3 1.50;

�3 1.85; me3 2.20; ta3 0.67; total 8.82; fe4 3.84; pa4 1.98; �4 2.87; me4 3.26; ta4 0.72;

total 12.67; fe Pdp 1.65; pa Pdp 1.01; � Pdp 0.82; ta Pdp 1.24; total 4.72; rela�ve

length 1>4>2>3. Leg1 and leg2 spineless; leg3 spineless; leg4 spineless. Dorsal side of

anterior legs smooth; ventral side of pedipalp covered with hairs, lacking grains.

Abdomen 7.18 long; grey; cylindrical. Abdominal dorsal hairs 0.15 long; thin,

roughly straight, not compressed, pointed; uniformly, thickly distributed.

Vulva DA clearly dis�nguishable from VA (Fig. 29B); DA slightly wider than long (Fig.

29C); DF wide in dorsal view. MF margins fused, sheet-like, well developed,

completely sclero�zed. VA rectangle-like; projected under DA (Fig. 29A); anterior

region completely sclero�zed; posterior region sclero�zed except for most internal

area; AVD absent. Ventral narrow dark bands developed from S a�achment. S

a�achment not projected under VA; arms as long as DA, slightly curved; �ps not

projected; neck as wide as arms. TB usual shape.

Intraspecific varia�on

Male cephalothorax ranges in length from 4.78-5.52 (N=2), females from 4.43-4.75

(N=2). Carapace color could be dark red almost black. Leg measurements variability is

Table 17. Intraspecific leg measurements variability of D. undupe sp.n.

I II III IV

Fe 4.06-4.542/3.72-3.8 4.012/3.32-3.534 3.12/2.6-2.772 3.69-4.181/3.56-3.84

Pa 2.67-2.958/2.37-2.57 2.657/2.3-2.337 1.789/1.5-1.596 2.05-2.398/1.957-1.98

Ti 3.56-4.027/3.16-3.477 3.431/2.8-2.949 2.053/1.799-1.85 3.03-3.16/2.797-2.87

Mt 3.43-3.913/3.06-3.304 3.591/2.84-3.075 2.855/2.2-2.467 3.04-4/3.26-3.516

Ta 0.77-0.864/0.64-0.75 0.736/0.69-0.701 0.653/0.665-0.67 0.72-0.844/0.72-0.791

Total 14.49-16.304/13.14-13.711 14.427/11.95-12.596 10.47/8.82-12.621 12.53-14.583/12.621-12.67
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listed in table 17.

Distribu�on

This species is known from the laurel forest of La Gomera (Fig. 14).

Dysdera yballa sp.n.

(Figs 6L, 7L, 8L, 30A-D, 31A-C)

Type material

Holotype: Spain. Canary Islands: La Gomera, Hermigua, Pajarito, 28.108856, -

17.241604, P. Oromí & Arnedo coll., 29/4/1995, 1♂ (UB2909).

Paratypes: Spain. Canary Islands: La Gomera, Vallehermoso, Teselinde. Ermita de

Santa Clara, 28.1963, -17.28754, N. Macías & S. de la Cruz coll., 27/3/2013, 1♂

(NMH002301); Hermigua, Pajarito, 28.10885609, -17.24160433, P. Oromí & Arnedo

coll., 29/4/1995, 1♀ (UB2908), 1♀ (UB2915).

Addi�onal material examined: Spain. Canary Islands: La Gomera, Enchereda,

28.13665, -17.179063, S. de la Cruz coll., 02/V/2008, 1♀, 1♀; Vallehermoso,

Teselinde. Ermita de Santa Clara, 28.1963, -17.28754, N. Macías & S. To� coll., 08/IV/

2011, 1♀; Valle Gran Rey, La Mérica, 28.11577, -17.33604, Arnedo, Bellvert & Oromí

coll., 17/III/2017, 1♂; Vallehermoso, Teselinde. Ermita de Santa Clara, 28.1963, -

17.28754, 1♀; N. Macías & S. de la Cruz coll., 27/III/2013, 1♀, 1♀; Plain Land

between Barranco Higuera and Barranco San juan., 28.193319, -17.292939, P. Oromí

& Arnedo coll., 30/IV/1995, 1♀.

Etymology

The specific name in apposi�on refers to Yballa, an aboriginal from the isle of La

Gomera with which Fernán Peraza had a fur�ve rela�onship which led to an uprising



129

Integra�ve taxonomic revision in Dysdera

by the na�ves of the isle.

Diagnosis

Dysdera yballa sp.n. is dis�nguished from the closely related D. levipes by the

bigger size and the less obvious pilosity in the prosoma in the former. Clearly

dis�nguished from the other sympatric species from la Gomera by the semi-circular

shape of the prosoma in lateral view and the abundant pilosity of the carapace (Fig.

7L).

Descrip�on –Male holotype (UB2909): (Figs 6L, 7L, 8L, 30A-D). Carapace 2.27 long.

Dark red, darkened at borders; slightly foveate at borders, wrinkled at middle, covered

with small black grains; hairy, uniformly covered with white hairs (Fig. 6L). Anterior

border roughly round, markedly smaller than 1/2 carapace length; anterior lateral

borders convergent; rounded at maximum dorsal width, posterior lateral borders

rounded; posterior margin narrow, straight. AME diameter 0.12; PLE 0.13; PME 0.10;

AME on edge of anterior border, separated from one another by about 2/3 diameter,

close to PLE; PME touching to each other, about 1/3 PME diameter from PLE. Labium

trapezoid-shaped, base wider than distal part; as long as wide at base; semicircular

groove at �p. Sternum dark red, uniformly distributed; heavily wrinkled; uniformly

covered in slender black hairs.

Chelicerae 0.77 long, about 1/3 of carapace length in dorsal view; fang short, 0.55;

basal segment proximal border of dorsal side strongly covered with piligerous

granula�ons. Chelicera inner groove long, about 1/2 cheliceral length; armed with

three teeth and lamina at base; D=M=B; D triangular, located roughly at centre of

groove; B close to basal lamina; M close to B (Fig. 8L). Legs yellow. Lengths of male

described above: fe1 1.90; pa1 1.07; �1 1.53; me1 1.51; ta1 0.42; total 6.43; fe2 1.73;

pa2 0.95; �2 1.42; me2 1.40; ta2 0.43; total 5.93; fe3 1.34; pa3 0.70; �3 0.93; me3

1.22; ta3 0.40; total 4.59; fe4 1.66; pa4 0.89; �4 1.33; me4 1.66; ta4 0.44; total 5.98;
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rela�ve length: 1>4>2>3. Leg1 and leg2 spineless; leg3 spineless; leg4 spineless.

Dorsal side of anterior legs smooth; ventral side of pedipalp smooth. Claws with 8

teeth or less; hardly larger than claw width.

Abdomen 2.30 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.06 long;

thin, roughly straight, compressed, pointed; uniformly, thickly distributed.

Figure 30. D. yballa sp.n. (A) le� palp retrolateral view; (B) le� palp frontal view; (C) DD right palp retrolateral view; (D) P right

palp prolateral view. Scalebar = 0.1mm
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Male copulatory bulbus T as long as DD (Fig. 30A); external distal border sloped

backwards; internal sloped backwards. DD bent about 45º in lateral view; internal

distal border not expanded. IS wider, more sclero�zed than ES (Fig. 30B); IS truncated

at DDmiddle part. DD �p straight in lateral view. C present, short; distal end beside DD

internal �p; well developed; located close to DD distal �p; proximal border stepwise

decreasing; distal border sloping in its base, upper �p projected, pointed, external

side hollowed (Fig. 30C). AC present. LF absent. L well developed; external border not

sclero�zed, laterally slightly folded; distal border divergent, con�nuous. LA absent. F

absent. AL present, poorly developed (Fig. 30D); proximal border in posterior view

smooth, not fused with distal haematodoca. P fused to T; perpendicular to T in lateral

view; lateral length from 1/3 to 2/5 of T width; ridge present, perpendicular to T; not

expanded, upper margin smooth; not distally projected; posterior margin slightly

folded towards internal side.

Female paratype (UB2915): (Fig. 31A-C). All characters as in male except: carapace

3.24 long. AME diameter 0.15; PLE 0.14; PME 0.12; AME on edge of anterior border,

separated from one another by about 2/3 diameter, close to PLE; PME touching to

each other, about 1/3 PME diameter from PLE. Sternum dark red, darkened on

borders; wrinkled; uniformly covered in slender black hairs.

A B C

Figure 31. D. yballa sp.n. vulva (A) ventral; (B) lateral; (C) dorsal view. Scalebar = 0.65mm
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Chelicerae 0.97 long, about 1/3 of carapace length in dorsal view; fang short, 0.76;

basal segment proximal border of dorsal side strongly covered with piligerous

granula�ons. Chelicera inner groove medium-size, about 2/5 cheliceral length. Legs

bicoloured, darker on proximal border, becoming lighter distally. Lengths of female

described above: fe1 2.35; pa1 1.39; �1 2.07; me1 1.94; ta1 0.51; total 8.27; fe2 2.06;

pa2 1.39; �2 1.81; me2 1.84; ta2 0.44; total 7.43; fe3 1.72; pa3 0.94; �3 1.21; me3

1.49; ta3 0.48; total 5.85; fe4 2.14; pa4 1.13; �4 1.70; me4 2.15; ta4 0.50; total 7.62;

rela�ve length 1>4>2>3. Dorsal side of anterior legs smooth; ventral side of pedipalp

covered with hairs, lacking grains.

Abdomen 4.26 long; cream-coloured; cylindrical. Abdominal dorsal hairs 0.09 long.

Vulva DA clearly dis�nguishable from VA (Fig. 31B); DA longer than wide (Fig. 31C);

DF wide in dorsal view. MF margins not fused, well developed, completely sclero�zed.

VA rectangle-like; anterior region completely sclero�zed; posterior region sclero�zed

except for most internal area; AVD absent. S a�achment projected under VA (Fig.

31A); small sclerite between S and VA anterior part present; arms are shorter than DA,

slightly curved; �ps not projected; neck as wide as arms. TB usual shape.

Intraspecific varia�on

Male cephalothorax ranges in length from 2.27-3.17 (N=2), females from 2.49-3.24

(N=3). Tibia, metatarsus and tarsus color from brigth yellow to orange. Leg

measurements variability is listed in table 18.

Table 18. Intraspecific leg measurements variability of D. yballa sp.n.

I II III IV

Fe 1.9-2.531/1.955-2.357 1.73-2.312/1.734-2.063 1.34-1.891/1.396-1.72 1.66-2.44/1.792-2.141

Pa 1.07-1.433/1.172-1.391 0.95-1.156/1.016-1.275 0.7-0.976/0.783-0.944 0.89-1.163/0.984-1.134

Ti 1.53-2.261/1.72-2.067 1.42-1.826/1.45-1.811 0.93-1.34/0.988-1.209 1.33-1.91/1.451-1.702

Mt 1.51-2.189/1.584-1.943 1.4-2.334/1.466-1.844 1.22-1.752/1.358-1.49 1.66-2.333/1.798-2.149

Ta 0.42-0.486/0.404-0.513 0.43-0.524/0.435-0.442 0.4-0.48/0.397-0.485 0.44-0.51/0.449-0.504

Total 6.43-8.9/6.835-8.271 5.93-8.152/6.108-7.431 4.59-6.439/4.922-5.848 5.98-8.356/6.474-7.622
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Distribu�on

This species is known from different locali�tes spread across the island of La

Gomera (Fig. 14).

Discussion

The founda�on of any evolu�onary, systema�c or conserva�on study is a well-

defined set of the species belonging to the target group. Here we provided a solid

baseline of the taxonomy of Dysdera spiders in the Canary Islands, which are essen�al

for subsequent inves�ga�ons focusing on the understanding of the evolu�on.

In the present study, we have raised the number of endemic Dysdera species in the

Canary Islands to 57. This represents 20% of the worldwide diversity of the genus

confined to less than 0.1% of their distribu�on area (Arnedo et al. 2001). Recently,

Crespo et al. (2020) also documented a diversifica�on of Dysdera in the Madeiran

archipelago. Volcanic archipelagos are home to well-known examples of adap�ve

radia�ons, which are characterized by the drama�c diversifica�on of species with

dis�nct ecomorphs from a single ancestor (Gillespie 2004; Soulebeau et al. 2015). All

of the 57 described species from the Canary Islands but one share a common ancestor

(Adrián-Serrano et al. 2020). Furthermore, the Canarian endemics also present a high

variability in their cheliceral morphology, also reported in con�nental species, which

seems to be linked to different levels of trophic specializa�on (Řezáč and Pekár 2007).

A recent study has demonstrated that Canarian Dysdera species most likely cons�tute

a case of adap�ve radia�on (Řezáč et al. 2021), although the sparse data used and the

lack of an updated phylogeny of the group cast some doubts on the robustness of its

conclusions. More studies encompassing a larger sample of individuals, a be�er

resolved complete phylogeny and sound sta�s�cal compara�ve methods will be

needed to sustain the claims for the adap�ve nature of the diversifica�on process of

Dysdera in the Canary Islands.



134

Adrià Bellvert

The gene�c divergence is not strictly linked to the morphological differen�a�on

(Orr and Smith 1998), being one clear example the cryp�c species complex (Hedin and

Wood 2002; Sinclair et al. 2004; Boyer et al. 2007). Morphology represented the

principal source of evidence in the species delimita�on un�l mid-20th century (Coyne

1994), but nevertheless depending on morphological characters tend to simplify and

underes�mate the extant diversity (Bond et al. 2001; Bickford et al. 2007).

Morphological data present limita�ons as the almost undifferen�ated con�nuous

diversity, low popula�on variability and high sexual dimorphism differen�a�on could

baulk the species iden�fica�on. For this reason, molecular data are commonly used to

check tradi�onal taxonomies (Tautz et al. 2003), as they can help to overcome the

limita�ons of the only morphological based data. Furthermore, species could arise

through numerous different processes, which makes the work of species delimita�on

and iden�fica�on very complex if they are only based in one single subset of data. Our

compara�ve analyses revealed a high level of correspondence between the nominal

species and their underlying gene�c structure as revealed by mitochondrial and the

nuclear marker ITS2. It should be acknowledged that some of the new species were

first iden�fied as separate gene�c clusters in preliminary analyses, and were

subsequent corroborated using the morphological data, in a reciprocal illumina�on

framework.

Most of the mismatches found between the nominal species and the gene�c

clustering involved cases of deep geographic structure within species. This was

especially obvious in those species with popula�ons in more than one island. In the

case of the new species D. yballa sp.n., which was formerly considered an island

popula�on of D. levipes, morphological evidence was clear enough to rise it to species

status. Similarly, D. silva�ca, D. gomerensis and D. calderensis all shown island

popula�ons that were recovered as monophyle�c groups and delimited as dis�nct

cluster by some of the delimita�on methods implemented. Although we observed
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some minor yet consistent morphological differences in some of these island

popula�ons, we considered that a wider sampling and more thorough morphological

and ecological analyses were required to formally proposed them as new species. A

similar pa�ern of deep geographic structure was also observed in cave-dwelling

species. Volcanic lava tubes may cons�tute an extensive network of con�nuous

habitats also connected through the void and cracks that cons�tute the volcanic MSS,

facilita�ng the dispersal and maintenance of gene flow between cave popula�ons.

However, in some cases the existence of dykes or even massive landslides, may

isolated formerly con�nuous cave popula�ons. This may explain the deep structure

revealed in the species D. ambulotenta, D. chioensis, both of which have divergent

popula�ons in lava tubes at both sides of the Orotava valley, which was the result of a

major landslide da�ng back to 0.5 to 0.8 million years ago (García-Olivares et al. 2017).

Surprisingly, in other cave-dwelling species, specimens showing high intraspecific

divergences were collected in the same caves (eg. D. esquiveli, D. sibyllina, D.

unguimmanis). In these cases, addi�onally sequencing and sampling may help to

discard the possibility of mishandling or mislabelling of specimens. The last set of

species showing deep intraspecific gene�c structure corresponds to species with wide

distribu�on within islands. Several studies have already revealed the existence of

deep phylogeographic structure in endemic Canarian Dysdera species—D.

alegranzaensis Wunderlich, 1992, D. lancerotensis and D. nesiotes in the Eastern

canaries (Macías-Hernández et al. 2013b), and D. verneaui in Tenerife (Macías-

Hernández et al. 2013a)—which has been most likely linked to the highly dynamic

geology of the islands, including recurrent erup�ve cycles, connec�on of formerly

isolated island and eusta�c sea level changes. In this study we have collected

addi�onal evidence of phylogeographic structure in other species, for instance D.

macra in Tenerife, which shows geographic pa�erns resembling those of D. verneaui.

Of special interest is the discovery of previously overlooked phylogeographic pa�erns

shared among several species in Gran Canaria. Specifically, D. bandamae, D. herii sp.n.
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and D. liostetha, show gene�cally dis�nct popula�ons in the north-western and the

south-eastern sides of the island. Interes�ngly, similar pa�ern has been found in

curculionid beetles, which have been explain as the result of an explosive erup�ve

cycle of the Roque Nublo, dated between 3 to 5 million years ago (Emerson et al.

2000). Overall, the evidence of deep phylogeographic structure within endemic

species with widespread distribu�on within islands, could suggest that specia�on in

the islands is mostly the results of allopatric process ac�ng at the island level because

of volcanic ac�vity. Under this scenario, the geographically structured popula�ons

cons�tute the ini�al stages of specia�on that eventually, if isola�on persists, will

become independent evolu�onary lineages, i.e. species. This is of major importance

in the context of understanding the driving forces ac�ng during adap�ve radia�on,

since the specia�on process could be effec�vely uncoupled from the ecological

diversifica�on, which could be mostly driven by postposi�onal compe��ve processes

(Kennedy et al. 2022).

We have found very few cases, in which the molecular and morphological data

have revealed poten�al instances of mixing or merging. In some cases, the

incongruences are be�er explained by the haplotypic nature of the mitochondrial

markers. This could be the case of the mitochondrial markers of the species D.

curviseta, which rendered the species D. liostetha as paraphyle�c. However, the ITS2

supported the monophyly of D. liostetha. Since both species inhabit different islands,

the most plausible scenario is that following split of the ancestor of D. curviseta

because of the coloniza�on of Tenerife, gene flow homogenized the genome of the D.

liostetha. Of special interest is the lack of sor�ng in molecular markers in the species

pairs D. levipes-D. gollumi and D. mahan-D. spinidorsum. In this case the most

plausible scenario is a rapid specia�on because of an ecological shi�. Indeed, in the

two cases, one of the species shows a clear departure from the ancestral ecological

preferences, i.e. forest ground dweller, in one case to adapt to the underground
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environment (D. gollumi) and in the other to the inter�dal habitat (D. mahan).

Recent studies have suggested that hybridiza�on may promote adap�ve radia�ons

by crea�ng novel phenotypes (Kagawa and Takimoto 2018). Our data, however, show

li�le evidence of hybridiza�on among Canarian Dysdera endemics. In fact, only one

well-contrasted case and a poten�al second one could be iden�fied. The existence of

introgression in D. vernaui had been already unravel in a previous study (Macías-

Hernández et al. 2013a). However, here, using a more through sampling of specimens,

we have disclosed that the introgression was probably the result of the capture of a

mitochondrial lineage belonging to a ghost lineagemore closely related to D. chioensis

by D. verneaui. A second case of hybridiza�on could have account for the unsor�ng of

ITS2 sequence types between D. aniepa sp.n. and D. macra. It could be argued instead

that D. aniepa sp.n. is not a good species and should be be�er considerd as a

popula�on of the geographically well-structured D. macra. Indeed, other Tenerife

endemics, e.g. D. iguanensis Wunderlich 1987, show a phylogeographic break

between the popula�ons in the Teno area, which originated as an independent

volcanic edifice that was subsequently connected to the rest of the island following

volcanic ac�vity in the central edifice, dated between 0.2 to 3.5 million years ago

(Ancochea et al. 1999; Cantagrel et al. 1999). However, unlike D. iguanensis, the

mitochondrial lineages of D. aniepa sp.n. are not exclusive to Teno, and thus are not

simply the results of geographical structure. Future studies will have to incorporate

along with more specimens and a more through representa�on of genomic

informa�on, maybe using ddRADseq or other reduce representa�on techniques for

genome scanning, to untangle the evolu�onary processes underlying differen�a�on

between D. aniepa sp.n. and D. macra.

With our combined results of molecular data and morphological differences

observed in the candidate species we support the existence of 10 new species which

had been unno�ced in previous morphological based studies. Furthermore,
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popula�on cluster has been iden�fied that match with the geography of the islands,

this is the case of D. calderensis, D. gomerensis or D. silva�ca in different islands or D.

verneaui which presents a marked popula�on structure inside the same island that

has been already observed in a previous study (Macías-Hernández et al. 2013a).

Despite of the large number of specimens collected and examined, some Canarian

Dysdera species remain only known by one of the sexes. This is the case of the newly

described D. banot sp.n., D. gaifa sp.n., and D. garoe sp.n., which are only known by

females. In contrast, with the help of the support provided by the molecular data, we

were able to complete the descrip�ons of D. orahan and D. hirguan. A�er more than

20 years of sampling and revisionary work (see Arnedo and Ribera 1999a; Arnedo and

Ribera 1999b; Arnedo and Ribera 1999c; Arnedo et al. 2001; Arnedo et al. 2007;

Macías-Hernández et al. 2010; Macías-Hernández et al. 2016), the distribu�ons

ranges and ecological preferences of several species known by both sexes remain

poorly unknown due to the small number of known specimens. The causes for the

large differences in the abundances across the different species are unclear. In some

cases, it may simply be due to the limited effort exerted on habitats, such as the MSS

or coastal (including inter�dal) habitats. Another poten�al reason could be the

existence of long-term cycles (larger than sta�onal) in the abundance of some species.

Although the data at hand is too sparse to test this possibility, based on personal

experience it looks like some specie that were abundant 30 years ago are now rare

and the other way around, species hardly collected some decades ago are now more

easy to spot. We will have to await to further collec�ng efforts to test these scenarios.

Conclusions

With the present study, we have greatly contributed to improve our current

knowledge of the Canarian Dysdera spider fauna. We have increased the species

richness in the islands by 20% by describing 10 new species. The new described
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species include both species diagnosed using morphological characters tradi�onally

used in the group, but also species which morphological differences went unno�ced

in previous studies as they were either difficult to differen�ate from similar species or

the diagnos�c had not been considered. The last species were first red-flagged using

molecular single-marker delimita�on methods. In a good number of cases, molecular

informa�on also revealed the existence of deep geographic structure within species,

mostly accoun�ng for mul�-island species, cave dwelling species and spiders with

wide distribu�on ranges within islands. Despite the poten�al of islands diversifica�on

processes to include recently diverged species or instances of hybridiza�on, we

iden�fied only two poten�al cases of incomplete lineage sor�ng and two of

introgression. Although not perfect, DNA barcoding data has the poten�al to correctly

assign query specimens to most of the Canarian Dysdera species.
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Abstract

Understanding what drives the existing phenotypic variability has been a major topic

of interest for biologists for generations. However, the study of the phenotype may

not be straightforward. Indeed, organisms may be interpreted as composite objects,

comprising different ecophenotypic traits, which are neither necessarily independent

from each other nor do they respond to the same evolutionary pressures. For this

reason, a deep biological understanding of the focal organism is essential for any

morphological analysis. The spider genus Dysdera provides a particularly well‐suited

system for setting up protocols for morphological analyses that encompass a suit of

morphological structures in any nonmodel system. This genus has undergone a

remarkable diversification in the Canary Islands, where different species perform

different ecological roles, exhibiting different levels of trophic specialization or

troglomorphic adaptations, which translate into a remarkable interspecific morpho-

logical variability. Here, we seek to develop a broad guide, of which morphological

characters must be considered, to study the effect of different ecological pressures

in spiders and propose a general workflow that will be useful whenever researchers

set out to investigate variation in the body plans of different organisms, with data

sets comprising a set of morphological traits. We use geometric morphometric

methods to quantify variation in different body structures, all of them with diverse

phenotypic modifications in their chelicera, prosoma, and legs. We explore the effect

of analyzing different combined landmark (LM) configurations of these characters

and the degree of morphological integration that they exhibit. Our results suggest

that different LM configurations of each of these body parts exhibit a higher degree

of integration compared to LM configurations from different structures and that the

analysis of each of these body parts captures different aspects of morphological

variation, potentially related to different ecological factors.

K E YWORD S

Araneae, Canary Islands, Dysderidae, geometric morphometrics, integration
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1 | INTRODUCTION

The study of how the phenotype can be altered by selection goes

back to the experiments performed by Darwin before the publication

of his book “On the origin of species” in 1859 (Andersson, 2009).

However, adaptation is an inherently multivariate process and natural

selection often acts upon sets of functionally related traits, rather

than on unidimensional phenotypes (Blows, 2007; Lande & Arnold,

1983; Phillips & Arnold, 1989; Schluter & Nychka, 1994). Further-

more, not all evolutionary pressures necessarily drive the different

characteristics of organisms toward the same direction. Under the

definition of the species' fundamental niche by Hutchinson (1957) as

an hypervolume of n dimensions, the existence of a species in a given

environment is understood as being determined by its capacity to

adapt to different ecological conditions, and its tolerance to these

environmental settings is in turn influenced by its phenotypic

attributes (Carscadden et al., 2017; Givnish, 1987). The suit of

morphological features that improve an organism's performance in its

environment is known as functional traits (McGill et al., 2006; Nock

et al., 2016). In this context, the multidimensional hutchinsonian

niche of n ecological dimensions is also expected to translate into a

multidimensional space of different functional morphological traits

(Eklöf et al., 2013) that define the phenotypic properties of the

species, such as its external shape. Therefore, to understand the

morphological differentiation among different species, a multi-

dimensional phenotypic approach is needed (Guillerme, 2018), and

to infer the evolutionary pressures that have driven such differentia-

tion, we need to know how phenotypes and their function relate to

their ecological environment. The mutual links between these

organismal properties and their evolution are summarized in the

ecomorphological paradigm (Arnold, 1983). However, understanding

the relationship between phenotypic characters, ecological variables,

and the effect of phenotypic variation on fitness is not always

straightforward. While predictions can be made based on our

knowledge of how organisms work, linking patterns of variation in

different traits with different ecological pressures in non‐model

systems may not be clear. Furthermore, depending on the question to

be addressed, one may be interested in one particular structure, a set

of them, or the entire body, and thus the challenge emerges on how

to best choose which traits to investigate and how to combine the

information derived from each of them (Guillerme et al., 2020).

Additionally, those ecological‐related phenotypes shaped under

different evolutionary pressures are not completely independent

from each other, because organisms are integrated to function as a

whole (Klingenberg, 2009). However, the level of covariation

between them could vary depending on the relationships between

the different body parts (Olson & Miller, 1958). Traits with higher

levels of covariation (i.e., integration), than others, form composite

units (modules) affected by more similar evolutionary pressures

compared to other body parts. These integrated subunits are

interconnected conforming, the whole body of an organism that

needs to work in a coordinated manner, where changes in one trait

could be inevitably accompanied by changes in others (Adams, 2016).

This integration of different modules has different reasons: genetic,

developmental, functional, or evolutionary (Klingenberg, 2008). One

of the consequences of trait integration is that determining whether

certain phenotypes have been shaped by certain evolutionary

pressures or whether, on the contrary, trait variation emerges as a

consequence of the coevolution with other interconnected modules

is not always straightforward. In this sense, understanding which sets

of traits show high covariation is an important aspect to discern the

different biological factors that may explain their evolution.

Organisms with a modular body plan, where different structures

can be intuitively associated with particular ecological or social

functions, and thus predicted to respond to specific evolutionary

pressures, provide excellent study cases for establishing how

morphological variation can be described quantitatively. In addition,

they ease the association of such functional structures to its

underlying causes, when previous knowledge is scarce. Spiders, and

arachnids in general, are one such case. From the comparative

morphology of the chelicera musculature (Wood & Parkinson, 2019)

to the use of body size to understand ecophysiology (Canals et al.,

2015), most previous studies on spiders have been directed at

understanding the function and meaning of a specific character

related to a specific adaptation in different sets of species. More

recently, however, an increasing number of studies has focused on

establishing a standardized framework to investigate different

functional traits in spiders (Lowe et al., 2020; Macías‐Hernández

et al., 2020), highlighting the raised attention to the relation with the

ecological and morphological characters in this group of organisms.

However, despite the relatively obvious functional implications of

some phenotypic characters (e.g., legs for locomotion or social

interactions, chelicerae for feeding, etc.), a detailed protocol for

obtaining high‐resolution morphological data on different body

structures and an integrated assessment of such variation with

relation to different factors is still not available for spiders.

The inherent complexity of certain body structures is better

approached for morphological studies if shape information is

considered (Klingenberg, 2010). In technical terms, one major tool

for studying the variation in the shape of body parts and the

covariation between them (i.e., integration) is landmark (LM)‐based

geometric morphometrics (GMs). These methods differ from tradi-

tional morphometric approaches in how shape information is

obtained, as they capture the geometry of the morphological

structure of interest, and preserve it throughout the analyses (Adams

et al., 2004). These tools have expanded the way we visualize and

study shape variation, providing a fine‐scale description of morpho-

logical structures. However, despite the statistical strength of GM in

characterizing the shape of morphological structures, few studies

have applied this morphometric technique in spiders. Previously, LM‐

based analyses have been limited to characterizing genitalic variation

across species (Crews, 2009) and intraspecific allometry in sexual

dimorphism (Fernández‐Montraveta & Marugán‐Lobón, 2017; Kallal

et al., 2019), and delimiting and identifying species overlooked with

traditional methods (Wilson et al., 2021). Thus, although morphologi-

cal studies on spiders have been extensive, we lack fine‐tuned

1426 | BELLVERT ET AL.
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protocols for shape data acquisition and a detailed knowledge of the

variation of different body parts and how these are integrated with

each other.

The spider genus Dysdera Latreille, 1804, also known as

woodlouse‐hunter or red devil spiders, has a western Palearctic

distribution, with Macaronesia as its westernmost limit (Arnedo &

Ribera, 1999), and to date around 300 species have been described

(World Spider Catalog, 2022). Of nocturnal habits, these species are

usually found under rocks, barks, or dead logs (Macías‐Hernández

et al., 2008) (Figure 1a). The genus exhibits a high interspecific

variability in their cheliceral mouthparts, which has been related with

different levels of trophic specialization in feeding on isopods, that is,

oniscophagy (Řezáč & Pekár, 2007), where some more specialized

species exhibit varying degrees of preference toward capturing

isopods over other arthropod preys, while other species retain a

rather generalist diet (Toft & Macías‐Hernández, 2021). For this

reason, Dysdera species have been object of several studies that tried

to associate variation in cheliceral shape with their ecological

performance (e.g., Řezáč & Pekár, 2007; Řezáč et al., 2021; Toft &

Macías‐Hernández, 2017, 2021). This genus has diversified exten-

sively in the Canary Islands with numerous endemic species across

the seven major islands. In addition to the different levels of

oniscophagy, other remarkable adaptations have been recorded.

Indeed, the Canary Islands harbor several obligate cave‐dwelling

F IGURE 1 Analyzed landmark configurations of the Dysdera spider species and digitized landmarks. Blue dots represent fixed landmarks and
green dots represent semilandmarks. (a) Dysdera silvatica in a typical silk retreat under the rock; (b) different body parts analyzed in the Dysdera
species of this study (highlighted in gray); (c) ventral view of the chelicera (Q1); (d) lateral view of the chelicera (Q2); (e) ventral view of the fang
(Q3); (f) dorsal view of the prosoma (C1); (g) lateral view of the prosoma (C2); (h) lateral view of the leg 1 femur (L11); (i) lateral view of the leg 1
tibia (L14); (j) lateral view of the leg 4 femur (L41); (k) lateral view of the leg 4 tibia (L44).

BELLVERT ET AL. | 1427
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species that exhibit remarkable somatic modifications (Arnedo et al.,

2007), while some epigean spiders exhibit modifications in the shape

of the carapace (Arnedo & Ribera, 1999). Due to these ecological

particularities (trophic specialization and cave adaptation), the

Dysdera species from the Canary Islands constitute a well‐suited

model for exemplifying high‐resolution protocols for quantifying

variation in different phenotypic traits and their integration in spiders

and other arachnids.

The aims of the present study are to: (1) provide a practical guide

for describing shape variation in spiders using GM to integrate

information from different body parts; (2) to provide a first

assessment on which of these structures may be more informative

for exploring phenotypic variation related to particular ecological

pressures; (3) to investigate whether morphological variables derived

from the same or different body structures tend to covary strongly,

or if, by contrast, they may respond independently to different

selective pressures; and (4) to provide a practical guide on how

information on different body structures may be combined to provide

a global or partial view of morphological variation. To this end, we

first establish a standardized protocol for obtaining data on the shape

variation of different sides and perspectives of the chelicera, legs, and

prosoma using two‐dimensional LM‐based GMs. Due to their

function, and if integration mostly occurs across LM configurations

of each structure, with different body structures being relatively free

to vary independently, we expect that for some body parts (e.g.,

chelicera, legs) a clear differentiation will occur among species that

are also markedly divergent in the dimensions of their niche relevant

for that body part (e.g., trophic ecology and cave‐dwelling,

respectively; see also below). In this case, the distribution of species

in global morphospace (i.e., considering all different LM configura-

tions of all studied body structures) may exhibit high levels of

“noise,” due to the combination of different ecological influences

driving different parts of the phenotype in different directions. If, by

contrast, different body structures are highly integrated, variation

across individuals and species in the global morphospace would

rather be dominated by that ecological factor most strongly

influencing the phenotype, and it would align quite closely to the

partial morphospace that corresponds to the body structure with a

direct functional link to such dominant ecological factor. Similarly, to

the extent that certain species are morphologically differentiated

across several of these ecological axes of interest, a combination of

different body structures may better capture this joint differentiation.

By contrast, species that are only differentiated in specific axes may

become more blurred when considering several body structures

together.

2 | MATERIALS AND METHODS

2.1 | Specimens used

All specimens examined were collected during field campaigns

conducted by the authors and colleagues during the last 30 years

and are available at the Centre de Recursos de Biodiversitat Animal of

the Universitat de Barcelona (CRBA) and the collection of the

Departamento de Zoología de la Universidad de La Laguna, Tenerife,

Canary Islands (DZUL). Individuals were captured by active searching

under rocks, logs, and tree barks. The captured specimens were

either preserved in 76% or 95% EtOH and, in some cases, stored at

−20°C for subsequent molecular analyses at the Universitat de

Barcelona. All specimens were collected following institutional and

governmental regulations and the permits for all species captured

were granted by the local authorities of each island or by the

governing body of each natural reserve (Cabildos of El Hierro, La

Gomera, La Palma and Tenerife, Garajonay and Caldera del

Taburiente National Parks).

2.2 | Model system

We selected a suit of Dysdera species from the Canary Islands that

exemplify different ecological habits or that exhibit markedly

different phenotypic structures. Note that our objective when

selecting these species was not to provide a full assessment of

morphological variation in Canarian Dysdera and its relation to

ecology. Such an endeavor would require a much more comprehen-

sive sampling of species and would also need to take phylogenetic

relationships into account and perform formal statistical assessments

using phylogenetic comparative methods to assess the relative

contribution of adaptation and shared evolutionary history in shaping

the evolution of ecomorphological functional traits. However, such

an objective lies beyond the scope of this study. Instead, here we

aimed at including representatives with obviously different ecological

and morphological properties, such as to optimize the technical and

analytical protocols for exploring shape variation of different body

parts in spiders. For this reason, we selected species representative

of extreme morphologies and ecologies, with no consideration

whatsoever of their phylogenetic position and relationships, while

also including sampling of intraspecific variation (for D. silvatica, see

below).

We considered three species that occur exclusively in cave

environments: Dysdera unguimmanis Ribera, Fernandez and Blasco

(1986), which exhibits extreme phenotypic cave adaptations (eye

loss, depigmentation, and appendage elongation; Figure 2c);

D. ambulotenta Ribera, Fernandez and Blasco (1986), eyeless and

showing appendage elongation, but preserving dark reddish pigmen-

tation in the carapace; and D. ratonensis Wunderlich (1992), which

shows markedly reduced eye size but no other obvious somatic

adaptation to the underground environments. Additionally, we

considered species that represent ecomorphs with different trophic

adaptations (Toft & Macías‐Hernández, 2021). Specifically, we

included two species related to a generalist diet with unmodified

chelicera, D. verneui Simon (1883) (Figure 2a) and D. silvatica

Schmidt (1981) (Toft & Macías‐Hernández, 2021). Recent studies

(Řezáč et al., 2021) have defined these two species as oniscophagous,

a feeding preference, which could be more related to specialization.

1428 | BELLVERT ET AL.

 10974687, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

or.21516 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

154

Adrià Bellvert



However, note that the experiments conducted by Řezáč et al. (2021)

did not consider the level of trophic adaptation, but rather focused on

the tactic used to prey on isopods or on whether these species avoid

predating this arthropod. For this reason, we considered it more

appropriate to treat them as species with a generalist diet.

Additionally, to also include some population‐level phenotypic

variation in our data set, D. silvatica was represented by specimens

coming from populations in three different islands (La Gomera, El

Hierro, and La Palma). Specimens of each island were analyzed

separately. We also included in our data set species that present

deviant cheliceral morphologies: D. insulana Simon (1883), which

carries chelicera with concave‐shaped paturon (the basal segment, in

lateral view; Figure 2b) and D. ramblae Arnedo, Oromí

and Ribera (1997), which shows a short and dorsoventrally flattened

chelicera fang, both specialized on isopod consumption with

different hunting tactics (Řezáč et al., 2008). Similarly, D. breviseta

Wunderlich (1992) and D. macra Simon (1883) carry chelicerae with

slightly elongated paturon and have also been associated to a

specialist diet, but in addition, these species present a marked bulge

in the carapace (in lateral view, referred as step‐shaped carapace;

Toft & Macías‐Hernández, 2017). Finally, D. curviseta Wunder-

lich (1987) was chosen because it is ecologically quite distinct to

the previous species, as it occurs in intertidal environments (Arnedo

& Ribera, 1999; Macías‐Hernández et al., 2010; Figure 2d). Previous

studies have failed to show differences in the somatic morphology

between males and females in some Dysdera species (Cooke, 1965);

for the purpose of the present work, all specimens of the same

species had been analyzed indistinctively regarding their gender.

2.3 | GM data acquisition

We took high‐resolution photographs of different body parts of all

specimens with a digital camera LEICA DFC 450 attached to a LEICA

MZ16A stereoscopic microscope using Leica Application Soft-

ware v.4.4 (Leica Microsystems Ltd.). We photographed nine

different perspectives (Figure 1b): three of the chelicera (ventral

and lateral side of the paturon, and the ventral side of the fang, Q1,

Q2, Q3, respectively; Figure 1c–e), two of the prosoma (dorsal and

lateral, C1 and C2; Figure 1f,g) and four perspectives of two different

F IGURE 2 Different ecological groups selected for the study. (a) Generalist species; (b) Onsicophagous species; (c) cave‐dwelling species with
troglomorphic adaptations; (d) species adapted to intertidal environments.
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segments of the first and fourth let (the retrolateral femur and the

retrolateral tibia, L11, L41, L14, and L44, respectively; Figure 1h–k).

Whenever possible we used the left chelicera and leg of five females

and five males of each species. When this was not possible due to

broken parts or bad preservation, we assumed symmetry in the

vertical plane and the right side was digitized and reflected. A total of

91 specimens comprising 10 different Dysdera species from the

Canary Islands were photographed for this study. All photographs of

each structure perspective were assembled using the software

TpsUtil (Rohlf, 2015) and landmarks and semilandmarks were

recorded (Figure 1c–k) using TpsDig2 (Rohlf, 2015). Each landmark

configuration was then subjected to a Generalized Procrustes

Analysis (Gower, 1975; Rohlf & Slice, 1990) using the function

gpagen to remove nonshape variation related to scaling, position, and

rotation from landmark coordinates and obtain shape variables.

During superimposition, the position of semilandmarks was optimized

by minimizing bending energy. We used the statistical environment R

(R Core Team, 2021) and the R package “geomorph” (Adams et al.,

2021; Baken et al., 2021) to conduct all data analyses.

2.4 | Integration of different landmark
configurations and structures

To examine the covariation of the different LM configurations of

each anatomical structure, we grouped them into three subsets

according to the morphological structure they represent (i.e., three

LM configurations of the chelicera, the dorsal and lateral LM

configurations of the carapace, and four LM configurations of distinct

leg segments). A pairwise integration test was performed between all

pairs of LM configurations belonging to the same subset and across

all pairs of LM configurations of different anatomical aggrupation.

We used the function integration.test to test for morphological

integration between the different LM configurations by performing a

partial least squares (PLS) analysis. Then, to test whether morpho-

logical integration was stronger between LM configurations of the

same structure, as compared to across structures, we extracted effect

sizes (z‐scores) of the aforementioned pairwise PLS analyses as an

estimate of the strength of integration of each pair (Adams & Collyer,

2016). Then, we used an analysis of variance (ANOVA) comparison

based on 999 random permutations as applied through the function

lm.rrpp of the RRPP R‐package (Collyer & Adams, 2018, 2021) to

evaluate whether within‐structure pairs of LM configurations

exhibited higher levels of integration compared to between‐

structure pairs.

2.5 | Patterns of phenotypic variation across
structures

With the function combine.subsets, we gathered all different LM

configurations belonging to the same morphological structure in

combined data sets. We also created a subset combination with all

different LM configurations of all structures together to explore the

potential of analyzing all phenotypic information combined. For each

subset, we performed a second generalized Procrustes analysis to

scale all LM configurations to their unit‐centroid size to correct their

proportions (Collyer et al., 2020; Stepanova & Womack, 2020). With

each of the resulting subset combinations, we conducted two

different principal component analyses (PCAs) using the function

gm.prcomp. The first analysis was performed using the mean

coordinates of each species to obtain a clearer view of the relative

position of the species' average shape in morphospace. The second

analysis used all (previous) analyzed specimens of each species to

allow us to inspect intraspecific disparity with each subset combina-

tion. We then plotted the first two principal components of the

resulting PCAs for each subset to visualize differences in species and

individual morphotype occupancy and disparity across LM configura-

tion/structure combinations. To quantify the percentage of total

shape variation represented by each separate subset, we first

calculated pairwise Euclidean distances between observations (i.e.,

species means or individual shapes) in each of the considered

morphospaces (i.e., global, chelicerae, carapace, limbs). We then

performed a Mantel test of matrix association between each of the

structures to the subset including all structures. Shape variation

across PC axes was visualized through deformation grids produced

using the function plotRefToTarget. To investigate whether major

directions of shape variation as captured by PC axes were concordant

at the species and individual levels, we calculated the angle observed

between the species‐PCA and the individual‐PCA vectors and then

used a permutation procedure to test whether this angle was

significantly different than zero, which would imply a perfect

alignment of vector directions (Martínez‐Gil et al., 2022).

3 | RESULTS

3.1 | Integration of phenotypic landmark
configurations and structures

Integration tests between combinations of different LM configura-

tions and structures indicated significant integration across all pairs

(all p < .01; Supporting Information: Table S1), which varied exten-

sively in strength depending on the considered pair (Figure 3a). The

ANOVA comparison suggested that pairs that encompassed different

LM configurations of the same morphological structure exhibited

overall higher levels of integration than those that included LM

configurations belonging to different structures (z = 2.4168, p = .003;

Figure 3b).

3.2 | Morphospace organization across data
subsets

When examining the morphospaces of the different subset

combinations derived by the PCA conducted at the species level,
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some common patterns could be observed. For instance, the

sampled populations of the generalist species D. silvatica from

different islands and the also generalist D. verneaui were always

close together. Similarly, the cave‐adapted species D. ratonensis

and the intertidal D. curviseta also occupy nearby locations in all

examined morphospaces. When all phenotypic LM configurations

were combined (Figure 4a), PC1 showed the greatest explained

variability (78.2%) of all the different subsets. This is most likely

due to the marked differentiation of D. unguimanis, the species

with the most marked cave adaptations, since the remaining

species all clustered together in this morphospace. Considering the

subset combination of the different LM configurations of the

chelicera (Figure 4b), PC1 explained 55.6% of the total variance,

while PC2 explained 16.1%. The two extremes of PC1 were

occupied by D. insulana and D. ramblae, both of which exhibit

distinct chelicera adaptations in the archipelago, that is, concave

chelicera and flat fang, respectively. With the subset combination

of the two different carapace LM configurations (Figure 4c), PC1

explained 40.3% and PC2 25.6% of the variance, which translated

into a scattered distribution of the analyzed species. Species with a

generalist diet (D. silvatica and D. verneaui) occupied the center of

the morphospace, while the cavernicolous species were rather

scattered across PC1. The two species with the step‐shaped

carapace (D. breviseta and D. macra) were differentiated from the

rest across PC2. Interestingly, differentiation of other species not

related to this carapace shape modification was also observed, as is

the case of D. ramblae, a species with one of the most extreme

modifications in the chelicera (flat fang). The proportion of

variance explained by the two first principal components for the

subset of all leg LM configurations (Figure 4d) was 55.2% and

25.6% (PC1 and PC2, respectively). Here, all surface species were

grouped together; meanwhile, the cave dwellers (D. ambulotenta,

D. unguimanis, and D. ratonensisi) and the intertidal species

(D. curviseta) were separated from the rest. Interestingly, the

intertidal D. curviseta and the cave‐dwelling D. ratonensisi clustered

close together, while the other cave dwellers, D. ambulotenta and

D. unguimanis, occupied opposite positions in the PC2 of this

morphospace. The Mantel test revealed that the distance across

species means of the combination of the different LM configura-

tions of the legs were more strongly associated with that observed

considering the global morphospace (r = .68, p = .012 for leg LM

configurations combination; r = .50, p = .004 for the chelicera

combination; r = .48, p = .028 for the carapace combination).

Morphospaces derived from individual‐level PCAs (Figure 5),

provided additional information on the intraspecific morphological

variation as captured by different body structure combinations.

Species' morphological properties appeared better defined when

using all character subsets together, where individuals of each

species were much more tightly packed, occupying a reduced area in

the morphospace (Figure 5a). By contrast, when considering each

character subset separately, a wider overlap between species was

observed. In this case, each of the separate character subsets

captured a visibly lower amount of the variation represented by the

global combination of all subsets compared to the species‐level

analysis, although the leg LM configuration subset was again the one

most highly correlated to the combination of all structures (Mantel

test: for the chelicera, r = .26, p = .001; for the carapace, r = .39,

p = .001; for the legs, r = .45, p = .001).

3.3 | Shape variation captured

Shape variation described by PC1 axes aligned between individual

and species‐level variation only for the limbs (θ = 8.85, p = 1), but it

expressed slightly different aspects when considering both

hierarchical levels for the remaining LM configurations

(θ = 10.13, p = .001 for all different LM configurations combined;

θ = 15.86, p = .001 for cheliceral LM configurations; θ = 53.22

p = .029 for carapace LM configurations). Focusing on species‐

level variation, however, deformation grids describing the shape

variation observed across the first two principal components when

considering all the different LM configurations combined (Figure 6)

F IGURE 3 Pairwise integration values (a) and overall levels of integration (b) of landmark (LM) configurations related to the same
morphological structure (white) versus LM configurations of different morphological structures (gray).
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seemed to express fairly similar patterns of shape variation as

those obtained by analyzing each structure separately, albeit with

less intensity.

Focusing on the subset of the chelicera, major directions of

shape variation were noticeable in the apical part of the ventral view,

which got enlarged or retracted distally, increasing or decreasing the

distance between the cheliceral teeth and the distal part of the

groove, and in the central part of the fang, making this appendix

shorter and wider or more elongated and thinner. Both modifications

were largely driven by the two species on the extremes of the PC1 of

these LM configurations, D. insulana and D. ramblae, both specialist

species with distinct cheliceral modifications—elongation of the

chelicera and the fang, and a stouter chelicera and flattened fang,

respectively. With the subset of the carapace, shape variation was

circumscribed to the frontal part in the dorsal LM configuration,

making it wider or narrower, and in the central part in the lateral LM

configuration. However, shape variation across PC2 was markedly

associated with the area of the carapace bulge characteristic of the

F IGURE 4 Phenotypic space of species means for the different subset combinations. (a) Subset of all landmark (LM) configurations
combined. (b) Subset of all chelicera LM configurations (Q1, Q2, and Q3). (c) Subset of all prosoma LM configurations (C1 and C2). (d) Subset of
all leg LM configurations (L11, L14, L41, and L44).
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two step‐shaped carapace species in the Canary Islands (D. breviseta

and D. macra; Figure 6b). Finally, with the subset combination of the

different leg LM configurations, the shape variation was visible across

all the tibia, with an elongation or shortening of these different LM

configurations, and in the basal and apical part of the femur. This

elongation in the tibia was associated with the different species that

are obligate cave dwellers, D. unguimanis and D. ambulotenta. The

modification in the femur also conferred to this LM configuration a

more slender or stouter shape.

4 | DISCUSSION

Although the study of phenotypes and how morphological

variation is related to ecological performance is a field with a

long history (e.g., Arnold, 1983), deciding which character is

related to which ecological pressure and which traits are then

worth investigating is not straightforward in nonmodel orga-

nisms. In the present study, we have shown that different LM

configurations of the same or closely related structures exhibit

F IGURE 5 Phenotypic space of all specimens analyzed for the different subset combinations. (a) Subset of all landmark (LM) configurations
combined. (b) Subset of all chelicera LM configurations (Q1, Q2, and Q3). (c) Subset of all prosoma LM configurations (C1 and C2). (d) Subset of
all leg LM configurations (L11, L14, L41, and L44).
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higher levels of integration, allowing the study of 3D morphol-

ogies from the combination of 2D morphometric data acquisition,

ensuring in this way the adequate analysis of these traits when

technology or time availability are limiting factors. In general,

examining each character set separately is more intuitive for

linking morphological variation across species to potential under-

lying ecological pressures: this is the case, for instance, with the

putative trophic meaning of the cheliceral morphospace; or with

the phenotypic modifications of species adapted to subterranean

environments, which are clearly differentiated across the first

component of the leg morphospace. However, when all these

characters are analyzed together, a greater cohesion of individual

variation around species' means is achieved, providing higher

resolution to describe the morphospace occupied by each

species, without providing relevant information or species

aggrupations related to any apparent ecological performance.

This is concordant with previous studies focusing on characteriz-

ing ecological guilds in spiders, based on multivariate analysis

of linear morphological traits, where a high overlap of the

occupied trait space between different guilds was observed

(Wolff et al., 2022). Based on this exploration, we provide a first

assessment of the organization of shape variation in the chelicera,

legs and prosoma of spiders, and some guidelines on how to

choose which structures to analyze based on the biological

question at hand.

4.1 | Phenotypic integration of landmark
configurations and characters

For the proper function of complex phenotypes, traits must work

together in a coordinated manner (Murren, 2012). From a methodo-

logical perspective, delimiting which traits can covary, and therefore

function as morphological modules, in nonmodel organisms cannot be

taken for granted. Here, we explore covariation patterns across

different LM configurations representing Canarian Dysdera spider's

body parts (i.e., the chelicera, carapace and limbs) to provide a

simplified protocol that facilitates the choice of trait sets for future

studies. Our analyses indicate that, in the empirical system explored

here, the different phenotypic LM configurations analyzed exhibit

significantly higher values of integration when they represent the

same morphological structure. This confirms that the different data,

acquired from a single body part, function well as a two‐dimensional

approximation of three‐dimensional structures, thus providing a

means of reducing the time and resources required for capturing and

analyzing their shape (e.g., data acquired with computed tomography

scans). Although some degree of integration is observed in all

structures, as expected, our results highlight that different body parts

work as more highly integrated modules that may vary independently

to a certain extent, thus resolving the constraints imposed by a

complete integration of different structures (Goswami et al., 2014).

This is mirrored in the different patterns of distribution of species

F IGURE 6 Deformation grids depicting shape differences between the minimum and maximum extremes of principal component (PC) axes
for all the different LM configurations combined (top), and the subsets of the chelicera, carapace and legs (bottom) in PC1 (a) and PC2 (b).
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across the morphospaces corresponding to each structure, where

species with different ecological preferences seem to group

depending on the character analyzed. In fact, the potential ecological

significance of shape variation, which emerges across subset

combinations (see below), together with the higher integration values

among LM configurations related to the same body part (Figure 3),

suggest that integration is constraining the variation of structures in

certain directions (Goswami et al., 2014), most likely coordinating the

evolution of functional units (Klingenberg, 2010).

4.2 | Trait integration, distribution of species
across different morphospaces, and the meaning
of shape variation

Differentiation within and across species in the morphospaces,

obtained through PCA of different structural subsets (i.e., chelicera,

legs, abdomen, total), provides preliminary hints on the potential

ecological factors related to patterns of morphological variation.

Despite the merely exploratory nature of this study, we have

purposefully included species that exemplify extreme ecologies and

morphologies to investigate how different morphological subsets

may capture the relevant shape variation. Our results match intuitive

expectations, based on the functions of different body parts, and add

to our knowledge of how body shape variation in spiders may be best

described using GMs.

Species distribution across the chelicera morphospace, compris-

ing all different LM configurations of this structure, appears to reflect

feeding habits. Species with different levels of oniscophagy are

aggregated through the morphospace that represents variation in the

chelicera shape (Toft & Macías‐Hernández, 2021). This is not

surprising as these species were precisely selected because of the

high variability in their chelicera morphology that was previously

suggested to be related to isopod predation (Řezáč & Pekár, 2007;

Řezáč et al., 2021). Similarly, surface species are all phenotypically

similar across the leg morphospace (Figures 4c and 5c), while cave‐

dwelling species are quite distinct phenotypically from all other

Dysdera, a fact that drives variation across the leg‐PC1. The

distinctiveness of cave species in this morphospace also fits empirical

observations, as one of the main adaptations to subterranean

environments is the elongation of the legs (Christiansen, 1992;

Deeleman‐Reinhold & Deeleman, 1980). However, it is also inter-

esting to note that the cave‐dwelling species differ morphologically

across PC2 (e.g., D. ambulotenta and D. unguimanis). These

differences may hint at different levels or types of troglomorphic

modifications, which could be either due to differences in the time of

cave colonization or to the existence of distinct microhabitats within

the subterranean environment (Arnedo et al., 2007; Mammola et al.,

2020). Interestingly, some intermediate forms between species with

marked troglomorphic adaptations and epigean species can also be

observed (e.g., D. ratonensis and D. curviseta). In this regard, it is worth

noting that although one of these species (D. ratonensis) has been

exclusively collected in caves, it exhibits little evidence of

troglomorphism, except for a reduction of eye size, which varies

according to the locality—being slighter in the north and more

pronounced in southern caves, suggesting this species has only

recently colonized the subterranean environment (Arnedo & Ribera,

1996). A more detailed study specifically quantifying the ecological

habits of cave‐dwelling species and the extent to which they may

have affected their morphological properties and taking phylogenetic

relationships into account to test for the differentiation between

troglomorphic and epigean species would definitely add to our

knowledge of how the structural habitat used by spiders may have

shaped adaptive evolution of the legs in these organisms.

The stronger association observed between the leg shape and

the global morphospace, both when examining species means and

individual‐level variation, could be explained by the marked distinc-

tiveness of the highly adapted cave‐dweller species, not only with the

surface ones but also between them. Additionally, the leg subset

combination is the only one for which we did not find significant

differences in the direction of PC1 between individual and species‐

level patterns of shape variation. This is most likely due to the relative

simplicity of these different LM configurations compared to the

higher complexity in the chelicera or the carapace: in more complex

structures across different data sets (e.g., species means vs.

individuals), shape variation caused by different ecological pressures

may be concentrated in specific parts of the structure instead of

effecting the entire shape of it, as is the case for more simplified body

parts as the legs.

In some spider species, where extreme trophic adaptation has

translated into a dramatic modification of their chelicera, the

musculature related to this structure runs further up to attach to

apodemes on the posterior part of the prosoma (see Wood &

Parkinson, 2019). Although this is not the general pattern in spiders

(e.g., Lin et al., 2021), it would be reasonable to predict that shape

variation in the chelicera would also translate into coordinated

differences in the carapace. This prediction is partially confirmed by

high values of integration of some of the LM configurations of the

chelicera and carapace (Figure 3). However, our results show that

species that are phenotypically similar across the cheliceral morpho-

space are not necessarily similar in the carapace morphospace.

Interestingly, some of the most extreme morphologies observed in

this morphospace corresponded to the step‐shaped carapace species

(D. breviseta and D. macra; Arnedo & Ribera, 1999), on the one hand,

and to the flat‐fang species on the other hand (D. ramblae; Figure 4d).

The species with this flattened fang is mainly differentiated across

PC2, which captures shape variation related to the relative width of

the frontal part of the prosoma and the absence or presence of

the step‐shaped carapace in the lateral view (Figure 6b). Given the

particular shape of this extreme modification in the chelicera, the

more narrowed frontal part and the absence of a step‐shaped

carapace observed in this species can be interpreted as a result of a

lack of need to accommodate large cheliceral musculature, suggesting

that visible coordinated shape variation between the chelicera and

the carapace would only be observed in extreme cases. However, a

more detailed study of the link between the chelicera musculature
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attachments and the carapace shape in the Dysdera species will be

necessary to confirm or reject such a biomechanical explanation of

the integration between both body structures.

The distribution of species across the morphospace correspond-

ing to the subset combination of all the different LM configurations

combined does not seem to be associated with any obvious

ecological or biomechanical explanation. However, the lower intra-

specific dispersion observed and the decrease in the overlap between

species indicate that the phenotypic identity of each species is better

defined when combining information from all LM configurations

across different body structures. This observation is in line with the

fact that the use of a greater number of phenotypic variables adds

resolution to the description of morphological variation (Collyer et al.,

2015). In this sense, then, the phenotypic space that each species

occupies can be more properly delimited using whole‐body informa-

tion, rather than focusing on specific traits which, despite capturing

the ecological and morphological particularities of each species, they

are not as efficient for characterizing interspecific morphological

differences.

4.3 | What body structures to study?

Adaptive evolution in response to habitat variation is a major driver

of phenotypic variation in arachnids, including spiders (Gonçalves‐

Souza et al., 2014) and scorpions (Coelho et al., 2021). Our

exploratory analysis of species with extreme ecological habits within

Canarian Dysdera suggests that variation across different dimensions

of the ecological niche may be reflected in variation patterns of

distinct structures of the spider phenotype. In Dysdera species, it

seems that the phenotypic variation of the chelicera is associated

with trophic adaptations related to the predation on isopods (Řezáč

et al., 2021; Toft & Macías‐Hernández, 2021) and that adaptation to

underground environments is markedly reflected in their leg

morphology (Arnedo et al., 2007). However, the evolutionary

pressures affecting the shape of different body parts in other spider

groups could vary drastically, influencing biological inferences. For

instance, some Tetragnatha Latreille (1804) spiders exhibit marked

sexual dimorphism, where the male phenotype is not related to

feeding specialization (Baba et al., 2018; Lesar & Unzicker, 1978;

Makoto, 1987). Similarly, in some species of jumping spiders, sexual

selection is involved in determining the morphology of the legs in

males, as these are involved in courtship behavior (see Lai et al.,

2021). Therefore, a good biological knowledge of the species at hand

is required before selecting the views and structures to analyze and

test the hypotheses to link them to any evolutionary adaptation.

Nevertheless, we have shown that variation in trophic habits, in a

group without apparent sexual selection pressures in the external

phenotype, as is the case of the Dysdera spider species (Cooke,

1965), is readily captured by considering different LM configurations

of the chelicera. In the same way, some habitat‐related questions can

be better answered with the analysis of the limbs. Finally, the global

phenotypic space occupied by each species would be better

delimited by putting together different, and apparently not related

structures to hoard the morphological differences that exist across

species. For example, one may be interested in differentiating species

regardless of the ecological meaning of phenotypic structures. In

such a scenario, analyses of morphological variation become more

efficient if considering all the characters that make these species

different and examining how they differ across a global morphospace.

5 | CONCLUSIONS

Taken together, the multipart analyses conducted here indicate that a

proper definition of the morphospace occupied by different species is

optimized by combining information from different unrelated

structures. However, our analyses also suggest that different

ecological evolutionary pressures influence different parts of the

phenotype of the Dysdera species from the Canary Islands in different

directions. Although a formal, comprehensive analysis of ecomor-

phological evolution in this model system is still pending, different

morphospaces seem associated with distinct ecological features,

where species form different groupings and aggregations depending

on the body structure analyzed and the ecological function for which

it is relevant. We have shown that although all morphological LM

configurations show some degree of integration, those related to the

same morphological structure (chelicera, prosoma, and legs) exhibit

significantly higher integration values, and are thus more strongly

interdependent functionally and evolutionarily. The exploration

undertaken here provides a guidance for future work focused on

the study of morphological structures that seek to link different parts

of a phenotype to the potential underlying ecological, biomechanical,

social, or other pressures that have shaped them.
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Abstract

Natural selec�on plays a key role in determinis�c evolu�on, as clearly illustrated by the mul�ple cases of

repeated evolu�on of ecomorphological characters observed in adap�ve radia�ons. Unlike most spiders,

Dysdera species display a high variability of cheliceral morphologies, which has been suggested to reflect

different levels of specialisa�on to feed on isopods. In this study, we integrate geometric morphometrics and

experimental trials with a fully resolved phylogeny of the highly diverse endemic species from the Canary

Islands to 1) quan�ta�vely delimit the different cheliceral morphotypes present in the archipelago, 2) test their

associa�on with trophic specialisa�on, as reported for con�nental species, 3) reconstruct the evolu�on of

these ecomorphs throughout the diversifica�on of the group, 4) test the hypothesis of convergent evolu�on of

the different morphotypes, and 5) examine whether specialisa�on cons�tutes a case of evolu�onary

irreversibility in this group. We show the existence of nine cheliceral morphotypes and uncovered their

significance for trophic ecology. Further, we demonstrate that similar ecomorphs evolved mul�ple �mes in the

archipelago, providing a novel study system to explain how convergent evolu�on and irreversibility due to

specializa�on may be combined to shape phenotypic diversifica�on in adap�ve radia�ons.

Keywords: Convergent evolu�on, irreversibility, geometric morphometrics, phylogene�c compara�ve

methods, mitogenomics, adap�ve radia�on, ecological specializat
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Introduc�on

Understanding the origins of, and iden�fying the processes that shape, biodiversity

are among the major goals of biology ever since Darwin published “On the Origin of

Species” (1859). Similarly, the ability to predict organismal response to natural

selec�on lays at the very core of evolu�onary biology (Blankers et al. 2017). One well-

known process that has helped to shed light on the link between evolu�on and

ecology is that of adap�ve radia�on (Givnish and Sytsma 1997), which has been

defined as the evolu�on of eco-phenotypically dis�nct species from a single common

ancestor that has occurred in a short period of �me (Schluter 2000). Typically,

adap�ve radia�ons are characterized by a fast synchronous diversifica�on of lineages

and phenotypes a�er the coloniza�on of a new environment, which slows down as

ecological niches are filled (Glor 2010). The study of adap�ve radia�ons has greatly

contributed to understanding the mechanisms that drive specia�on and promote eco-

phenotypic diversifica�on, along with many other related ecological and evolu�onary

processes (Gillespie et al. 2020).

A common pa�ern observed in adap�ve radia�ons is the evolu�on of strikingly

similar phenotypic outcomes (Losos et al. 1998) that arise as a result of the adapta�on

to similar ecological condi�ons (Rundle et al. 2000; Schluter 2000; Brakefield 2006;

Losos 2011). The independent evolu�on of similari�es as a result of common selec�ve

regimes, as opposed to those resemblances inherited from common ancestry, is

known as convergent evolu�on (Arbuckle and Speed 2016). Pa�erns of convergent

evolu�on have been extensively explored in famous cases of adap�ve radia�on across

different taxa, e.g. cichlid fishes (Rüber et al. 1999; S�assny and Meyer 1999; Hulsey

et al. 2019), anole lizards (Kolbe et al. 2011; Mahler et al. 2013; Ord et al. 2013),

crickets (Pascoal et al. 2014; Blankers et al. 2017) and spiders (Blackledge and Gillespie

2004). Furthermore, such convergent morphotypes are typically associated with

similari�es in ecological performance (Irschick and Higham 2015; De Meyer etal.
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2019). For instance, the evolu�on of similar morphotypes in distantly related clades

has been shown to be linked to the convergent evolu�on of specific dietary

adapta�ons in several taxa such as marine tetrapods (Kelley and Motani 2015),

rodents (Mar�nez et al. 2018), cichlid fishes (Muschick et al. 2012) and beetles

(Baulechner et al. 2020).

The evolu�on of trophic adapta�ons has been frequently inves�gated as a

dichotomy between dietary specialists and generalists, depending on the food

resource availability and the fitness benefits gained from each strategy (Levins and

MacArthur 1969). However, specializa�on could represent a wide spectrum of

defini�ons of types of adapta�on (Ferry-Graham et al. 2002). Previous studies have

defined stenophagy as species occupying a sec�on of the euryphagous species’ niche

breath (e.g. herbivore and carnivore as specialist and omnivorous as generalists), in

such cases, generalist diets have been seen as macroevolu�onary sinks (Burin et al.

2016; Bender and Luiz 2019; Borstein et al. 2019). However, some species are adapted

to prey on a resource not (or less) exploited by wider trophic consumers. In such

cases, the evolu�onary consequences could be completely different, like an

evolu�onary irreversibility derived of the long term effect of this specializa�on (Day et

al. 2016), compromising the ability of lineages for future evolu�onary change

(e.g.Cope 1896; Haldane 1951; Kelley and Farrell 1998; Nosil and Mooers 2005;

Vamosi et al.2014, Day et al.2016). Stenophagous adapta�ons o�en translate into

morphological traits that increase the efficiency of feeding on certain specific prey

types (Pekar et al. 2011), thus, the irreversibility to a more generalist diet by specialist

species could translate into evolu�onary irreversibility of their phenotypic characters.

Nevertheless, understanding all these evolu�onary processes (adap�ve radia�on,

convergent evolu�on and irreversibility) is some�mes hampered by species niche

conserva�sm among closely related groups (but seeWiens & Graham 2005for a

reviewo�his topic). Furthermore, pa�erns of species diversifica�on on con�nental
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Figure 1 a) Map of the Canary Islands with the propor�on of species of each cheliceral morphotype present in each island,

as inferred through a clustering of species mean shapes. Numbers indicate the number of species analysed and the total

number of species present in each island. b) Combined view of the clustering phenogram performed on pairwise distances

among species means of the combined landmark configura�on of the three cheliceral perspec�ves, and the significance of

pairwise comparisons of these distances. Black squares indicate no significant differences between pairs of species (p-value

> 0.05), white squares indicate significant differences (p-value < 0.05). The horizontal dashed line across the top phenogram

delimits the cheliceral morphotypes considered, which are highlighted by different colours (corresponding to le�ers A-I).
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regions are o�en blurred by the large temporal and spa�al scales involved (Gillespie

2016). In contrast, because of their clear boundaries, small size, well dated chronology

and mul�ple replicates, oceanic islands provide natural experiments for studies of

species prolifera�on and ecological adapta�on (Losos et al. 1998; Losos and Schluter

2000; Beheregaray et al. 2004; Gillespie 2004; Emerson and Kolm 2005). The Atlan�c

archipelago of the Canary Islands is formed by 7 major islands and several islets of

volcanic origin, located 100 kilometres from the north-western coast of Africa (Fig.

1a). These islands are geo-chronologically arranged with the oldest, Lanzarote and

Fuerteventura (15 My and 23 My, respec�vely), lying at the easternmost side and

islands becoming progressively younger towards the western side: Gran Canaria

(subaerial age 15 My), Tenerife (12 My), La Gomera (11 My), La Palma (1.7 My) and El

Hierro (1.1 My) (Van Den Bogaard 2013). Local communi�es in the archipelago are

highly structured by eleva�on as a result of the influence of the humid north-east

trade winds, which explains the deep differences between the lush and habitat-rich

western islands and the arid and highly eroded older islands of Fuerteventura and

Lanzarote (Macías-Hernández et al. 2016). Like other isolated oceanic land masses

with no former connec�on to the mainland, the Canary Islands exhibit high levels of

endemism, which reaches 66% in the case of spiders (Banco de Datos de Biodiversidad

de Canarias, 2022; Cardoso et al.2010).

The red devil spider genus Dysdera (Dysderidae) (Fig. 2a), with approximately 300

described species (World Spider Catalog, 2022), has been repeatedly reported to feed

on woodlice (Bristowe 1958; Sunderland and Su�on 1980; Hopkin and Mar�n 1985;

Raupach 2005), a prey usually rejected by generalist spiders (Pekár et al. 2016).

Concomitantly, Dysdera spiders show an unusual variability in their mouthpart

morphology, which has been suggested to be related to different levels of dietary

specializa�on for feeding on isopods (i.e. oniscophagy) and prey capture strategies

(Řezáč and Pekár 2007; To� and Macías-Hernández 2017), as well as to metabolic
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adapta�ons (To� and Macías-Hernández 2021).

With a western Palearc�c distribu�on (Deeleman-Reinhold and Deeleman 1988),

Dysdera species have colonized all Macaronesian archipelagos (Crespo et al. 2021),

which represent the westernmost limit of its range (Arnedo and Ribera 1999; Arnedo

et al. 2001). In the Canary Islands, and in a lesser degree in Madeira (Crespo et al.

2020), this genus has undergone major diversifica�on. To date, 47 valid species have

been described in the Canarian archipelago (Macías-Hernández et al. 2016), most of

which are single-island endemics. The Canarian species assemblage offers an ideal

experimental model to study pa�erns in species radia�on as most of their species

Figure 2Male individual of Dysdera simbeque from Lanzarote (Photo credit M.A.) (a), and posi�on of the landmarks (red) and

semilandmarks (blue) considered on the dorsal (b) and ventral (c) view of the chelicera and the fang (d).
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have diversified from a single common ancestor in the archipelago (Adrián-Serrano et

al. 2020), and show a high variability of phenotypic modifica�ons related to ecological

performances (To� and Macías-Hernández 2017, 2021; Řezáč et al. 2021). A former

study based on tradi�onal morphometric analysis suggested the existence of five

cheliceral morphotypes in the islands and linked them to different prey-capture

strategies (Řezáč et al. 2021). Addi�onally, oniscophagy was found to be ancestral for

Dysdera in the Canary Islands and it was suggested that a more generalist diet would

have evolved secondarily from specialist ancestors.

In this study we combined Geometric Morphometric (GM) tools with experimental

data and phylogene�c compara�ve methods, incorpora�ng a new fully resolved

phylogeny of the group, to inves�gate the recurrent evolu�on of cheliceral ecotypes

in Dysdera spiders from the Canary Islands. Specifically, we aim to 1) quan�ta�vely

delimit the different cheliceral morphotypes present in the archipelago, 2) test their

associa�on with trophic specialisa�on, as reported for con�nental species, 3)

reconstruct the evolu�on of these ecomorphs throughout the diversifica�on of the

group, 4) test the hypothesis of convergent evolu�on of the different morphotypes,

and 5) examine whether specialisa�on cons�tutes a case of evolu�onary irreversibility

in this group. By addressing these ques�ons we inves�gate the interac�on between

convergence and irreversibility in shaping phenotypic diversifica�on, evolu�onary

processes that have not been previously explored in combina�on.

Material & methods

Data collec�on

All material examined was obtained through field campaigns conducted by the

authors and other colleagues during the last 20 years and is deposited at the Centre

de Recursos de Biodiversitat Animal of the Universitat de Barcelona (CRBA) and the

Departamento de Zoología de la Universidad de La Laguna (DZUL), Tenerife, Canary
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Islands collec�on. The species were mostly captured by ac�ve sampling, searching

under rocks, logs and tree barks. The captured specimens were either preserved in

EtOH at 75% in collec�ons at room temperature at both ins�tu�ons or at 95% in -20ºC

freezers at CRBA and DZUL. All specimens were collected following ins�tu�onal and

governmental regula�ons and permits were granted by the different Cabildos of each

island or by the governing body of each natural reserve.

Specimen imaging

Varia�on in the shape of different cheliceral perspec�ves was quan�fied using

landmark-based geometric morphometrics (Bookstein 1991; James Rohlf and Marcus

1993; Adams et al. 2004; Zelditch et al. 2004; Mi�eroecker and Gunz 2009). For this

purpose, we took high-resolu�on photographs of different perspec�ves for all the

specimens with a digital camera LEICA DFC 450 a�ached to a LEICA MZ16A

stereoscopic microscope using the so�ware Leica Applica�on So�ware (LAS) v.4.4

(Leica Microsystems Ltd, Switzerland). The chelicera of spiders is formed by two

segments. In Dysdera, the paturon (the cheliceral segment a�ached to the prosoma)

carries three teeth (distal, medial and basal) on a groove in its internal margin, and the

basal tooth develops into a keel that extends proximally (Fig. 2c); and a hinged fang,

which folds into the cheliceral groove and shows the opening of the venom conduct

at its distal end (Fig. 2d). We followed the protocol of Bellvert et al. (2022) and chose

three different perspec�ves that capture the varia�ons in shape of the chelicera,

namely the dorsal and lateral view of the basal segment, and the ventral view of the

fang. Whenever possible, we digi�zed the le� chelicera on five females and five males

of each species. In case of damaged or missing le� structures, we assumed symmetry

in the ver�cal plane and the right side was imaged and inverted. Note that although

asymmetry in spider chelicerae has not be previously studied, we are confident that

any bias introduced due to this procedure will be minimal at the species level we work

here, as studies of other body structures in spiders support the existence of
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fluctua�ng asymmetry (i.e. random in side and magnitude across individuals

(e.g.Hendrickx et al. 2003; Uetz et al. 2009; Plăiaşu and Băncilă 2018)). Eight Canarian

Dysdera species are exclusively known from caves and show soma�c adapta�ons to

the underground life (e.g. appendage elonga�on, eye reduc�on, loss of pigmenta�on)

(Ribera et al. 1985; Ribera and Arnedo 1994; Arnedo and Ribera 1996, 1999; Arnedo

et al. 2007). As selec�ve pressures other than prey segrega�on may be ac�ng

differen�ally on these species compared to their epigean counterparts, we excluded

them from the downstream analyses. A total of 400 specimens comprising 40 of the

57 (including nominal and undescribed) total species of the group were photographed

(see Morphometric_sampling of the Supplementary material available on Dryad).

Photographs for each view of the chelicera were compiled using the so�ware TpsU�l

and landmarks and semilandmarks were digi�zed using TpsDig2 (Rohlf 2015).

Specifically, we considered four fixed landmarks and 20 sliding semilandmarks on the

lateral view; 14 landmarks on the dorsal view of the basal chelicera segment; and

three fixed landmarks and 10 semilandmarks on the lateral view of the fang (Fig 2b-d).

Geometric Morphometric Analysis

To remove non-shape varia�on (i.e. related to loca�on, scale and rota�on) from

individual landmark coordinates, each dataset was subjected to a Generalized

Procrustes Analysis (GPA: Gower 1975; Rohlf & Slice 1990) as implemented in the

gpagen func�on of the R package “geomorph” (Adams et al. 2021; Baken et al. 2021).

During GPA superimposi�on the posi�on of semilandmarks was op�mized by

minimizing bending energy. We used the func�on combine.subsets to combine all

three perspec�ves in a single landmark configura�on that captured the total shape

varia�on of the chelicerae in our sample. With this combined configura�on, we

performed a second GPA to scale all perspec�ves to unit centroid size (Collyer et al.

2020). With the resul�ng combined superimposed and scaled coordinates, we

calculated the mean shape of each species. These mean shapes were subsequently



178

Adrià Bellvert

used to perform a principal component analysis (PCA) using the func�on gm.prcomp.

The first two principal components (PC) were used to visualize shape varia�on across

species.

Species clustering

To quan�ta�vely delimit morphotypes present in the Dysdera species from the

Canary Islands, we applied a hierarchical clustering analysis based on Procrustes

distances among species means of cheliceral shape, using the func�on hclust of the

stats R-package (R core team, 2021). To select the best algorithm for clustering, we

calculated the correla�on between the original distance matrix and the cophene�c

distances on the phenogram derived by each method (ward.D, ward.D2, single,

complete, average, mcqui�y, median and centroid) and chose the one that maximized

this correla�on. To delimit clusters that could be interpreted as dis�nc�ve

morphotypes, we combined the resul�ng phenogramwith pairwise p-values between

species obtained using permuta�on procedures as implemented in the func�on

pairwise of RRPP R package (Collyer and Adams 2018, 2021), over an ANOVA

comparison of species means performed using the func�on procD.lm of “geomorph”

R package (Adams et al. 2021; Baken et al. 2021). Pairwise p-values were plo�ed as

significant or non-significant considering significance at α = 0.05. To delimit

morphotypes, we selected those clusters that included the highest number of species

with non-significant shape differences among them.

Phylogene�c analyses

We inferred rela�onships of the focal taxa based on mitogenomic informa�on.

Mitogenomes were recovered from different sources and forms. We downloaded

genomic and transcriptomic informa�on from public repositories (NCBI). In addi�on,

we gathered new Low-Coverage Whole Genome Sequencing data for selected species

(see Molecular_Sampling of the Supplementary material available on Dryad). We

recovered mitochondrial genes using the pipeline detailed in Adrián-Serranoet
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al.(2020). The concatenated data matrix was further completed by adding species

represented by at least one of the following genes obtained by Sanger sequencing:

cytochrome c oxidase 1 (COI), the NADH dehydrogenase subunit (nad1) and the large

(16S) and small (12S) ribosomal subunits, available either from public databases or

generated in house.

We included all Dysdera species from the Canary Islands represented at least by

two individuals and, in the case of mul�-island species, individuals from each island,

with few excep�ons (see Molecular_Sampling of the Supplementary material

available on Dryad). Addi�onal Dysdera species from the mainland and Madeira were

also included to polarize the tree. Finally, representa�ves of all the families within the

Synespermiata clade, including members of the Superfamily Dysderoidea were

considered to provide fossil informa�on for calibra�on. All trees were rooted,

assuming a sister group rela�onship of the families Hypochilidae and Filista�dae with

the Synespermiata clade (Garrison et al. 2016; Wheeler et al. 2017; Fernández et al.

2018; Michalik et al. 2019; Kulkarni et al. 2020, 2021; Kallal et al. 2021; Ramírez et al.

2021).

Mitochondrial genes were manipulated and concatenated with Geneious Prime

2020.2.4 (www.geneious.com). Each gene was aligned independently using the

so�ware MAFFT (Katoh and Standley 2013) as implemented in Geneious, with the G-

INS-I algorithm and default values (0.53 for gap penalty, 0.123 for offset value). We

inferred a �me-calibrated phylogeny under a Bayesian uncorrelated relaxedmolecular

clock approach as implemented in BEAST v2.6.3 (Bouckaert et al. 2019). The

concatenated data matrix was par��oned by gene, and the best evolu�onary model

for each gene par��on was selected with Par��onFinder 2 (Lanfear et al. 2017).

Individual log-normal clocks were defined for each gene, and the tree prior was set to

the Birth-Death model.

Calibra�on informa�on used to constrain nodes for �me es�ma�on is summarized

http://www.geneious
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in Online-Appendix, Table S1. In short, we combined 10 fossil calibra�ons with one

biogeographic event. Fossil informa�on was included as lognormal prior distribu�on

on specific nodes, except for the root, which was assigned a uniform prior. The

biogeographic informa�on (the Hercynian split of the Iberian plate into present-day

major western Mediterranean islands) was defined as a normal prior distribu�on. We

further enforced topological constraints on specific nodes (monophyly of Segestriidae,

Oonopidae, Orsolobiidae and Dysderidae, Segestriidae sister to Oonopidae,

Orsolobiidae and Dysderidae) following results of recent phylogenomic analyses

(Kallal et al. 2021; Kulkarni et al. 2021). A star�ng tree including �me and topological

constraints was generated with the program PATHd8 (Bri�on et al. 2007).

We run three independent chains under selected priors for 100 million

genera�ons, sampling every 10,000 genera�ons. Convergence among runs and

correct mixing of the chains was monitored with TRACER v.1.7 (h�p://tree.bio.

ed.ac.uk/so�ware/tracer/). The burn-in was removed (10%) and the runs were

combined with the help of the BEAST accompanying programs LOGCOMBINER and

TREEANNOTATOR. Unless specified otherwise, we used the consensus tree for

downstream analysis.

Non-Canarian and cave-dwelling Dysdera taxa, as well as taxa for which phenotypic

data was not available, were pruned from the final posterior distribu�on of �me-

stamped trees with the R package ‘ape’ (Paradis and Schliep 2019).

Phylogene�c signal

To evaluate to what extent the cheliceral morphological resemblance among

Dysdera species is associated to their shared phylogene�c history, we measured

phylogene�c signal using Blomberg’s K sta�s�c (Blomberg et al. 2003), as generalized

for high-dimensional and mul�variate data (Kmult:Adams 2014). In addi�on, to test if

Kmult values were significantly different from one, we developed a simula�on
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procedure (see R scripts of the Supplementary material available on Dryad) that

simulated mul�variate phenotypes of the same dimensions as our data, under the

empirical evolu�onary rate matrix observed in our dataset and using a Brownian

Mo�on model of evolu�on. This produced a null distribu�on of expected values of

Kmult, against which we compared the value observed in our dataset. We calculated

the corresponding p-value as the number of �mes the observed value was more

extreme than that expected from the simulated phenotypes. In both analyses, we

accounted for phylogene�c uncertainty by es�ma�ng Kmult and evalua�ng its

significance (for Kmult = 0) over 1,000 trees subsampled from the posterior

distribu�on of BEAST, using the func�on physignal of the “geomorph” R package.

Prey Preference analysis

For prey preference analyses, we selected 14 phylogene�cally spread-out Dysdera

species of different morphotypes, for which wemanaged to collect enough specimens

for the experiments (Online Appendix, Table S2). Each species was represented by

twenty specimens, except for D. alegranzaensis (N = 16); D. �losensis (N = 7); D.

insulana (N = 3) and D. levipes (N = 6).

The spiders were maintained at room temperature and starved during the three

weeks before experiments. Individuals were placed singly into Petri dishes (30 mm

diameter) with a moistened piece of filter paper. The offered prey size was from half

to the same body length of the spider. We offered five types of prey: spiders (Pardosa

pra�vaga), flies (Musca domes�ca), carabid beetles (Bembidion lampros), and two

species of woodlice (Porcellio scaber and Armadillidium vulgare). For the smallest

species, D. levipes (range of size between 6.5-9 mm.), we tried six types of prey:

juvenile spiders (Pardosa pra�vaga), flies (Drosophila sp.), staphylinid beetles

(Aleocharinae), juveniles of woodlice (Porcellio scaber and Armadillidium vulgare) and

collembola (Sinella curviseta). The preys were randomly offered, and if they were not

captured within 30 min. we offered another one. We prevented the spider from
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consuming the prey to keep it hungry. The propor�on of �mes that each spider preyed

on each type of prey were recorded and species average values were calculated.

We first tested for a sta�s�cal associa�on between cheliceral morphotype and the

prey preference, using a two-block par�al least-squares (PLS) analysis implemented in

the func�on phylo.integra�on from the “geomorph” R package (Adams et al. 2021;

Baken et al. 2021), with the consensus phylogeny trimmed to match the species

analysed. This test evaluates the degree of covaria�on between two sets of variables,

while considering the rela�onship between species. Then, we used prey preference

data to examine whether we could accurately iden�fy species as generalists or

specialists. For this purpose, we calculated the propor�on of isopod versus non-

isopod prey consumed by each individual. With the mean value per species, we then

performed a clustering analysis using the func�on kmeanswith k = 2 to assign species

into one of the aforemen�oned trophic specializa�on categories.

Ancestral State Reconstruc�on

To reconstruct the evolu�onary history of cheliceral morphotypes, we used

stochas�c character mapping (Bollback 2006) with the func�on make.simmap of the

“phytools” R package (Revell 2012). To take phylogene�c uncertainty into account, we

used the same subsample of 1,000 trees as before from the posterior distribu�on of

trees obtained from the BEAST analysis. We simulated 100 stochas�c character maps

under four different transi�on-rate scenarios for the nine possible character states

(i.e. cheliceral morphotypes), namely: a single-parameter model with equal rates (ER),

a model with different rates for each transi�on (ARD), and a model with equal

transi�on rates except for those from all specialist to all generalist cheliceral groups,

which were fixed to 0, to which we referred as “constrained ER”. The last scenario

allows to test the irreversibility of trophic specializa�on, as we constrained the

generalist state (cheliceral types A and D, see Results) to poten�ally being lost but not

regained throughout evolu�on. Goldberg and Igić(2008) have shown that the
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hypothesis of irreversibility is be�er approached through direc�onal models. For this

reason, we used a non-sta�onary root state when reconstruc�ng ancestral state

histories as proposed by FitzJohn et al. (2009), a procedure implemented through the

parameter pi = “fitzjohn” in the func�on make.simmap of “phytools”. We evaluated

the fit of different models by comparing the AIC values of the alterna�ve scenarios

over the 1000 topologies by 100 simmap combina�ons. Addi�onally, to take into

account the possible acquisi�on bias (Goldberg and Igić 2008)—due to the fact that

only variable states were considered and stochas�c mapping simula�ons were

restricted to variable states of the extant �ps— we defined a two-state model by

grouping all cheliceral types into two states (generalist vs. specialist), and es�mated

the frac�on of trees rejec�ng irreversibility comparing the two states ARD model with

root prior probabili�es of 50% for each state (Mk2 model) and a direc�onal two state

ARD constrained to qSG=0 (constrained Mk2 model), for each of the 1000 dis�nct

topologies. The scripts and datasets used for these analyses can be found in the

Supplementary material available on Dryad.

Convergent evolu�on

We tested evolu�onary convergence for cheliceral types B and G, as they represent

derived states occurring in mul�ple terminals (see results). The also derived type F

was not tested because it occurred only in two non-related terminals. We quan�fied

the amount of independent evolu�on of each morphotype using the R package

“convevol” (Stayton 2018). For this, we used the morphospace built from the GM data

with the first two PCs of cheliceral shape varia�on (accoun�ng for 62.88% of total

varia�on, see results). We inves�gated the degree of evolu�onary convergence using

the distance-based sta�s�cs C1 and C3 (Stayton 2015). These two metrics provide a

complementary view on how excep�onal the similarity between two taxa is, by

considering the ra�o between the phenotypic distance between the two poten�ally

convergent taxa and the maximum distance observed between any pair of taxa (either



184

Adrià Bellvert

ancestral or extant) across the evolu�onary history of these lineages. Each pair

comparison was made selec�ng species belonging to the same cheliceral morphology

and calcula�ng if their phenotypical similari�es were greater than that expected by

chance. While C1 shows if the degree of convergence between two extant taxa

exceeds what would be expected by chance (Zelditch et al. 2017), it does not take into

account the absolute amount of evolu�on between linages. On the contrary, C3

considers phenotypic distance from ancestors to descendants, such that

phenotypically similar and closely related species have different values of

convergence compared to phenotypically similar but distantly related pairs (Stayton

2015). The significance of departure from the values of C1 and C3 expected under

BrownianMo�onwas assessed using 100 simula�ons performed through the func�on

convratsig, and again we accounted for phylogene�c uncertainty by using a subset of

100 trees from the posterior distribu�on of BEAST analyses. The scripts and datasets

used for this analysis can be found in the Supplementary material available on Dryad.

Results

Characteriza�on of cheliceral morphotypes

The first two components of the PCA of the mean shapes of all species analysed

explained 49.85% and 13.02% of chelicera shape varia�on, respec�vely. PC1 captured

shape varia�on related to the elonga�on of the basal segment in dorsal view and the

rela�ve distance from the distal cheliceral teeth to the distal part of the basal

segment, as well as with the protuberance of the basal segment in lateral view and

rela�ve fang length (Online-Appendix, Fig. S1). PC2 was mostly associated with

varia�on in the rela�ve length of the cheliceral groove, the stoutness of the basal

segment in lateral view, and the rela�ve width of the fang (Online-Appendix, Fig. S2).

Of all the clustering algorithms used on the pairwise Procrustes distances among

species mean shapes, the unweighted pair group method with arithme�c mean (i.e.
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Figure 3 a) Cheliceral phylomorphospace with convex polygons depic�ng species of the same ecomorph group. Black dots

represent the Dysdera species analysed, and the coloured dots correspond to the mean shape of each group. Deforma�on

grids represent the mean shape of each group as compared to the global mean of all species. b) PLS analysis between prey

preference and cheliceral shape varia�on. Cheliceral morphotypes are represented with the coloured dots. Deforma�on

grids correspond to the minimum and maximum shape of the PLS axis for each cheliceral view. Shape pa�ers are magnified

x1.3 to enhance visualiza�on. c) Prey acceptance preference between generalist and specialist species. “Kmeans clustering”

represents the species cluster delimita�on made by the kmeans func�on. The “G/S cluster analysed” showed the clustering

analysed without spli�ng species that belong to the same cheliceral morphotype.
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UPGMA) showed the highest correla�on between the node distance and the original

distance matrix (r=0.746). The combined examina�on of the resul�ng phenogram

with the pairwise p-values between all pairs of species revealed several clusters that

maximized non-significant within-group differences in the shape of the chelicera (Fig.

1b). As the best arrangement of the cheliceral variability displayed by Dysdera spiders

in the Canary Islands, we iden�fied nine morphotypes, herea�er referred to by the

le�ers A to I. Cheliceral morphotypes G, H, and I exhibit an elonga�on of their

structures as described above with the extreme shapes in PC1. Morphotypes C and E

have the concavity of the chelicera slightly marked. Morphotype D is characterized by

a protruding cheliceral protuberance, and morphotype F represents the stouter

chelicera with a short and wide fang (Fig. 3a). The cheliceral morphotypes A, B, C, F, G

and I are restricted to the western islands, namely Gran Canaria, Tenerife, La Gomera,

La Palma and El Hierro, while morphotypes D, E and H are exclusive to the eastern

islands of Lanzarote and Fuerteventura (Fig. 1a). The �me-stamped phylogeny

inferred from mitogenome data (Online-Appendix Fig. S3), was pruned to include

Canarian species with GM informa�on for downstream analyses.

Rela�onships between morphotypes and dietary preferences

Prey preference behaviour varied extensively across the Dysdera species analysed,

where the percentage of isopod acceptance ranged between 20% in some species and

up to almost 92% in others (Fig. 3c). The phylogene�c PLS analysis showed a

significant covaria�on between prey preference and cheliceral shape (r-PLS = 0.863,

P-value = 0.002) (Fig 3b). The composi�on of the first PLS eigenvector for the prey

block indicates that this associa�on is mainly explained by the level of predatory

preference for Armadillidium isopods (0.788), Musca flies (0.463) and Porcellio

isopods (0.380) (Online-Appendix, Table S3). In terms of shape varia�on, the

preference for Armadillidium preda�on (characteris�c of e.g. D. insulana and D.

�losensis: Online-Appendix, Table S2) is associated with an elonga�on of all
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perspec�ves analysed, and par�cularly of the fang and the anterior part of the

chelicera (Fig. 3b). By contrast, higher levels of preda�on on Porcellio are associated

with more compact chelicera with a rela�vely flat and short fang, as exemplified in D.

ramblae (Fig. 3b, Online-Appendix, Table S2). Dysdera species with intermediate

shapes, occupying the central por�on of the PLS space of associa�on between

cheliceral shape and dietary preference, exhibit higher levels of acceptance ofMusca

flies. The K-means cluster analysis based on the percentage of acceptance of isopods

grouped together species belonging to morphotypes A and D, and all other species

were grouped together in the second cluster, with the excep�on of two species

belonging to morphotypes B and G (Fig. 3c). To avoid over-spli�ng, we assigned these

species to the cluster that included the remaining species of their morphotype.

Species belonging to the first cluster (species with morphotypes A and D) show lower

levels of preference of preying on isopods than the species of the other cluster,

hereina�er referred to as generalist and specialist, respec�vely (Fig. 3c).

Evolu�on of morphotypes

The best supported model of state transi�on to describe the evolu�onary

dynamics of different cheliceral morphotypes was the constrained ER encompassing

irreversibility (Akaike Informa�on Criterion, AIC= 137.487 ± 0.998). The second and

third most supported models were the ER and SYM models (AIC = 152.284 ± 20.252

and 184.260 ± 6.138, respec�vely), and the least supported model was ARD (AIC =

264.266± 9.427). All models, except for ARD, iden�fied morphotype A as the most

likely ancestral state of all Dysdera species from the Canary Islands (Fig. 4, Online-

Appendix, Fig. S4-6, Online-Appendix, Table S4-7). The character reconstruc�on of all

nine different cheliceral morphotypes revealed that at least three (B, F and G) out of

the six morphotypes represented by more than one species evolved more than once

(Fig. 4). Similarly, when a two-state model was defined (generalist vs. specialist), we

found li�le support for reversibility. In all trees, the constrained Mk2 model yielded
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lower values than the Mk2 model, with differences in ∆AICs ranging from 3.7 to 6.3

units (Fig. S7). Cheliceral shape as represented by the combined coordinates of all

three examined perspec�ves exhibited significant phylogene�c signal (Kmult = 0.657

± 0.015, p-value = 0.0014 ± 0.0005), which suggested a phylogene�c component in the

observed phenotypic varia�on. Furthermore, the observed K value was significantly

smaller than one (p-value = 0.0144 ± 0.0023), as also supported by a lack of

phylogene�c structure in phylomorphospace (Fig. 3a).

For the two cheliceral morphotypes analysed (B and G), distance-based

measures of convergence revealed significantly higher observed C1 and C3 values

than those expected by chance (p-value < 0.001). Specifically, the distance between

any two species, was reduced between 50.53 and 63.67%, by subsequent evolu�on

(C1) in morphotype B, and between 41.42 and63.93% in morphotype G, while

convergence was responsible for between 24.86 and 37.67% and between 24.31 and

38.03% of the evolu�on between those linages (C3) in morphotypes B and G,

respec�vely.

Figure 4 Ancestral state reconstruc�on obtained under the constrained (irreversible) ER model. Pie-charts at each node

represent the state probability obtained through the 100 stochas�c character map simula�ons over 1000 phylogene�c trees

sampled from the posterior distribu�on of BEAST.
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Discussion

With the present study we have been able to untangle the effects of ecological

pressures that have shaped the phenotypic diversity of a group with a shared

evolu�onary history. The repeated evolu�on of characters adapted to different levels

of trophic specializa�on has allowed us to understand the determinis�c evolu�on

caused by adapta�on to the same ecological needs. Furthermore, our study has

shown that to capture complex characters involved in the evolu�on of the species,

fine scale methods able to capture subtle changes are needed to understand the

evolu�onary pressures that has led the phenotypic disparity in the group.

Although the existence of par�cular cheliceral morphotypes (Řezáč et al. 2021) and

different metabolic abili�es to feed on isopods (To� and Macías-Hernández 2017,

2021) was previously uncovered, here, we sta�s�cally characterise for the first �me

this eco-morphological character using geometric morphometrics and experimentally

demonstrate their associa�on to different levels of diet specialisa�on (here

oniscophagy). The finer GM data and more sophis�cated sta�s�cal analyses used

allowed us to delimit nine different cheliceral morphologies, some of which greatly

resemble those previously defined (A, D and E to “unmodified”, B and H to

“elongated”, C to “dagger”, F to “fla�ened” and G to “concave”) (Řezáč et al. 2008,

2021).

Cheliceral morphotypes reflect different levels of diet specialisa�on

Our results demonstrate a close link between morphotype differen�a�on in

Dysdera species from the Canary Islands, as reflected in cheliceral modifica�ons and

diet specialisa�on, specifically in the increased frequency of capture and consump�on

of terrestrial isopods, as already suggested in former studies (Řezáč et al. 2008, 2021;

To� and Macías-Hernández 2017, 2021). This implies an ecological func�onality for

the different cheliceral morphologies present in the archipelago, which assigns them



190

Adrià Bellvert

a strong evolu�onary poten�al. Interes�ngly, both generalist and diet specialists are

represented by mul�ple cheliceral morphotypes. Indeed, when analysing dietary

preferences in isola�on, species with different cheliceral morphotypes could be

classified into two main groups, namely, generalists (A and D) and specialists (B, C, F

and G). In the case of dietary specialists, the different morphotypes have been related

to alterna�ve strategies of woodlice capture and manipula�on (Řezáč et al. 2008,

2021). Importantly, our analyses also suggest the existence of two dis�nct

morphotypes with a more generalist diet (A and D). While these twomorphotypes are

clearly dis�nct in cheliceral shape (Fig. 3a), lab experiments were not sufficient to fully

capture the dietary differences between them.

Island group and specialisa�on

It is worth no�ng that the eastern Canaries showed the higher propor�on of

generalist species. These islands also harbour a lower number of endemic Dysdera

than other islands of similar size yet of younger age (e.g. Gran Canaria, Tenerife)

(Cardoso et al. 2010), which has been suggested to be the result of higher levels of

ex�nc�on as a result of the mass-was�ng processes, and severe clima�c degrada�on

endured by these islands (Macías-Hernández et al. 2008). Habitat deteriora�on and

aridifica�on could have posed specific filters on the local ecosystems, which may have

hindered the presence of specialist species in the eastern islands. In this regard, it has

been reported that specialist predators at high trophic levels are less likely to be

present in species-poor island communi�es (Piechnik et al. 2008). Concomitantly, not

all isopod species have evolved proper adapta�ons to survive in more arid condi�ons

(Cloudsley-Thompson 1975), making them poten�ally less abundant in the eastern

islands, and thus hindering the presence of specialist Dysdera in this environment.

However, without a deeper knowledge of the isopod abundance between the eastern

and western islands this remains highly specula�ve. Addi�onally, the different

environmental filtering or ecological pressures between the eastern and western
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islands could explain the non-overlapping of cheliceral morphotypes between the two

islands groups (differen�ated across the second PC in Fig. 3a).

A generalist coloniser and convergent evolu�on of morphotypes

Overall, generalist species are usually considered be�er colonizers than specialists,

as they are able to secure sufficient resources more easily (Ebenhard 1991), and it is

assumed that specialist diets commonly evolved from generalist ones (To� 1995;

Stephens andWiens 2003; Reynolds et al. 2016; Naik et al. 2021). Evidence suppor�ng

both statements is found in the present work, contradic�ng former sugges�ons (Řezáč

et al. 2021). However, the results of this former study were compromised by the

fragmentary evidence, including the use of linear measurements to quan�fy chelicera

shape, sparse data (n=1 for many species) and the use of an outdated phylogeny. The

more updated phylogeny and the use of geometric morphometrics that allows to

capture shape varia�on at a finer scale, has most likely contributed to these dissonant

results.

The repeated evolu�on of convergent ecological and/or morphological traits is a

common pa�ern in adap�ve radia�ons, and is generally interpreted as a response to

similar evolu�onary pressures (Schluter and Nagel 1995; Losos et al. 1998, 2003;

Rundle et al. 2000; Schluter 2000; Nosil et al. 2002; Blackledge and Gillespie 2004;

Gillespie 2004; Gavrilets and Losos 2009; Muschick et al. 2012). However, even when

ecological pressures have driven the phenotypic evolu�on of a species group, a total

independence of these characters is impossible due to their shared evolu�onary

history (Felsenstein 1988; Harvey and Pagel 1991; Revell et al. 2008). In this regard, we

have shown that the different trophic adapta�ons presented by Dysdera spiders

during their diversifica�on in the Canary Islands is, to some extent, related to their

shared phylogene�c history, as reflected by significant phylogene�c signal observed

for cheliceral shape. However, Kmult values were shown to be significantly <1 which,

together with the lack of phylogene�c structure that is apparent in the
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phylomorphospace plot (Fig. 3a), are sugges�ve of distantly related species occupying

closer phenotypic spaces than expected by chance. Accordingly, the reconstruc�on of

morphotype evolu�on has showed that some specialized trophic morphotypes—B, G,

and F—evolved several �mes, independently. The mul�ple evolu�on of at least three

dis�nct cheliceral types suggests a role of natural selec�on and convergent evolu�on

in the diversifica�on of the group. Indeed, integra�ng evidence on convergent

evolu�on with the sta�s�cal associa�on between cheliceral shape and levels of

trophic specializa�on (Fig. 3b), we provide evidence that adapta�ons to increase

woodlice consump�on played a key role in the evolu�on and diversifica�on of

Dysdera in the Canary Islands.

Did the evolu�on of diet specialisa�on lead to an evolu�onary irreversibility?

Although several studies have shown that transi�ons from specialist to generalist

forms are indeed possible (Lanyon 1992; Muller 1996; Armbruster and Baldwin 1998),

the reverse seems to be the common trend (Nosil 2002). Our character reconstruc�on

analysis points towards the second observa�on, since the model that best fit our data

encompassed transi�ons from generalist to specialist morphotypes but not the

opposite, suppor�ng the hypothesis that evolu�on of specialised chelicerae from

generalist ancestors could be the common pa�ern across Canarian Dysdera species.

We acknowledge, however, that to convincingly confirm the irreversibility in prey

specialisa�on addi�onal sources of informa�on will be required (e.g. fossil record,

developmental data) (Goldberg and Igić 2008). Moreover, the use of methods that

explicitly incorporate the effect of character state transforma�ons on diversifica�on

rates (e.g. state dependent diversifica�on models) would more accurately reflect the

evolu�onary effects of prey specializa�on. Nevertheless, it should be pointed that, as

stated by Goldberg and Igić (2008), methods that do not account for character

evolu�on tend to incorrectly reject Dollo’s law (i.e. irreversibility), and therefore their

implementa�on would most likely not change our results regarding evolu�onary
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irreversibility in prey specialisa�on.

Conclusions

Canarian Dysdera evolved a par�cular set of cheliceral shapes associated with

different levels of diet specialisa�on, specifically to capture and feed on woodlice. Our

implementa�on of geometric morphometrics approaches discerned cheliceral

morphologies at finer scales than tradi�onal measurements, as illustrated by the

higher number of morphotypes compared to the ones described un�l now.

Furthermore, the use of a newly inferred phylogene�c hypothesis based on

mitogenomic data for a complete data set of Canarian endemics revealed a new

scenario for the phenotypic and ecological diversifica�on of Dysdera in the Canary

Islands. The ancestral coloniser of the archipelago was most likely a generalist species,

from which specialised forms evolved convergently mul�ple �mes. The eastern and

western islands harbour different cheliceral morphotypes, which hints at the

existence of different ecological and evolu�onary filters on each island group,

probably related to the drama�c clima�c and landscape changes undergone by the

older and highly eroded eastern Canaries. Finally, our analysis provide support for

specialisa�on as a derived trait that could poten�ally lead to evolu�onary

irreversibility in the diversifica�on of the red devil spiders.
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Abstract

The study of adap�ve radia�ons have shed light on our current understanding of evolu�on. However, few

unifying mechanisms have been iden�fied across different taxa and geographic and ecological systems.

Previous studies examining the mode in which species diversified, how diversifica�on rates varied, and how

ecological specializa�on affected these processes have reached different conclusion. To gain a more complete

picture of how species evolve, addi�onal model systems that encompass alterna�ve ecological requirements

are needed. Here, we present the results of a study aimed to unravel the diversifica�onmode and evolu�onary

drivers of the spider genus Dysdera, the red devil spiders, endemic to the Canary Islands. These species exhibit

remarkable phenotypic variability in their mouthparts, which has been related to different levels of

specializa�on in the preda�on of isopods. We explored pa�erns of linage diversifica�on and assessed the role

of trophic specializa�on as a driver of species diversifica�on. Addi�onally, we used clima�c variables,

occurrence data andmorphological informa�on to unravel the underlyingmode of specia�on bymeans of joint

species distribu�on models and age-range correla�on methods. Our results reveal that red devil spiders

underwent an early burst of diversifica�on, followed by a slowdown of diversifica�on rates, which is a hallmark

of adap�ve radia�on. We also found evidence that the trophic morphology shaped diversifica�on, with

specialist species exhibi�ng higher rates of diversifica�on. Finally, our analyses suggest that specia�on

occurred mostly in allopatry, with subsequent secondary sympatry following range expansion.

Keywords: Adap�ve radia�on, diversifica�on rates, phylogene�c compara�ve methods, allopatric specia�on
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Introduc�on

Evolu�onary radia�ons, this is periods of accelerated species diversifica�on, have

been a prominent feature of life’s history on Earth (Linder & Bouchenak-Khelladi

2017). Among these, adap�ve radia�ons – the diversifica�on of ecologically and

phenotypically dis�nct species from a common ancestor (Futuyma 1998; Schluter

2000) – have garnered significant a�en�on due to their importance in shaping the

planet's biodiversity (Glor 2010; Harmon et al. 2010). Not surprisingly, the study of

one of these radia�ons, the Darwin finches in the Galapagos Islands, was seminal for

the development of the theory of evolu�on by natural selec�on (Darwin 1859).

Indeed, the study of these events offers a unique opportunity to explore the

mechanisms of species evolu�on and the complex rela�onships among extant species

diversity (Givnish & Sytsma 1997; Losos &Mahler 2010). While adap�ve radia�ons are

observed in various environments, young and isolated geographic regions such as

volcanic islands or glacial lakes offer ideal condi�ons for studying these phenomena

(Schluter 2000) and have been instrumental in advancing our understanding of

specia�on and other evolu�onary processes (Gillespie et al. 2020). As a result, many

of the most well-known cases of adap�ve radia�on have occurred in isolated regions

(Harmon et al. 2010; Pa�on et al. 2021; Cerca et al. 2023), including Tethragnatha

spiders in the Hawaiian Islands (Gillespie 2004), cichlid fishes in the African lakes

(Takahashi & Koblmüller 2011), the anoles lizards in the Caribbean (Losos 2009) and

the aforemen�oned Darwin’s finches from the Galapagos (Lack 1947), to men�on just

a few. Hypotheses on what triggers these adap�ve radia�ons have been mainly

focused on ecological opportunity, i.e. the availability of new ecological resources not

previously accessible (see Stroud & Losos 2016 for a review). Such ecological

opportuni�es may emerge under different circumstances (Simpson 1953), but the

coloniza�on of oceanic islands, which are usually more species-depauperate, have

provided the clearer examples (Stroud & Losos 2016; Gillespie et al. 2020). In this
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context, specific traits that allow linages to enter new “adap�ve zones” (Simpson

1944) and promote ecological specializa�on (Heard & Hauser 1995), the so called “key

innova�ons”, have also been a central element in the discussion of adap�ve

radia�ons, as they have been linked to increased species diversifica�on rates

(Simpson 1944; Mayr 1963; Losos & Mahler 2010; Wellborn & Langerhans 2015) .

Despite the importance of adap�ve radia�ons in shaping Earth’s biodiversity, our

understanding of the detailed underlying mechanisms remains incomplete. While the

evolu�on of ecologically and phenotypically dis�nct species from a common ancestor

is the signature of adap�ve radia�ons (Futuyma 1986), few other common processes

have emerged from studies of these pa�erns. For instance, exploring associa�ons

between linage and phenotypic diversifica�on has produced mixed results when

studying con�nental adap�ve radia�ons, with asymmetric diversifica�on between

these two pa�erns (see Pincheira-Donoso et al. 2015), and the typical pa�ern of an

early burst followed by a slowdown in linage diversifica�on (Phillimore & Price 2008;

Rabosky & Love�e 2008; Harmon et al. 2010), has lacked support in cases where

secondary factors could have erased this typical signature (Slater et al. 2010). Such

inconsistencies suggest that the dynamics of adap�ve radia�ons are more complex

than previously thought. Similarly, studies of the macroevolu�onary consequences of

ecological specializa�on on species diversifica�on have also yielded disparate results.

Historically seen as an evolu�onary dead-end, specialist species, or lineages, have

been hypothesized to exhibit lower diversifica�on rates than generalists, evolving

from them but not in reverse (Schluter 2000; Day et al. 2016). However, several

studies have shown that both irreversibility and lower diversifica�on rates assumed

for specialist species are far from being a general pa�ern (Nosil 2002; Nosil & Mooers

2005).

The actual drivers of specia�on are another poten�al source of conflict among

different adap�ve radia�on processes. Historically, the widespread view was that
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specia�on was mainly triggered by geographic isola�on (Mayr 1963), that is,

oblitera�on of gene flow coupled with �me. However, with the rise of molecular

phylogene�cs and the use of more sophis�cated compara�ve methods, that allows

for quan�ta�ve detec�on of post-specia�on range shi�s (e.g. age-range correla�on

methods), it has become evident that the actual mechanisms underlying geographic

pa�erns of species diversifica�on could be more complex. Indeed, several studies

have found evidence of sympatric specia�on and thus of the poten�al involvement of

natural or sexual selec�on in the actual specia�on process (Bolnick & Fitzpatrick

2007). Compara�ve methods assessing the rela�onship between distribu�on

overlapping and phylogene�c relatedness, are based on the assump�on that,

following the ini�al specia�on stage, the geographical distribu�on of species becomes

randomized due to their dispersal capabili�es (Barraclough & Vogler 2000). In cases

where a species clade undergoes allopatric diversifica�on, the overlap between their

ranges would ini�ally be zero. However, over �me, as their ranges randomly change,

the overlap increases, resul�ng in a posi�ve correla�on between range overlap and

older stages in the species' phylogene�c rela�onships, rela�ve to more recent

cladogene�c events (Fitzpatrick & Turelli 2006). However, it is important to note that

these correla�ons can be misleading when species clades exhibit complex pa�erns of

geographical specia�on (Fitzpatrick & Turelli 2006). For example, the randomiza�ons

in post-specia�on range shi�s may be compromised when species experience

secondary contact a�er the original specia�on process, as observed in numerous

cases of island clade diversifica�on (e.g. Thorpe et al. 2010; Macías-Hernández et al.

2013).

Given the intricate temporal, ecological and geographic varia�on in species

diversifica�on pa�erns and processes observed across different species groups,

addi�onal model systems that encompass alterna�ve ecological requirements are

needed to obtain a more complete understanding of how species emerge and evolve.
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The Canary Islands form a volcanic archipelago that includes seven major islands and

several islets located 100 kilometres of the north-west of the African coast (Fig. 1A).

The islands are geochronologically arranged, with the oldest ones, Lanzarote and

Fuerteventura (15 My and 23 My respec�vely), lying at the easternmost side, and

becoming progressively younger towards the western end (from east to west): Gran

Canaria (subaerial age 15My), Tenerife (12My), La Gomera (11My), La Palma (1.7My)

and El Hierro (1.1 My) (Van Den Bogaard 2013). These islands have been home to a

remarkable diversifica�on in the red devil spiders of the genus Dysdera (Fig. 1B), with

approximately 60 endemic species recorded in the archipelago (Bellvert et al. in prep)

out of a total of 300 currently described species (World Spider Catalog 2023). These

Figure 1. A) Map of the Canary Islands. B) Dysdera verneaui from the island of Tenerife (photo credit: Marc Domènech). C)

Cheliceral morphospace obtained with the two first principal components from the morphometric data used for this study

from Bellvert et al. (2023), with densely-colored convex polygons depic�ng species of the same ecomorph group. Black dots

represent the species not included in the previous study but withmorphometric data. Colored dots represent species already

previously linked to cheliceral shape but without enough species to build a polygon. Doted lines represent the change in the

cheliceral type polygon space once the species have been assigned to the preexis�ng cheliceral types by means of the LDA

performed in the present study.
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species exhibit remarkable phenotypic varia�on in their cheliceral morphology—the

spiders´ mouth parts, which has been linked to different levels of trophic

specializa�on (Řezáč et al. 2008, 2021; To� & Macías-Hernández 2017, 2021).

Different cheliceral morphologies evolved independently several �mes during the

diversifica�on of the group in the islands (Bellvert et al. in press). Because of the single

coloniza�on event inferred for these species (but see Adrián-Serrano et al. 2020) and

the eco-phenotypic differences observed among rela�ves, this genus has been

suggested to be a case of adap�ve radia�on in the islands (Bellvert et al. in press), but

this hypothesis has never been formally tested and the exact evolu�onary drivers of

this diversifica�on remain poorly understood.

In the present study, we used phylogene�c compara�ve methods and joint species

distribu�on modelling to elucidate the mechanisms underlying the diversifica�on of

Dysdera spiders in the Canary Islands and examine how it has been influenced by

trophic specializa�on. Our specific objec�ves were: 1) to test if the temporal pa�ern

of lineage diversifica�on of the group aligns with that expected under a scenario of

adap�ve radia�on, i.e. an early rapid diversifica�on of linages with a subsequent

decelera�on (Glor, 2010); 2) to explore whether trophic specializa�on played a role in

this diversifica�on; and 3) to inves�gate whether allopatry followed by secondary

overlapping drove the diversifica�on of these species, similarly to other cases of

adap�ve radia�on in oceanic islands. We conducted a comprehensive study by

integra�ng the fully resolved phylogeny of the group with phenotypic data,

occurrence records, and clima�c variables. Our inves�ga�on aimed to understand the

mode and tempo of the genus' evolu�on in the archipelago, as well as to iden�fy the

factors that poten�ally played a role in its remarkable diversifica�on.

Methods

Specimens and data collec�on
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All specimens used came from field campaigns conducted by the authors and other

colleagues and are stored at the Centre de Recursos de Biodiversitat Animal of the

Universitat de Barcelona (CRBA) and Departamento de Zoología de la Universidad de

La Laguna, Tenerife, Canary Islands collec�on (DZUL). Individuals were captured by

ac�ve searching under rocks, logs and tree barks. The captured specimens were

preserved in 95% EtOH and stored at -20ºC at the former ins�tu�ons. All specimens

were collected following ins�tu�onal and governmental regula�ons and the permits

for all species captured were granted by the local authori�es of each island or by the

governing body of each natural reserve. Phenotypic data for the present study came

from Bellvert et al. (in press). We used the sta�s�cal environment R (R Core Team

2022) to conduct all subsequent analyses.

Species linage diversifica�on

To inves�gate the diversifica�on mode in the Dysdera spiders from the Canary

Islands, we used the complete phylogeny of the species from the archipelago from

Bellvert et al. (in press). However, we removed the species D. lancerotensis as it seems

to be an independent coloniza�on and is not directly related with the rest of the

Canarian species (Adrián-Serrano et al. 2020). To obtain a first view on how

diversifica�on proceeded across the history of the group, we extracted the branching

�mes with the func�on branching.�mes from the R package “ape” (Paradis & Schliep

2019) and fi�ed different variable-rate and constant-rate models to this data using the

func�on fitdAICrc from the R package “laser” (Rabosky & Schliep 2013) considering

100 shi� points and 6 different models: pure birth, birth-death, an exponen�al and a

logis�c variant of density-dependent and specia�on rate models, pure birth with a

single rate shi� and pure birth with two rate shi�s. To visualize the number of lineages

through �me and obtain a summary of diversifica�on rates we used a linage-through-

�me plot produced with the func�on l� from the R package “phytools” (Revell 2012).

To consider phylogene�c uncertainty we repeated these analyses over 1000 trees
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obtained from the posterior distribu�on from the study of Bellvert et al. (2023).

Previous work has delimited, based on geometric morphometric methods, several

cheliceral morphotypes that have evolved independently several �mes during the

diversifica�on of these species in the archipelago (Bellvert et al. in press), and which

are hereby hypothesized to have poten�ally driven species diversifica�on, specifically

through their effect on the species trophic specializa�on, where certain cheliceral

morphologies are associated with generalist predators, while other morphologies

exhibit varying degrees of specializa�on in preying on isopods. However, not all the

Dysdera diversity from the Canary Islands was represented in the aforemen�oned

study, which only included 40 out of a total of 57 currently recognized species (Bellvert

et al. in prep). Such undersampling could lead to a bias when analyzing evolu�onary

rates (Pybus & Harvey 2000) that could compromise the final results of the study.

Some of the unrepresented species were due to lack of any specimen to obtain

morphometric data; and had to be excluded from the study. However, other

specimens where previously ignored because of a lack of intraspecific varia�on or

because they belonged to other ecological regimes (see Bellvert et al. in press). To

mi�gate the effect of the undersampling on the diversifica�on analyses conducted

here, we used a Linear Discriminant Analysis (LDA) to classify the species with

unknown cheliceral affilia�on but with some morphometric data into the already

established cheliceral morphotypes. We used the func�on prep.lda from the R

package “RRPP” (Collyer & Adams 2018, 2021) to prepare the geometric

morphometric data used in Bellvert et al. (2023) study and the func�on lda from the

R package “MASS” (Venables & Ripley 2002) to run the discriminant analysis. For

subsequent analyses, we pruned the complete phylogeny of the Dysdera spiders from

the Canary Islands with the species with cheliceral type informa�on from Bellvert et

al. (2023) and the ones that we could recover from the discriminant analyses.We used

the func�on drop.�p from the R package “ape” (Paradis & Schliep 2019) to remove all

specimens without cheliceral type informa�on from the phylogeny.
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State dependent diversifica�on models

To test if tropic specializa�on as represented by different cheliceral morphotypes

increased or decreased the rate at which Dysdera species diversified, we fi�ed a BiSSE

model where diversifica�on and ex�nc�on rates varied freely between two dis�nct

states of trophic strategy using the func�on make.bisse from the R package

“diversitree” (Fitzjohn 2012). Binary states were obtained from Bellvert et al. (2023)

which link the different cheliceral morphologies to generalist or specialist trophic

strategies. We compared this model to a null model with equal diversifica�on and

ex�nc�on rates by extrac�ng the loglikelihood of each model through the func�on

find.mle and comparing both with the func�on anova. Furthermore, to test and

visualize differences in diversifica�on rates between trophic strategies, we used

Bayesian inference to calculate the posterior distribu�on of our parameters with the

func�onmcmc from the R package “coda” (Plummer et al. 2006).

However, it could be the case that cheliceral morphotype by itself, capturing the

evolu�onary influences of other pressures other than or in addi�on to trophic

strategy, could have affected diversifica�on rates. In order to test if the evolu�on of

different cheliceral morphotypes, rather than their trophic strategy, have an impact on

the diversifica�on rates in the Dysdera species, an op�mal approach would be to use

a mul�-state specia�on and ex�nc�on model like MuSSE (Fitzjohn 2012).

Unfortunately, in our data some cheliceral morphologies were only represented by

one or two species, and the resul�ng MuSSE model would probably not be

trustworthy. Instead, to inves�gate which cheliceral types, or combina�on of some of

them, could have had a bigger influence on the Dysdera diversifica�on, we ran

independent BiSSE models for each possible pairwise combina�on of one specific

morphotype vs. the rest within all eight cheliceral morphotypes. From each of these

models, we calculated the percentage of �mes that each cheliceral type appeared in

pairwise cheliceral combina�ons that were inferred to exhibit significantly different
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diversifica�on rates when compared to a null model with equal rates between states.

We represented the percentage of �mes that each cheliceral morphotype appeared

in significant pairwise combina�ons with significantly different diversifica�on rates

using a spider chart with the func�on radarchart from the R package “fmsb”

(Nakazawa 2023). Finally, to examine which cheliceral combina�on maximized change

in diversifica�on rates, we ran a BiSSE model delimi�ng the binary state with the

cheliceral types that showed a higher percentage of occurrence in the previous

combina�ons. We compared a model with different diversifica�on and ex�nc�on

rates with a null model with equal rates, with the binary state represen�ng each of the

two cheliceral types with the highest percentages of occurrence on the one hand and

the rest of types on the other. Next, we also examined a model with the binary state

defined as the four cheliceral types with the highest percentages and the rest, and

finally between the six cheliceral types with the highest percentage and the two

cheliceral types that had exhibited significantly different rates at 0% of the previous

comparisons (see results).

Note that a trait-state-dependent model with different diversifica�on rates that

performs be�er than a null one, does not necessarily mean that the examined trait is

the main driver of the diversifica�on of the group, as an unmeasured factor could

have a stronger impact on the species’ diversifica�on (Beaulieu & O’Meara 2016). To

account for this possibility, for all previous models with the binary state delimited

based on the cheliceral percentages in which the different-rates model performed

be�er than the null, we fit three addi�onal “hidden rate”models (Beaulieu &O’Meara

2016): one in which there is an influence on diversifica�on rates of an unaccounted

trait but not of the cheliceral type (CID-2), a four-level hidden rate model (CID-4),

which will allow to test for more complex diversifica�on processes (Revell & Harmon

2022), and a full model were both the hidden state and our cheliceral trait have an

effect on the Canarian Dysdera spider diversifica�on. We used the hisse func�on from
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the R package “hisse” (Beaulieu & O’Meara 2016) to fit these models. We calculated

the AIC of each model with the AIC func�on to test which performed best.

Time dependent diversifica�on models

We tested if diversifica�on rates varied through �me in the radia�on of the

Dysdera spiders from the Canary Islands. We used the func�on make.bd.t from the R

package “diversitree” (Fitzjohn 2012) to fit a model were diversifica�on rates were an

arbitrary func�on of �me. We compared the �me-dependent model to a null with a

constant diversifica�on rate fi�ng our data with the func�on make.bd. We obtained

the maximum likelihood of each model with the func�on find.mle and compared

between them with the anova func�on. We also used the mcmc func�on to run a

Bayesian MCMC analysis for our �me dependent model and plot the posterior

distribu�on through �me of specia�on (λ) to see the general tendency that this

parameter has.

Species overlap and age-range correla�on

Finally, to unravel the main specia�on pa�ern of these species in the islands—i.e.

allopatric vs sympatric—we analyzed how the overlap between species distribu�on

ranges changed through �me. We used Age-range correla�on methods (ARC), which

seek to establish sta�s�cal rela�onships between species-pairs geographic overlap

and the �me since their divergence (Fitzpatrick & Turelli 2006). For the pairwise

measurements of the niche overlap between species, we used joint species

distribu�on modelling (jSDM) to obtain the residual pa�erns of occurence between

species, as they capture more complex interac�ons than other co-ocurrence metrics

could show (Pollock et al. 2014). Those residuals are those features that influence

occurrence between species that are no explained by environmental variables. We

decided to use these residuals, instead of the species shared environmental

responses, because they explain be�er the difference between allopatric and

sympatric species pairs (see results). We used all the species for which we had
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sufficient morphometric data from Bellvert et al. (in press) (N = 40), and we

considered the first two principal components of each species as the trait value for the

model to also test for compe��ve exclusion in the bio�c interac�ons captured by the

residual correla�ons. For the species’ occurrence, we built a presence matrix for each

species for each locality were Dysdera spiders have been collected in the Canary

Islands during the last 50 years. Finally, for the model explanatory variables, we

selected the 3 different clima�c predictors from Pa�ño (et al. under review) that we

hypothesize may have a greater impact on the species’ poten�al distribu�on, namely

the highest temperature of any month, to include the poten�al effect of aridity; the

accumulated precipita�on over 1 year, to take into account the effect of the more

humid areas; and eleva�on, which has an influence on temperature but also on the

vegeta�on present in the island. We ran the model with the func�on jSDM_binomial_

probit from the “jSDM” R package (Clément & Vieilledent 2022), with 10000 itera�ons

with a burn-in of 5000 and a thinning rate of 20. We extracted the latent variables of

the model and the correla�on of the response matrix with the get_residual_cor and

get_enviro_cor func�ons respec�vely. For the ARC analysis we used with the func�on

age.range.correla�on from the R package “phyloclim” (Heibl & Calange 2018). An

observed nega�ve slope to more distant rela�onships would point to a sympatric

diversifica�on, while a posi�ve one would be indica�ve of an allopatric diversifica�on

(Fitzpatrick & Turelli 2006). We ran the model with 999 itera�ons to test for the

sta�s�cal significance.

Results

Best macro-evolu�onary candidate model

The gamma sta�s�c exhibited a nega�ve value (-6.18 ±0.19), being significantly

smaller than the expected under a birth death process which would have a normal

distribu�on around 0 (Fig. 2A), which suggests rejec�on of the hypothesis of constant
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A)

B)

Figure 2. A) observed γ values for 1000 phylogene�c trees obtained from the posterior distribu�on (red), compared to the γ

values from a null distribu�on under a pure birth model (grey histogram). B) LTT plot for the Dysdera species from the Canary

Islands. The red line represents the LTT made with the consensus tree, grey lines are the LTTs from the 1000 phylogene�c

trees from the posterior distribu�on used to take phylogene�c uncertainty into account.
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rate in the diversifica�on of the group in favor of decreasing diversifica�on through

�me (Pybus & Harvey 2000). Accordingly, the LTT plot showed a clear hump-shaped

increase in the number of lineages with a posterior stabiliza�on (Fig. 2B). Finally, when

contras�ng different candidate diversifica�on models, the density-dependent

specia�on model (DDL) showed the best performance with an AIC of 109.02±4.38,

followed by the pure-birth model with two rate shi�s (yule 3 rates, AIC =

113.24±4.57), the pure-birth with one shi� (yule 2 rates, AIC = 116.45±4.88), the

exponen�al variant of the density-dependent specia�on model (DDX, AIC =

133.09±4.38), the pure-birth model (AIC = 151.69±3.31) and the birth-death model

(AIC = 153.69±3.31).

BiSSE state-dependent models

The results from the discriminant analysis and the cheliceral type adscrip�on can

be found in the supplementary material. The BiSSE model with trophic strategy as the

binary state (specialist vs generalist) with free diversifica�on rates (fr), performed

poorly compared to the null model with equal rates between states (null), without

significant differences between them (AICfr = 502.20, AICnull = 500.98, p-value = 0.25).

The Bayesian MCMC analysis, on the other hand, showed that the diversifica�on rate

of specialist species is higher than that of generalist ones, but not significantly so (p-

value = 0.062). When examining all pairwise combina�ons of binary states among

cheliceral types, we found that for 25 out of 254 possible pairwise combina�ons the

model with free diversifica�on rates performed be�er as compared to the null model

with equal rates between states (Table S2 of the supplementary material). From the

cheliceral combina�ons, type Gwas among the cheliceral morphologies that exhibited

a higher diversifica�on rate in 72% of the cases, type B exhibited a higher rate in 68%

of the cases, type I in 60% of the cases, type C in a 48%, types F and E in 44% of the

cases, while types A and D were never part of the higher diversifica�on rate sets.

When crea�ng groups of several cheliceral types to generate the binary state trait for
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Figure 3. Diversifica�on rates obtained with the BiSSE test for binary states A) stateBG (red) and stateICFEAD (blue); B) stateBGIC
(red) and stateFEAD (blue); C) stateBGICFE (red) and stateAD (blue). The spider chart shows the binary state delimita�on with the

percentage of occurrence for each state in the binary states combina�ons (orange). Themorphospace (not used for analyses)

provides a visual representa�on of the space occupied by each state combina�on.
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rate comparisons depending on those percentages, we found that when comparing

the cheliceral morphotypes B and G grouped versus all other cheliceral types, the

BiSSE model with free transi�on rates exhibited a be�er performance than the null

(AICfr = 505.78 and AICnull = 510.27, p-value = 0.01), with stateBG showing higher

diversifica�on rate than stateICFEAD (Fig. 3A, p-value = 0.006). When incorpora�ng

morphotype I to the free transi�on rate model the result was close to the previous

one (AICfr = 504.80 and AICnull = 508.52, p-value = 0.02), as well as when adding

morphotype C to this combina�on (AICfr = 504.69 and AICnull = 507.56, p-value = 0.03),

also with stateBGIC exhibi�ng higher diversifica�on rate than stateFEAD (Fig. 3B, p-

value = 0.015). However, when further including types F and E to the other rate state,

with the binary morphotype delimita�on dividing types A and D from the rest, the

results changed dras�cally with the null model performing be�er than the one with

free transi�on rates (AICfr = 511.71 and AICnull = 509.15, p-value = 0.48), with the

diversifica�on rate of stateBGICFE not significantly different compared to the stateAD

(Fig. 3C, p-value = 0.078).

Hidden state results

When tes�ng for a hidden state character in the different models which supported

significant rate differences between groups of cheliceral morphotypes, the results

differed depending on the cheliceral type grouping. When modelling with the states

that exhibited the largest differences compared to the null model (stateBG vs

stateICFEAD), the best resul�ng model was the high complexity model with a four-level

hidden-rate (HISSE CID-4 AIC = 378.88, HISSE CID-2 AIC = 383.41, HISSE+BISSE AIC =

383.74, BISSE AIC = 509.26). For the morphotype combina�on between stateBGI vs

stateCFEAD, the best model was the one-trait hidden-rate (HISSE CID-2 AIC = 355.97,

HISSE CID-4 AIC = 402.29, HISSE+BISSE AIC 433.61, BISSE AIC = 523.35), similar to the

combina�on stateBGIC vs stateFEAD models (HISSE CID-2 AIC = 364.45, HISSE CID-4 AIC =

426.41, HISSE+BISSE AIC 472.78, BISSE AIC = 515.25).
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Effect of �me on species diversifica�on

When inves�ga�ng temporal varia�on in diversifica�on rates, we found that the

�me-dependent model performed be�er than the null with no varia�on in

diversifica�on rates (AIC = 125.67 and AIC = 154.04 respec�vely, p-value << 0.01).

When sampling the posterior distribu�on using Bayesian inference, we observed a

slight decrease in the diversifica�on rate of the group through �me (Fig. 4, lambda.a

= 0.0015 ± 0.0014).

Age-range correla�on

jSDM showed varying interac�ons between different species pairs, both in terms of

their correla�on with the environmental variables and their residual correla�ons.

However, upon examining species pairs that occur on the same island, we found that

they generally exhibited posi�ve correla�ons with both residuals and environmental

Figure 4. Posterior distribu�on of the �me-dependent specia�on and ex�nc�on rates obtained with the variable-specia�on

model..
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factors. Conversely, for species pairs that occur on different islands, the correla�on

with the residuals tends to be neutral but with a bigger disparity in the environmental

correla�ons, with both posi�ve and nega�ve values (Fig. 5A). We opted to u�lize

residual correla�ons for conduc�ng the ARC analyses, as they provide be�er

Figure 5. A) Plot with residual correla�ons and environmental correla�ons between all Dysdera species pairs in the Canary

Islands. Purple dots represent species pairs that inhabit the same island, and orange dots species pairs that have a

distribu�on on different islands. Bo�om right corner represents the density concentra�on of sympatric and allopatric species

pairs in the residual and the environmental correla�ons, showing bigger differences between their densi�es in the residual

correla�ons. B) Age-range correla�on of node ages and species residual correla�ons obtained from the jSDM. Doted black

line is the linear model of mean residual correla�on versus node age. Grey lines are the different slopes of the Monte Carlo

replicates from the dataset randomiza�ons. Dots represent nodes in the phylogeny: orange dots are sister species pairs that

occur on different islands; purple dots are species pairs or clades that occur on the same island; white dots are nodes that

cannot be linked because the species rela�ons are too complex to characterize the node as sympatric or allopatric.
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discrimina�on between species pairs with distribu�ons on the same or different

islands. It is important to note that having a distribu�on on the same island does not

necessarily imply a sympatric distribu�on, as the species may occupy different regions

within that island. However, the residual correla�ons offer the clearest representa�on

of what an allopatric distribu�on could be (i.e., two species on separate islands), and

because of that we believe they will contribute more significantly to the ongoing

analysis.

The ARC analysis revealed a decrease in the overlap since species divergence

(intercept = 0.215; slope = -0.002), indica�ve of a sympatric specia�on with a

subsequent loss of contact between species. However, this result was not sta�s�cally

significant with a p-value of 0.414, showing no significant associa�on between range

overlap and �me since species divergence. It should be noted, however, that these

values were obtained by fi�ng the results in a linear model, but our ARC plot clearly

exhibited a hump-shaped pa�ern, with low overlap values in the early splits, a

subsequent increase in overlapping followed by a decrease toward the present (Fig.

5B).

Discussion

In this study, we have focused in understanding how species diversifica�on varies

across �me and space, and how it is influenced by ecophenotypic traits and trophic

specializa�on. Moreover, we have provided evidence that the diversifica�on of

Dysdera spiders in the Canary Islands, where previous studies have highlighted eco-

phenotypic varia�on (Bellvert et al. in press), cons�tute a case of adap�ve radia�on.

Evidence derived from modelling specia�on and ex�nc�on lends support to the

hypothesis that trophic specializa�on and associated morphological evolu�on shaped

the diversifica�on of these species in this archipelago, highligh�ng the importance of

ecological innova�on in driving species’ diversifica�on. Finally, we have found
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evidence that the specia�on of the Dysdera species in the Canary Islands had been

mainly driving by geographic isola�on with a posterior secondary contact.

The diversifica�on mode of Canarian Dysdera spiders

An early increase in species diversifica�on, followed by a decrease in net specia�on

rates towards the present is the trademark of an adap�ve radia�on process

(Phillimore & Price 2008; Glor 2010; Losos & Mahler 2010). Declining diversifica�on

rates through �me are generally interpreted as the results of early occupa�on of

vacant niches un�l their satura�on, which leads to the slowdown of cladogene�c

events (Schluter 2000; Gavrilets & Vose 2005). Such a pa�ern has been usually

described by means of linage-through-�me plots (Nee et al. 1992; Pybus & Harvey

2000), with density-dependent models describing this asympto�c accumula�on of

lineages through �me (eg. Pincheira-Donoso et al. 2015; Linder & Bouchenak-Khelladi

2017). The early increase in number of linages and the corresponding nega�ve γ

values revealed for the Dysdera species from the Canary Islands, points towards a

rapid filling of ecological niches and a decelera�on of specia�on rates over �me, as

also seen with the �me-dependent model of diversifica�on. Interes�ngly, the Canary

Islands may have also presented addi�onal episodes of ecological opportunity as new

islands emerged over �me, which can be reflected in diversifica�on pulses in the LTT

plot (Pincheira-Donoso et al. 2015). Such pulses can be iden�fied in Fig. 2B. Mul�-rate

variants of the pure birth model lend further support to this observa�on, as they

exhibited overlapping AIC values when accoun�ng for the phylogene�c uncertainty,

however, their mean values had been slightly higher that the density-dependent

model. Obviously, undiscovered species could compromise these results, as

incompleteness in the taxon sampling could mirror a similar pa�ern as the density-

dependent specia�on (Rabosky & Love�e 2008). However, given the solid taxonomic

ground established by a series of modern taxonomic treatments of the group (eg.

Arnedo & Ribera 1999a, 1999b, 1999c; Arnedo et al. 2000; Macías-Hernández et al.
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2010; Bellvert et al. in prep), we doubt that the amount of undiscovered species may

actually affect our main conclusions.

Evolu�onary consequences of ecological specializa�on

The ecological and evolu�onary consequences of species specializa�on have been

examined repeatedly over the years. Current consensus would claim that the

evolu�on of traits that reduce the breadth of species trophic or ecological niches

nega�vely affect their diversifica�on rates (Vamosi et al. 2014), resul�ng into the so

called evolu�onary dead-ends (Cope 1896). However, this cannot be taken as a

general rule, as many studies have found mixed support for it (Day et al. 2016), or

directly contradicted the link between specializa�on and evolu�onary dead-ends

(Zenil-Ferguson et al. 2022). Our results reveal that specialist and generalist Dysdera

species exhibit similar diversifica�on rates. Nevertheless, pairwise rate comparisons

of different cheliceral morphotypes and their combina�on into coherent groups

iden�fied specific sets of ecomorphotypes that exhibit significantly higher

diversifica�on rates (Fig. 3A-B). Interes�ngly, although trophic specializa�on does not

seem to be directly linked to an increase in diversifica�on rates in our studied species,

we found a significant increase when combining cheliceral morphologies that have

been previously linked to specialist trophic strategies (Bellvert et al. in press). The

cheliceral type F cons�tute the single excep�on, since its inclusion in the set of

specialists fail to find significant differences. The cheliceral morphotype F exhibits

some par�cularity regarding the link between ecology and diversifica�on dynamics.

Indeed, species bearing this cheliceral morphology, also known as “flat-fang type”, has

been experimentally shown to exhibit a very par�cular capture strategy when preying

isopods (Řezáč et al. 2008), consis�ng in piercing the isopod by sliding the flat,

widened short fang through its dorsal tergites. In a previous study, we found

transi�ons from generalist cheliceral morphotypes to specialist ones to be irreversible

in Canarian Dysdera (Bellvert et al. in press), suppor�ng that prey specializa�on is an
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evolu�onary dead-end (Day et al. 2016). However, the high diversifica�on rates found

here linked to the majority of specialist cheliceral types, do not support the Idea of an

evolu�onary dead-end, sugges�ng instead that trophic specializa�on in Dysdera

species may cons�tute a key innova�on rather than a limi�ng factor in their

diversifica�on. On the other hand, the cheliceral morphology with the flat fang (type

F), would be�er fit into the defini�on of a dead-end, being an irreversible character

that has evolved from a generalist state and that is also accompanied by a decrease in

species diversifica�on rates (Fig. 3C). Put together, these observa�ons suggest that

the evolu�onary dead-ends in Dysdera spiders would not be so dependent on trophic

specializa�on per se, but rather related to specific morphotypes. Indeed, our results

show that some specialist states promote an increase in diversifica�on rates, whereas

a specific specialist state (cheliceral type F) leads to evolu�onary dead-ends.

Interes�ngly, species with F cheliceral type, have evolved mul�ple �mes across

different species groups and geographic regions in con�nental Dysdera, presumably

independently, but they are generally carried by single species with no close rela�ves

exhibi�ng the same feature, suppor�ng the interpreta�on of cheliceral type F as an

evolu�onary dead-end. Overall, our results suggest that the increase or decrease in

diversifica�on rates is be�er explained by morphology rather than by trophic

specializa�on.

On the other hand, although we have found that state-dependent models with the

certain cheliceral morphologies performed be�er than a null model, some other

unaccounted factor (or factors) seems to have a stronger influence in the

diversifica�on of the Dysdera species. HiSSE analyses revealed that the preferred

model is highly dependent on the cheliceral type combina�on used, as the selec�on

of the CID-2 or CID-4 models depended on how the states where characterized.

However, the model that accounted for the varia�on in diversifica�on rates only

driven by the focal character, always performed worst. This, of course does not
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invalidate the importance of the chelicera in the diversifica�on of Dysdera spiders

from the Canary Islands, as this is an important ecological character that most likely

does not have zero effect on specia�on rates (Beaulieu & O’Meara 2016), but

apparently it has not acted alone during the evolu�on of the group. In spiders, similar

results have been reported when studying the evolu�on of silk webs, which seems to

have influence diversifica�on dynamics without being its main driver (Fernández et al.

2018).

Secondary contact following allopatric specia�on

The controversy of how generalized allopatric mode of specia�on are compared to

sympatric ones, especially in the context of adap�ve radia�ons, is s�ll a hot topic

nowadays (see Bolnick & Fitzpatrick 2007). One of the major concerns about

deciphering specia�on with extant sister taxa has been the range shi�s experienced

by species that could blur present day pa�erns (Losos & Glor 2003), which were

confronted by methods that account for post-specia�on range shi�s like ARC

methods. The ARC analysis performed with the Dysdera spider species from the

Canary Islands showed a non-significant nega�ve correla�on, related to a sympatric

mode of specia�on. However, the rela�on between age and the residual correla�ons

has showed to be non-linear (Fig. 5B). Previous skep�cism had already been raised in

the past about these methods when analyzing complex pa�erns of geographical

modes of specia�on (Fitzpatrick & Turelli 2006). Sympatric pa�erns are generally

explained no as the result of selec�on driven specia�on, but as secondary contact

following popula�on expansion once the overlapping linages fully diverged gene�cally

(Hudson et al. 2011). Our results of the ARC analysis would be�er fit under an

allopatric specia�on followed by a secondary sympatry, making the correla�on

presented in this test misleading of a more complex pa�ern that the Dysdera species

may have been involved. The posterior decline in the species overlap observed could

be a response to the increase of ex�nc�on rates expected over �me under the general
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dynamic model of oceanic island biogeography (Borregaard et al. 2017). This

allopatric specia�on would suit into the expected in an archipelago, where intra-island

geographical isola�on could be less likely for these species than isola�on by colonizing

two separate islands (Mi�elbach & Schemske 2015). This would match with the

observed in our ARC analysis, where cladogene�c events within species pairs in

different islands are more recent than the ones with species in the same island (Fig.

5B). For this reason, we argue that the coloniza�on of different islands has been the

main, or one of the main, specia�on force(s) during the diversifica�on of the Dysdera

species in the Canary Islands.

Conclusions

The diversifica�on of the Dysdera species in the Canary Islands has been previously

suggested to be a case of adap�ve radia�on. Our results unambiguously support this

claim by recovering an early burst of species diversifica�on with a posterior slowdown

in their specia�on, a pa�ern usually interpreted as the stamp of an adap�ve radia�on

process. The integra�on of available morphometric data and SSE models, provide

evidence that the different cheliceral morphologies exhibited by Canarian Dysdera

played a role in shaping diversifica�on dynamics in this group, probably by increasing

rates as a result of mul�ple instances of trophic specializa�on. However, this character

does not seem to be the main driving force in the island diversifica�on, with inter-

island coloniza�ons most likely having a stronger effect on them. The use of jSDM

approaches provided more refine informa�on on species interac�on than the use of

clima�c variables alone, and when used with ARCmethods enabled us to propose that

inter-island allopatric specia�on is the general pa�ern of diversifica�on among these

species with sympatry being the results of secondary contact between them.
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Abstract

Ecological release, defined as the expansion of range, habitat and/or resource usage by an organism, is a

ubiquitous phenomenon in oceanic islands. Species colonising recently formed islands, whose ancestors

evolved in highly compe��ve environments, may experiment relaxed selec�on because of reduced species

richness. However, factors other than compe��on may also be involved in determining the species’ ability to

expand their niche. Ecological specializa�on, for instance, has been frequently considered as an evolu�onary

dead end, preven�ng the reversal to more generalist states. Here we integrate geometric morphometric

methods, stable isotope analyses and species distribu�on models using the spider genus Dysdera as a model

to explore the implica�ons of different cheliceral morphotypes, related to different trophic adapta�ons, on the

species’ ability to undergo ecological release. Contrary to our expecta�ons, species with morphotypes

associated to a more specialist diet, tended to expand their trophic niche, increase their spa�al range and

modify their phenotype across the same area of morphospace, when compared to generalist species. Our

study cons�tutes one of the first examples of the use of a mul�disciplinary approach to be�er understand the

effects of ecological release on colonizing species with contras�ng trophic preferences.

Keywords: Ecological opportunity, adap�ve radia�on, trophic specializa�on
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Introduc�on

Since the beginning of our understanding of how species evolved by natural

selec�on (Darwin 1859) and how these species exist with respect to their

geographical context (Wallace 1881), islands have played a crucial role for

evolu�onary biologists studying the processes of species diversifica�on. Adap�ve

radia�on, that is, the diversifica�on of eco-phenotypically different species from a

single ancestor (Futuyma 1998), has been centrepiece to link ecology and evolu�on

(Givnish and Sytsma 1997) and many hypotheses have been put forward to

characterize the sequence of events that drove such a remarkable species diversity on

islands (Yoder et al. 2010). Most hypotheses concerning the firsts steps of adap�ve

radia�ons generally assume that ecological opportunity triggers species

diversifica�on (Schluter 2000; Stroud and Losos 2016), although it does not always

need to be so (Losos 2010). These ecological opportuni�es could arise under different

circumstances (Simpson 1953), among which the coloniza�on of new environments is

one of the most reputed examples (Stroud and Losos 2016). The availability of novel

habitats with lower pressures from predators or compe�tors is par�cularly prevalent

in oceanic islands, which offer ample opportuni�es to occupy vacant niches,

unavailable in more complex con�nental regions (Gillespie et al. 2020). In general,

reduced compe��on and/or the absence of predators are expected to result in a

relaxa�on of selec�ve pressures (Losos and De Queiroz 1997; Yoder et al. 2010; Des

Roches et al. 2015) and promote divergence in resource u�liza�on (Parent and Crespi

2009), a phenomenon known as ecological release.

As a result of the newly available resources incorporated into the popula�on’s

niche (Bolnick et al. 2010), the species’ evolu�onary responses may translate into a

variety of different adapta�ons, as ecological release has different effects in different

colonizer species following the emergence of such ecological opportuni�es (Des

Roches et al. 2011). A widened resource usage (MacArthur and Wilson 1967), and an
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increase in both intraspecific morphological disparity (Bolnick et al. 2007) and in

species popula�on density (MacArthur et al. 1972) may be the most relevant

characteris�cs observed in species colonizing new habitats. All these effects have

already been observed in different organisms experiencing ecological release

processes; e.g. increase of popula�on density in lizards (Buckley and Jetz 2007),

expansion of trophic niche breadth in inter�dal communi�es (Andrades et al. 2019),

range expansion in hummingbirds (Ba�ey 2019) or phenotypic varia�on in land snails

(Parent and Crespi 2009). However, most studies conducted to date looking for

evidence on species experiencing an ecological release have focused on a single

ecological or eco-phenotypic trait. As such, li�le is known about how the different

axes of the Hutchinsonian species’ niche (Hutchinson, 1957) interact in the context of

this process.

Addi�onally, the width of the species ecological niche could be influenced by

factors other than compe��on. Trophic specializa�on, for instance, could translate

into completely different niche widths for two sympatric species, where generalists

usually have wider niche tolerance and specialist species show more limited niche

breadth (Freeman and Hannan 1983). Species trophic adapta�ons are not

independent of the ecological release process, and it has already been seen that in the

presence of vacant niches, or an increase of the resource spectrum, species may

experience certain shi�s in trophic ecology (Van Valen 1965; Robinson and Wilson

1994). However, specializa�on may become a one-way evolu�onary process (Day et

al. 2016) which, although not exempted of excep�ons (e.g. Lanyon 1992; Muller 1996;

Armbruster and Baldwin 1998), seems to be the common trend (Nosil 2002). The

possible irreversibility effects of specializa�on during the coloniza�on of new

environments are poorly understood and li�le is known about how this may affect the

species’ ability to undergo ecological release.

To be�er comprehend the ini�al stages following the coloniza�on of a new
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environment with novel ecological opportuni�es, it is essen�al to employ study

models for which we can effec�vely approach mul�ple factors influencing the species'

ecological niche. This is crucial due to the inherent complexity involved in species

evolu�on. The Canary Islands, located 100 kilometres far from the Nort-West African

coast, is an archipelago formed by 7 major islands and several islets of volcanic origin

(Fig. 1A). The islands are geochronological arranged, with the oldest islands, Lanzarote

and Fuerteventura (15 My and 23 My respec�vely), lying at the easternmost side, and

Figure 1. A) Map of the three different islands studied in the present paper, dashed lines show the coloniza�on direc�on by

the three different species, blue: generalist species; red: specialist species. B) Representa�on of the studied species niche for

the present study. C) Dysdera silva�ca species from the Canary Islands (Photo by Marc Domènech).
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becoming progressively younger towards the west: Gran Canaria (subaerial age 15

My), Tenerife (12 My), La Gomera (11 My), La Palma (1.7 My) and El Hierro (1.1 My)

(Van Den Bogaard 2013). These islands show higher levels of endemism (Cardoso et

al. 2010) and have been object of several studies focusing on the adap�ve radia�on of

different species groups in the archipelago, especially in plants (e.g. Jorgensen and

Olesen 2001; Meimberg et al. 2006). Another species group that has accumulated

growing evidence as being a case of adap�ve radia�on, with approximately 50

endemic species most likely resul�ng from a single coloniza�on event (Adrián-Serrano

et al. 2020) and exhibi�ng eco-phenotypical differences between species (Bellvert et

al. 2022), is the spider genus Dysdera (Fig. 1C). This group of ground-dwelling spiders

has colonized all Macaronesian archipelagos (Crespo et al. 2021b) and undergone

remarkable diversifica�on in the Canary Islands with 47 described species (Macías-

Hernández et al. 2016). These species show a high variability of their cheliceral

mouthparts and have independently evolved different morphologies several �mes

during the diversifica�on of the group (Bellvert et al. in press). Addi�onally, the

different morphotypes have been linked to different levels of trophic adapta�on (To�

and Macías-Hernández 2017, 2021, Bellvert et al. in press), with some cheliceral

morphologies linked to generalist species or to species exhibi�ng different types of

specializa�on in the preda�on of isopods. The Dysdera species richness in the

archipelago is unevenly distributed (Macías-Hernández et al. 2016), and seems to be

correlated with the area, eleva�on and habitat diversity present in each island

(Arnedo and Ribera 1999; Arnedo et al. 2000; Cardoso et al. 2010). Most of the species

are single-island endemics, however some of them have colonized different islands

that harbour contras�ng numbers of Dysdera species (Macías-Hernández et al. 2016).

This is the case of the westernmost islands of the archipelago, where several species

with different levels of trophic adapta�ons have colonized younger and species-

depauperate islands from more species-rich islands. This scenario offers a perfect

framework to test if the coloniza�on of low-compe��on islands from high-
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compe��on ones leads to ecological release, while simultaneously assessing the

impact of trophic specializa�on in the ability of species to undergo ecological release.

In the present study we combined geometric morphometric methods, stable

isotope analysis and species distribu�on modelling to unravel the ability of Dysdera

spiders to expand their ecological niche when colonizing low compe��ve

environments and how differences in eco-phenotypic traits may interfere with this

ecological process (Fig. 1B). We predict that generalist species will have wider niches

as a result of having a higher capacity to take advantage of the new ecological

opportuni�es offered by these new environments. By contrast, because of the

restric�ons in resource usage that specializa�on entails, species with more specialized

trophic morphotypes would not be able to expand their niche compared to the

generalist ones.

Methods

Experimental design and specimen collec�on

For the present study we targeted three Dysdera species endemic to the Canary

Islands; Dysdera calderensis Wunderlich, 1987, D. gomerensis Strand, 1911 and D.

silva�ca Schmidt, 1981. These species provide an ideal tes�ng ground to inves�gate

the response of species with different trophic strategies to reduced levels of

interspecific compe��on. Unlike the remaining Dysdera species in the Canaries, which

are single-island endemics, these species inhabit at least two of the westernmost

islands of the archipelago, namely La Gomera, La Palma and El Hierro (Fig. 1A). The

three species are present in La Gomera, along with nine addi�onal species, up to a

total of 12 Dysdera species, which creates an environment of intense interspecific

compe��on. Conversely, low-compe��on islands have a lower number of Dysdera

species. La Palma harbours three species, including D. calderensis and D. silva�ca,

while El Hierro has five species, including D. gomerensis and D. silva�ca. It is also
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worth men�oning that one of the species in La Palma and one in El Hierro are

exclusively known from caves, and hence most likely do not interact with the epigean

species. Interes�ngly, the three species studied here show different levels of diet

specializa�on. The cheliceral morphology of D. calderensis and D.gomerensis relates

to a feeding preference for isopods, while D. silva�ca exhibits a cheliceral morphology

that denotes a generalist diet (Bellvert et al. in press). Individuals were captured by

ac�ve searching under rocks, logs and tree barks by the authors and colleagues, and

preserved in 95% EtOH in the field and stored at -20ºC in the lab. All specimens were

collected following ins�tu�onal and governmental regula�ons and the permits for all

species captured were granted by the local authori�es of each island or by the

governing body of each natural reserve. Vouchers were deposited at the Centre de

Recursos de Biodiversitat Animal of the Universitat de Barcelona (CRBA) and the

Departamento de Zoología de la Universidad de La Laguna, Tenerife, Canary Islands

collec�on (DZUL). A total of 115 individuals of the focal species were available for the

present study.

Island compe��ve level and coloniza�on events

We used the number of congeneric species per island as a surrogate for the level of

interspecific compe��on. To control for the impact of different sampling effort across

islands on the total number of endemic Dysdera species per island, we calculated the

effec�ve number of species using rarefac�on and extrapola�on curves based on

sample size (Colwell et al. 2012). We used the Dysdera specimen records iden�fied at

the species level from the three analysed islands, and calculated the es�mated

number of species with the func�on iNEXT from the “iNEXT” R package (Hsieh et al.

2016). Similar values in species diversity between the interpolated and extrapolated

curves suggest the absence of sampling bias in the island species’ numbers.

Specimens used for this analysis are listed in Supplementary Table S1.
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Gene�c variability and coloniza�on events

We inves�gated number and �ming of coloniza�on events between islands within

each species by sequencing the animal DNA barcode (5’ half of the cytochrome c

oxidase subunit 1, COI). We included a representa�ve sample of individuals from

recorded popula�ons of the three species in each island. We performed individual

DNA extrac�ons and amplified a 658 bp fragment of the COI by PCR as detailed in

Crespo et al. (2021a). Addi�onal sequences were downloaded from GenBank.

Sequences were edited and manipulated with Geneious Prime v. 2022.2.2 (h�ps://

www.geneious.com/prime/).

Sequence alignment was trivial since no indel was inferred. We es�mated a gene

tree using maximum likelihood as implemented in the with IQ-TREE v. 2.1.1 (Nguyen

et al. 2015). We used IQ-TREE to first select the best-fit par��oning scheme and

corresponding evolu�onary models (Kalyaanamoorthy et al. 2017), and then to infer

the best tree and es�mate clade support by means of 1000 replicates of non-

parametric bootstrapping (Hoang et al. 2018). We rooted trees assuming D. silva�ca

was the earliest offshoot (Crespo et al. 2021b). We used the mPTPmethod (Kapli et al.

2017) to iden�fy poten�al evolu�onary independent lineages within each species. In

short, this is a phylogeny-aware delimita�on method that uses a Poisson tree

processes (PTP) to dis�nguish between intra- and interspecific branch lengths

allowing different divergence thresholds among lineages. We further implemented

the Markov Chain Monte Carlo sampling to assess support of the delimited clusters.

Addi�onally, we iden�fied independent haplotype networks using sta�s�cal

parsimony following Templeton’s et al. (1992) approach, as implemented in so�ware

TSC v.1.2.1 (Clement et al. 2000). We es�mated uncorrected gene�c distances within

and between gene�c clusters iden�fied by the molecular iden�fica�on methods with

the help of the program MEGA v. 11 (Tamura et al. 2021). Finally, we es�mated

divergence �mes between species and island popula�ons, using a Bayesian
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framework as implemented in the program BEAST v. 1.10.4 (Suchard et al. 2018).

Because the COI sequences included both within and between species samples, we

use a mul�species coalescent approach (Heled and Drummond 2012) to infer

divergence �mes. For this, we assigned haplotypes to the independent sta�s�cal

parsimony networks iden�fied with TCS. We assigned a constant coalescent tree prior

to the rela�onships within each network, while we used a Yule specia�on tree prior

for the rela�onships between networks. We defined a single par��on and the GTR

with invariants and gamma distribu�on model, as preferred by Par��onfinder v.2.1.1

(Lanfear et al. 2017). We selected a lognormal relaxed clock prior, and obtained

absolute divergence �mes by a normal prior on the ucld.mean with mean 0.019 and

standard devia�on 0.004, based on es�mated of subs�tu�on rate available in the

literature for the family Dysderidae (Bidegaray-Ba�sta and Arnedo 2011). We ran

three independent chains of 10 million genera�ons each, sampling every 1,000

genera�ons, remotely on the CIPRES cluster (Miller et al. 2009). We monitored the

chain convergence, the correct mixing, and the number of genera�ons to discard as

burn-in (10%) with Tracer v. 1.7 (Rambaut et al. 2018). Specimens analysed per species

and islands are listed in Supplementary Table S2.

Trophic niche

Trophic niche width was assessed by means of carbon (C) and nitrogen (N) stable

isotope analysis. Spiders’ legs were removed and dried in an oven P-Selecta

“Digitheat-TFT” at 60º for 48 hours. We only used legs, since mixing up different

�ssues or body parts may create bias in the isotopic values (Kennedy et al. 2019). For

larger spiders a single leg was used, while several or all legs were used for smaller

specimens. Dried legs were homogenized with a mortar and a pestle. Samples (0.3

mg) were accurately weighed into 3,3 x 5 mm �n cups. All the �n cups were analyzed

by combus�on at 900ºC in an EA-IRMS system. C and N for each sample was calculated

with Flash 1112 Elemental analyzer coupled to an isotope ra�o mass spectrometer



252

Adrià Bellvert

Delta C (ThermoFinnigan, ThermoFisher Scien�fic) at the Centres Cien�fics i

Tecnològics de la Universitat de Barcelona (www.ccit.ub.edu) in Barcelona, Spain. The

abundance of stable isotopes is expressed using the δ nota�on, where the rela�ve

varia�ons of stable isotope ra�os are expressed as per mil (‰) devia�ons from

predefined reference scales [atmospheric nitrogen for δ15N and Vienna Pee Dee

Belemnite (V-PDB) calcium carbonate for δ13C]. Isotopic reference materials were

analyzed with the samples. For nitrogen, several isotopic reference materials of

known 15N/14N ra�os were used to a precision of 0.3‰, and these were namely

(NH4)2SO4 (IAEAN1, δ15N=+0.4‰, and IAEAN2, δ15N =+20.3 ‰), L-glutamic acid

(USGS40, δ15N = -4.5 ‰), and KNO3 (IAEANO3, δ15N = +4.7 ‰) and caffeine (IAEA

600, δ15N = +1.1 ‰. For carbon, secondary isotopic reference materials of known

13C/13C ra�os were used to a precision of 0.2 ‰, and these were namely

polyethylene (IAEACH7, δ13C = −32.15‰), sucrose (IAEA CH6, δ13C =−10.4‰), L-

glutamic acid (USGS40, δ13C = −26.4‰), and caffeine (IAEA600, δ13C = −27.77‰).

These isotopic reference materials were used to recalibrate the system once every 15

samples and were analyzed to compensate any dri� over �me. The raw data were

recalculated, by means a linear regression between theore�cal and experimental

values of the isotopic reference materials analyzed with the samples.

Whenever possible we selected 5 males and 5 females of each species-island from

two different locali�es for the subsequent analysis. However, due to the scarcity of

samples in some of the popula�ons (e.g. D. calderensis from La Gomera or D. silva�ca

from El Hierro), some groups were represented by less than 10 specimens or from

single locali�es. Species isotopic niche width was quan�fied using Bayesian standard

ellipses (SEAb) calculated for each species-island. The SEAb area value was calculated

with Bayesian inference and account for 95% of variability in posterior distribu�on

with the func�on siberEllipses from the package “SIBER” (Jackson et al. 2011) in the

sta�s�cal environment R (R Core Team 2022). Bayesian ellipse area’s were visualized
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using the func�on siberDensityPlot. To es�mate if species clades present in low

compe��on islands have significantly different (higher) trophic areas than their

counterparts in the high compe��ve environments, we compared the posterior

distribu�on of the two different groups. The number and codes of the specimens used

for the trophic analyses are listed in the Supplementary Table S3.

Morphospace

We have shown in previous studies that different integrated phenotypic structures

of the cheliceral morphology of Dysdera spiders from the Canary Islands are related

with their trophic adapta�ons (Bellvert et al. 2022). Following Bellvert et al. (2022), we

used the dorsal and lateral view of the basal segment, and the lateral view of the fang

to explore varia�on in phenotypic disparity and in the direc�on of morphological

change between the different species-island groups. In brief, we took high-resolu�on

photographs of different views for of all the specimens with a LEICA DFC 450 digital

camera a�ached to a LEICA MZ16A stereoscopic microscope using the so�ware Leica

Applica�on So�ware (LAS) v.4.4 (Leica Microsystems Ltd, Switzerland). We quan�fied

morphological varia�on using landmark-based geometric morphometrics (Bookstein

1991; James Rohlf and Marcus 1993; Adams et al. 2004; Zelditch et al. 2004;

Mi�eroecker and Gunz 2009). Whenever possible, we digi�zed the le� chelicera for

five females and five males of each species. In case of damaged or missing le�

structures, we assumed symmetry in the ver�cal plane and the right side was imaged

and mirrored. Photographs for each view of the chelicera were compiled using the

so�ware TpsU�l (Rohlf 2015) and landmarks and semilandmarks were digi�zed using

TpsDig2 (Rohlf 2017). Specifically, we considered 14 landmarks on the dorsal view of

the basal chelicera segment; four fixed landmarks and 20 sliding semilandmarks on

the lateral view; and three fixed landmarks and 10 semilandmarks on the lateral view

of the fang (for more informa�on of the landmarks posi�on see Bellvert et al. 2022).

All three landmark configura�ons were subjected to generalized Procrustes
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analysis (GPA) to remove non-shape varia�on related to loca�on, rota�on and scale

(Gower 1975; Rohlf and Slice 1990) with the gpagen func�on implemented in the R

package “geomorph” (Adams et al. 2021; Baken et al. 2021). Following previous

studies focused on the Dysdera spider chelicera (Bellvert et al. 2022), we combined all

three different datasets in a single landmark configura�on that will func�on as a two-

dimensional approxima�on from a three-dimensional structure (Bellvert et al. 2022)

with the func�on combine.subsets. To test the increase or decrease in morphological

disparity between popula�ons of the same species inhabi�ng different islands, we

used the func�on morphol.disparity with 999 itera�ons and the func�on dataEllipse

from the “car” package to visualize levels of intraspecific varia�on. Addi�onally, to test

whether the magnitude and direc�on of phenotypic change between popula�ons

inhabi�ng different islands differed across species, we used a Phenotypic Trajectory

Analysis (Adams and Collyer 2009) as implemented in the func�on trajectory.analysis

from the “RRPP” package (Collyer and Adams 2018, 2021) which allows to calculate

themagnitude and direc�on of change in phenotypic space (Adams and Collyer 2009).

As this method can only quan�fy change between two evolu�onary levels, we used D.

silva�ca for two different comparison, one involving specimens from La Gomera and

La Palma, and a second one involving specimens from La Gomera and El Hierro. The

number and codes of the specimens used for the morphological analyses are listed in

Supplementary_Table_S4.

Geographic range

Species and environmental data

To inves�gate sources of environmental varia�on across species-island

distribu�onal ranges, we used a model-based es�ma�on of the poten�al distribu�on

of each species-island by means of species distribu�on modelling (SDM). For the

species occurrence data, we included all the locali�es with species presence gathered

during field collec�ons, removing repeated or missing coordinates for each species.
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We obtained the environmental data from Pa�ño et al. (in prep). For this study, we

selected the 3 predictors that, based on former knowledge, we consider might have a

higher impact on the poten�al species distribu�on: the highest temperature of any

month, to control of the poten�al effect of aridity; the accumulated precipita�on over

a year, to take into account humid areas; and eleva�on, which is known to influence

both temperature and vegeta�on on steep islands. Names and coordinates of each

species locali�es used for the subsequent analyses are listed in Supplementary_

Table_S5.

Model based analysis

To perform the SDM we used Generalized Addi�ve Models (GAM) (Has�e and

Tibshirani 1986) with presence-background data using 5000 random points for each

species-island model. We conducted the analysis with the gam func�on from the

“gam” R package (Has�e 2022). Then, we calculated the differences in overlap

between the different species-islands pairs, i.e. D. silva�ca and D. gomerensis from La

Gomera and El Hierro, and D. silva�ca and D. calderensis from La Gomera and La

Palma. We used the “D” similarity sta�s�cs (Warren et al. 2008) with the nicheOverlap

func�on from the “dismo” package (Hijmans et al. 2022). This sta�s�c ranges from 0

(no overlap) to 1 (iden�cal distribu�on) computed from the predic�on of the species

distribu�on. We designed these comparisons to test for differences in the degree of

overlap between pairs of species found in different islands, as indica�on that species

environmental preferences may differ depending on the island where they are

present. However, these sta�s�cs do not reveal if species increase or decrease their

distribu�on range, but simply the shared space in their poten�al distribu�on. To

detect the impact on the distribu�on range of the target species when colonizing a

more depauperate island, we applied a threshold of 0.05 in the poten�al distribu�on

for each species-island and transformed the map generated from this poten�al

distribu�on to a binary state of presence (values higher than 0.05) or absence (values
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lower than 0.05). Then, we calculated the percentage of occupancy of each species in

each island to detect the poten�al increase or decrease in their distribu�onal area.

We are well aware that a threshold of 0.05 largely overes�mates the actual

distribu�on of the species resul�ng in a highly unlikely species distribu�on. However,

because the low number of locali�es and the high number of randomly distributed

background points, we are certainly underes�ma�ng the poten�al distribu�on of the

species that, using higher thresholds would translate into an extremely conserva�ve

occupancy of the species in the archipelago. Furthermore, as the main point of the

analysis was not to understand the distribu�on of the Dysdera species, but to detect

varia�on in their habitat range across islands, a consistent bias applied to all species

should not have an impact on the conclusions of our study. As the randomly

distributed background points may slightly affect the species poten�al distribu�on,

we repeated those analysis 1000 �mes to calculate the devia�on present due this

randomness. To test for significant difference in the overlaps and the percentage of

range occupied by one species in different islands, we performed a Student’s t-test

with the devia�on obtained from the 1000 poten�al distribu�on permuta�ons.

Finally, we calculated the percentage of environmental range used by each species

compared to the island that they inhabit. The logic behind this was to exclude that the

increase in spa�al range was being explained by the increase of more suitable

condi�ons in the colonized island. For example, if a specific species adapted to certain

residual clima�c condi�ons in the original island, colonize a new island were the

condi�ons that it is adapted represents the majority of the clima�c condi�ons of this

new island, the increase in spa�al range could be explained because themore suitable

condi�ons for this specific species has also increased, and not because the expansion

of its niche. The clima�c values were obtained from each locality where the species

was present. For the island clima�c range, we used 50000 randomly distributed

background points to cover all the island surface and took the environmental value for
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each predictor from each point. We transformed our data with the scale func�on and

build a three-dimensional convex hull using the values of all locali�es for each specie-

island/island with the func�on cxhull from the “cxhull” package (Laurent 2022). Then,

we calculated the volume for all the different analyzed groups and islands and

performed a z-test to compare the propor�ons of clima�c volume used by each

species in rela�on to the island that they inhabit. We used the func�on prop.test to

detect differences in the propor�on of clima�c range used by the species in the

different islands.

Results

Island sampling effort and number and �ming of coloniza�ons

The sample completeness curves (Fig. 2) obtained from the rarefac�on of the

species, es�mated with a 95% confidence that the extrapolated number of species

was 11.486 ± 3.129, 5 ± 1.084 and 3 for La Gomera, El Hierro and La Palma,

respec�vely. The es�mates confirm that the larger number of species in La Gomera

Figure 2. Sample-size-based rarefac�on (solid line) and extrapola�on (do�ed line) sampling curves with 95% confident

intervals for the Dysdera species richness in the three analysed islands.
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Figure 3. Bayesian mul�-coalescent maximum clade credibility species tree. Terminals with numbers correspond to

independent holotypes networks iden�fied by sta�s�cal parsimony (TCS, see supplementary Fig. S2). Clades are colored

according to species and island popula�ons. Bars on nodes denote 95% HPD confidence intervals. Numbers on branches

indicate the es�mated median age of the corresponding most recent common ancestor (MRCA). Dots on nodes indicate

support levels: black=posterior probability (PP) above 0.95, grey= PP above 0.9, white= PP below 0.9. X-axes �me millions of

years from the present (Mya: million years ago).
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compared to the other islands is not an ar�fact due to differen�al sampling effort.

We obtained 129679 bp long DNA barcodes, which corresponded to 98 dis�nct

haplotypes. Maximum likelihood analysis supported monophyly of the three species

and their respec�ve island popula�ons, except for D. calderensis whose internal

rela�onships were unsupported (Fig. S1). Within D. silva�ca, the haplotypes from La

Gomera and El Hierro were recovered as monophyle�c. The mPTP and the TCS

delimita�on methods yielded 8 and 13 clusters, respec�vely (Table S2, Fig. S1). In all

cases clusters were compa�ble between methods, differences were due to mPTP

clusters being further split by TCS. All clusters were formed by popula�ons of single

islands and single species. Uncorrected gene�c distances of the TCS clusters are

summarised in Table S2. The largest within islands intraspecific divergences within

islands were found in D. calderensis (4% in both La Palma and La Gomera) and D.

gomerensis (5% and 3.6% on La Gomera and El Hierro, respec�vely), while the lowest

divergence between island popula�ons was found in D. silva�ca (0.8%, 2.5% and 1.5%

in La Gomera, La Palma and El Hierro respec�vely). A similar pa�ern was observed in

the es�mated divergence �mes (Fig. 3). D. silva�ca and D. gomerensis earlier splits

occurred approximately 5 My ago, while D. claderensis was es�mated at 2.3 My ago.

However, the earliest split in D. silva�ca was between La Palma and the other

popula�ons at 5 My (8.8-1.6 My), while La Gomera and El Hierro split as early as 2.5

My ago (4.7-0.6 My), similar to the split of La Gomera and La Palma popula�ons of D.

calderensis (2.3 My ago, 3.9-1 My), while D. gomerensis from La Gomera and El Hierro

popula�ons split at 5.2 My (8.9-1.6 My). The �me-aware phylogene�c analyses

recovered the island popula�ons of D. calderensis as reciprocally monophyle�c albeit

with low support.

Species-island trophic breadth

The stable isotope values revealed that D. gomerensis from El Hierro has the higher

N value, whileD. silva�ca from La Gomera has the highest C value andD. silva�ca from
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La Palma the lowest C values (Fig. 4A). The Bayesian standard ellipse areas showed

differences in the trophic breadth between species colonizing different islands. D.

calderensis and D. gomerensis from La Gomera had the smallest ellipse area. All the

other species-island areas show similar values when compared between them. The

posterior distribu�on of the ellipses indicated that 98.45% of the area ofD. calderensis

from La Gomera was smaller than the one of the same species from La Palma (Fig. 4B).

The same pa�ern was observed when comparing D. gomerensis from La Gomera with

the popula�ons from El Hierro (98.22%, Fig. 4C). Interes�ngly, in D. silva�ca, the

posterior distribu�on of La Gomera popula�on was only 56.95% and 53.34% smaller

than the ones from El Hierro and La Palma, respec�vely (Fig. 4D).

Phenotypic disparity

Figure 4. A) Carbon and Nitrogen values for each species-island. Standard ellipses area for each species; B) D. calderensis, C)

D. gomerensis and D) D. silva�ca.
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The geometric morphometric analyses did not reveal significant varia�on in

morphological disparity between low and high compe��ve environments (Fig. 5A-C),

with the single excep�on of D. silva�ca from La Gomera, which showed a significant

decrease in disparity when compared with representa�ves from El Hierro (Fig. 5C,

Procrustes variance between D. silva�ca from La Gomera = 0.0049 and from El Hierro

= 0.0013, p-value = 0.0035). The other two species did not show any apparent

varia�on in intraspecific disparity when comparing Island popula�ons (Procrustes

variance between D. calderensis from La Gomera = 0.0043 and from La Palma =

0.0025, p-value = 0.134; and between D. gomerensis from La Gomera = 0 0.0025 and

from El Hierro = 0.0028, p-value = 0.714).

Figure 5. Phenotypic space of all specimens for the cheliceral subset combina�on. Phenotypic disparity between the high

compe��on islands and low compe��on islands in A) D. calderensis, B) D. gomerensis and C) D. silva�ca. D) Species

phenotypic trajectories between high compe��on islands (green circle) and the low compe��on islands (red circle).
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The trajectory analysis, however, revealed no significant differences between

species colonizing the same islands (Fig. 5D). D. silva�ca and D. calderensis showed

the same direc�on in their phenotypic trajectory when comparing their transi�on

between La Gomera and La Palma (angle = 92.25, p-value = 0.06), and the same

pa�ern was recovered when focusing on the phenotypic transi�on of D. silva�ca and

D. gomerensis from La Gomera to El Hierro (angle = 86.90, p-value = 0.07). It is worth

no�cing that despite the no significant differences observed in the angles between

trajectories, those angles are around 90º, which may seem different trajectories.

However, these high values may be related to the sample size used in this study.

Figure 6. A) Clima�c layers used for the clima�c and spa�al range analyses. B-H) Convex hulls between species-island group

and the island that they inhabit.
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Geographic range

When tes�ng for differences in the species clima�c niche range in rela�on with the

island niche availability based on the selected predictors (Fig. 6A), we observed that

none of the species showed significant varia�on in the propor�on of occupied space

following coloniza�on of low-compe��on islands (D. calderensis p-value = 0.18, D.

gomerensis p-value = 0.56, D. silva�ca in La Palma p-value 0.13, Fig. 6B-G). The only

excep�on was D. silva�ca, which significantly reduced its occupancy in El Hierro

compared to La Gomera (p-value = 0.01862, Fig. 6H).

The niche overlap analysis between the different species pairs that share island

distribu�ons revealed a significa�ve overlap reduc�on in islands with low compe��on

(niche overlap between D. silva�ca/D. calderensis in La Gomera = 0.88±0.02 and in La

Palma = 0.75±0.03, p-value << 0.01, and D.silva�ca/D. gomerensis in La Gomera =

0.95±0.01 and in El Hierro = 0.87±0.01, P-value << 0.01, Fig. 7A). The spa�al range for

each species-island inferred with the GAM model poten�al distribu�on differed

Figure 7. A) Overlap between all the species pairs that share different islands (highly and low compe��on). Percentage of

island occupancy between highly and low compe��on areas for each species; B) D. calderensis, C) D. gomerensis, D) D.

silva�ca.
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across species. For D.silva�ca, the percentage of spa�al range in La Gomera was

significantly larger (p-value << 0.01) than in the two islands with lower compe��on

(20.6% sd = 1.09%, 11.3% sd = 1.04%, 9.3% sd = 1.24%, for La Gomera, La Palma and

El Hierro, respec�vely (Fig. 7D). Conversely, the other species shown an opposite

trend, the percentage of island occupied was larger in the lower compe��on islands,

for both for D. calderensis (La Gomera = 9.72% sd = 0.73% and La Palma = 23.7% sd =

1.38%, p-value << 0.01, Fig. 7B) and forD. gomerensis (La Gomera = 40.53% sd = 1.28%

and El Hierro = 50.93% sd = 1.73%, p-value << 0.01, Fig. 7C).

Discussion

In this study, we addressed two key ques�ons for elucida�ng the interplay between

ecological release and specializa�on. Do species experience ecological release when

colonizing new environments with lower compe��on levels? And, if so, is the

response affected by different species-specific eco-morphologies? Here, we have

adopted a defini�on of ecological release as a niche expansion or shi� induced by a

reduc�on or removal of interspecific interac�ons (Herrmann et al. 2021). The classical

theory of island biogeography predicts that island popula�ons will have broader

niches than their con�nental counterparts (MacArthur and Wilson 1967), as a result

of ecological release. Here we have compared pa�erns across oceanic islands, where

our experimental se�ng involves older islands with more species and younger islands

with less species, which parallels the tradi�onal con�nent-island comparison.

Furthermore, our study involved mul�ple comparisons across closely related species

with contras�ng dietary preferences —i.e. generalists versus specialists— which

enables us to determine the impact of alterna�ve ecological strategies on the degree

and direc�on of ecological release. While most studies of ecological release are based

on the analysis of single ecological or eco-phenotypic traits (e.g. Cox and Ricklefs

2006; Buckley and Jetz 2007; Bolnick et al. 2010; Andrades et al. 2019), here we have

integrated different methodologies to analyse different aspects of the species’ niche,
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namely those captured by the phenotype, diet, habitat and distribu�on range. This

way, we have been able to not only test the effect of ecological opportunity on species

with contras�ng dietary preferences, but to also provide insights into how and

through what mechanisms these species expanded their niches.

The results obtained from gene�c analyses indicate that species colonised each

island once. Although island popula�ons of each species were reciprocally

monophyle�c, hampering the inference of the direc�on of coloniza�on, indirect

evidence supports a scenario of coloniza�on from older to younger islands (i.e., from

high compe��on to low compe��on islands). First, both D. calderensis and D. silva�ca

had their sister groups in the older island, La Gomera (Arnedo et al. 2007).

Furthermore, although the sister group of D. gomerensis remains uncertain, the

es�mated divergence �me between the island clades predates the emergence of the

younger island, El Hierro. Moreover, the �me of coloniza�on overlaps across species,

sugges�ng that the observed differences in ecological features are neither the result

of mul�ple colonisa�ons nor of the �me since coloniza�on.

The use of stable isotope analysis to es�mate the trophic niche width of the species

has been proven a useful technique compared to other conven�onal methods

(Bearhop et al. 2004; Fink et al. 2012). The comparison of trophic breadth, inferred

from the stable isotope data analysed, revealed that, contrary to our expecta�ons,

both studied specialist species underwent a significant expansion of their niche a�er

colonizing low compe��on islands (Fig. 4B-C). By contrast, the generalist species did

not exhibit any significant changes in niche breadth, regardless of the island (Fig. 4D).

Since an increase in SEAb has been linked to ecological release processes in species

facing new ecological opportuni�es (Andrades et al. 2019), our results suggest that

specialist species are more prone to undergo ecological release than generalists, at

least in red devil spiders. However, some cau�on is needed in this interpreta�on, as

our results could have been influenced by sampling biases. It has been shown that
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sample sizes below 10 individuals can result in an underes�ma�on of the popula�on

niche size (Cucherousset et al. 2020). However, the results obtained with the

comparison with species with low sample size (e.g. D. calderensis), mirrored those

obtained with the ones in which we had a proper representa�on (e.g. D. gomerensis)

. For this reason, it seems unlikely that the low sampling available for some species has

driven the observed pa�erns.

The cheliceral morphology of Dysdera species has been linked to their trophic

niche (Řezáč et al. 2008, 2021; To� and Macías-Hernández 2017, 2021, Bellvert et al.

in press). Therefore, following the previous argument regarding the trophic niche, we

should expect that species colonizing new environments also undergo an increase in

the morphological disparity of their mouthparts. However, our results failed to detect

any significant varia�on, regardless of the species and island. This result do not negate

the importance of ecological release for other species’ evolu�onary processes (Des

Roches et al. 2011). Actually, an increase in morphological disparity is poorly

documented in ecological release scenarios (Schluter 2000), and it has been pointed

out that an increase in resource usage does not necessarily translate into an increase

of morphological variability (Bolnick et al. 2007; Costa et al. 2008), although

phenotypic traits that grant access to novel resources might be favoured by selec�on

(Bolnick et al. 2003). In all species analysed, when colonizing low compe��on islands,

we have seen that there is no significant difference in the phenotypic trajectory that

they show in the morphospace, showing that some selec�on could have been playing

a role in the phenotype change when colonizing these low compe��on islands.

However, the trajectory of change in the generalist species could be decep�ve, as the

morphospace occupied by the individuals on the low compe��on island do not

exceed the morphospace built by the individuals from La Gomera. Then, more than a

real change in the direc�on of the phenotypic space in D. silva�ca, what we can see is

the occupa�on of part of the original morphospace by a group with a reduced
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morphological disparity.

Interes�ngly, the two species with the most similar cheliceral morphology (D.

calderensis and D. gomerensis) yielded the lowest differences between all the species-

pairs of phenotypic direc�ons (angle = 70.96, p-value = 0.180). These similar

morphological trajectories taken by both specialist species may hint the existence of

an area in the morphospace that promoted the expansion of other axes of the

ecological niche studied here. Following the classifica�on of Bellvert et al. (in press),

the morphospace occupied by these two species in the low compe��ve islands

corresponded to a specialist cheliceral morphology. As currently defined, trophic

specialisa�on in red devil spiders mostly refers to a reduc�on in the different kinds of

prey they could feed on, mostly consis�ng of terrestrial isopods. Such specialisa�on is

generally accompanied by morphological changes in mouthparts and behaviour that

facilitate the capture andmanipula�on of isopods using different hun�ng strategies to

overcome their mechanic defenses (Řezáč et al. 2008). Addi�onally, specialist red devil

spiders show metabolic (To� and Macías-Hernández 2017) and gene�c adapta�ons

(Pekár et al. 2016) to feed on isopods. However, specialist red devil spiders from the

Canary Islands have been shown to also consume other types of arthropods, although

to a lesser degree (To� and Macías-Hernández 2017, 2021, Bellvert et al. in press). It

should also bear in mind that, because of their defences, terrestrial isopods are prey

rejected by most generalist predators (Pekár, Líznarová, & R�ezáč, 2016). Therefore, it

seems reasonable to conclude that species with specialized chelicerae morphologies

are not strict specialists in the sense of having narrowed their poten�al prey, but quite

the opposite, they have developed the ability to include in their diet prey discarded by

puta�ve compe�tors.

Compe��on plays an important role in species spa�al distribu�on. The absence or

reduc�on of interspecific interac�ons with other species in the same or similar

ecological guild may drive range expansion (Noon 1981). If this is the case, we should



268

Adrià Bellvert

expect larger overlap between the distribu�ons of species pairs in low compe��on

islands, due to an increase of their distribu�on ranges following coloniza�on of islands

with less congeneric species. Conversely, our data indicated a reduc�on in the overlap

of the generalist and specialist species in low compe��on islands (Fig. 7A). A possible

explana�on of this pa�ern lays in the impact of traits related to resource usage on the

ability of species to expand their ranges (Betzholtz et al. 2013). In this regard, we did

observe that specialist species tend to increase their poten�al distribu�on when

colonizing low compe��on islands, while the generalist species reduced its spa�al

range under the same condi�ons. Moreover, the reduc�on of the generalist does not

only involve the percentage of occupied area, but also the clima�c range used, at least

in one of the low compe��on islands (Fig. 6H). These results are in conflict with the

general assump�on that a generalist diet would favour range expansion following

environmental or habitat shi�s (Warren et al. 2001; Pöyry et al. 2009; Betzholtz et al.

2013), by relaxing dietary constrains and facilita�ng access to more resources.

Nevertheless, the former studies that provide evidence for the rela�onships between

generalist strategies and range expansion, focused on the effects of diet breadth in a

scenario of clima�c change. Situa�ons in which the ecological environment remains

similar and the differences only involve the levels of interspecific compe��on, as the

one here studied, may result in different outputs.

Our specialist species underwent a significant increase in their trophic breadth and

distribu�on range following coloniza�on of a low compe��on island. The expansion

of trophic breadth in these two species could be indica�ve of an evolu�onary

transi�on frommore specialized strategies to amore generalist prey preference. Shi�s

in trophic preferences as a result of ecological opportuni�es are well-documented in

the literature (Quevedo et al. 2009; Evangelista et al. 2014). On the other hand, the

generalist species, D. silva�ca, did not seem to experience an increase in neither niche

breadth nor geographic range. In fact, at least in one case, the generalist species
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decreased its phenotypic variability and clima�c range when colonizing a low

compe��on island. This may be indica�ve that specializa�on in the Dysdera spider

genus could be a key innova�on that influence the increase of their niches a�er

colonizing new depauperate environments in front of other generalist species which

can not take advantage of the new resources present in the island. Increasing the

trophic breadth by including prey discarded by other predators would actually benefit

so-called specialist red devils to exploit addi�onal resources in novel environments,

facilita�ng ecological release in these species compared to generalist ones. More data

on prey availability across islands and habitats and the evalua�on of consumed prey

in the field, maybe by means of molecular prey detec�on techniques, will be required

to test this possibility.

The short-term effects of ecological release are much be�er understood than the

long-term impact that this process may have on species diversifica�on (Yoder et al.

2010). Here we have demonstrated that for specialized Dysdera spiders, new

ecological opportuni�es arising from the coloniza�on of younger islands with lower

numbers of congeneric species have translated into an expansion of the ancestral

ecological niche. Shi�s in the ecological niche have been associated with the early

stages of species diversifica�on (Schluter 2000; Stroud and Losos 2016). However,

although ecological opportuni�es can play a key role in specia�on (Nosil et al. 2005;

Schluter 2009), there is no evidence that ecological release promoted diversifica�on

of the red devil Dysdera spiders in the Canary Islands. An increase in intraspecific trait

varia�on does not necessarily promote the forma�on of new species (Bolnick et al.

2007). Some lineages may simply respond to new ecological opportuni�es by

becoming superabundant generalists rather than diversifying (Yoder et al. 2010). The

deep phylogeographic structure observed between the island popula�ons of the

species analysed in the present study points towards a lineage divergence driven by

geographic isola�on and �me since coloniza�on, which will be framed as a classic
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model of allopatric specia�on (Mayr 1942; Coyne and Orr 2004; Yoder et al. 2010),

rather than a case of ecological specia�on. The transi�on to a broader niche of the

colonizing specialist species could be playing an important role in the ini�al stages of

divergence by ensuring higher rates of survival for those new island lineages (Dennis

et al. 2011), which would eventually, if gene�c isola�on persists, become different

species from their high compe��on island ancestral species.

Conclusions

By taking advantage of the experimental condi�ons provided by the mul�ple,

independent colonisa�on events of low compe��on islands by species of red devil

Dysdera spiders with different dietary preferences, we provide novel insights into the

effect of ecological opportuni�es in species evolu�on and diversifica�on. We have

shown that different morphologies related to trophic specializa�on, play an important

role in predic�ng the species' ability to increase their ecological niche following the

coloniza�on of environments with lower levels of congeneric species.

Counterintui�vely, ecological release as measured using different aspects of the

ecological niche, namely morphology, isotopic signal, and environmental preferences,

was evident in specialist but not generalist species. Their ability to feed on isopods, a

prey usually rejected by most predators, in addi�on to other arthropods, may have

been instrumental to increase their ecological niche when compared to generalist

species. Addi�onally, our results highlight the need to integrate different

approxima�ons to characterize the ecological niche, since the increase of varia�on

associated with ecological release may not be equally evident in different sets of

traits. Specifically, we could not detect an increase in morphological varia�on

between popula�ons of the same species inhabi�ng high and low compe��on islands,

but differences were evident when looking at the isotopic signal and the

environmental preferences. Our results offer novel insights into the role of ecological

release processes in promo�ng adap�ve radia�ons in oceanic islands.
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General discussion

This thesis has mainly focused on answering if the diversifica�on of the

Dysdera spider species in the Canary Islands cons�tute a case of adap�ve

radia�on, how these species have diversified, and which ecological responses

had derived from these diversifica�on. For this goal, we have employed

numerous methods, each targe�ng dis�nct aspects of the evolu�onary

dynamics within this species group. Addi�onally, we have developed a

framework that can guide future evolu�onary or ecomorphological

inves�ga�ons in non-model groups. Our research encompasses several key

aspects, ranging from determining the number of species present in our study

system to iden�fying the essen�al characteris�cs that drive the evolu�on of our

selected species. We also explore the adapta�on to diverse ecological regimes

and the resul�ng evolu�onary implica�ons. Through this work, we have

contributed valuable insights into the intricate nature of studying species

evolu�on, which is o�en far from straigh�orward. In the following sec�ons, we

discuss the main topics covered and results obtained in each chapter.

How many Dysdera species are in the Canary Islands?

A lot of work has been done to describe the Canarian Dysdera fauna over the

years (see Wunderlich 1987; Arnedo and Ribera 1999a; Arnedo and Ribera

1999b; Arnedo and Ribera 1999c; Arnedo et al. 2001; Arnedo et al. 2007;

Macías-Hernández et al. 2010). However, overlooked species is a common

phenomenon when using only morphological characters for species

delimita�on. While Dysdera species exhibit dis�nct phenotypic characteris�cs

that set them apart, such as varia�ons in cheliceral morphologies, leg spina�on,

and unique carapace shapes, it is worth no�ng that some of these traits are not

exclusive to a par�cular species and are shared with distantly related ones. This
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situa�on could poten�ally result in misiden�fica�ons, leading to an underes�ma�on

of the actual diversity of Dysdera species in the Canary Islands. The taxonomic revision

presented here offers an integra�ve approach that combines both morphological

informa�on and molecular data. This approach aids in determining the dis�nc�on

between two separate species, thereby reducing the probability of overlooking

species due to cryp�c morphological differences or misiden�fica�ons. A similar

integra�ve taxonomic revision conducted in the Eastern islands of Lanzarote and

Fuerteventura has already demonstrated the effec�veness of this method (Macías-

Hernández et al. 2010), where despite the low species richness compared to other

islands in the archipelago (Lanzarote N = 5, Fuerteventura N = 5), with the use of DNA

sequence data together with morphological, distribu�onal and ecological

informa�on, two new previously overlooked species were described.

With the present work, we have increase up to 57 the number of Dysdera spiders

in the Canary Islands with 10 newly described species. This reflects once again the

drama�c diversifica�on of this group in the islands as it represents a 20% of the total

diversity of this genus, although only occupies a 0.1% of its geographic distribu�on

(Arnedo et al. 2001). It is true that the efforts put on characterizing the Dysdera

diversity in the Canary Islands has been much greater than in the con�nental regions,

where a bigger number of species may remain uncovered. However, this difference in

species richness between the Canary Islands and other regions had been already

no�ced, and although every year more species are described outside the archipelago,

it seems unlikely that the trend would change in the near future.

Is it possible that in future research new species will be described in the Canary

Islands, and the total species richness will be increased. However, a�er more than 20

years of con�nuous samplings in the islands and a mul�tude of works describing the

Dysdera diversity in the archipelago, these new fundings will rarely affect the possible

evolu�onary conclusions obtained with the actual species richness.
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Which phenotypes are related to which ecological pressures?

Many studies have focused on inves�ga�ng the adap�ve radia�on of specific

groups by examining the phenotypic characteris�cs of species, aiming to establish the

ecological rela�onships that drive their diversifica�on. However, when it comes to

non-model organisms, establishing a clear link between phenotype and ecology is not

straigh�orward. Furthermore, phenotypes can undergo changes not solely due to

direct ecological pressures, but also because organisms are composed of

interconnected traits that are not independent of each other. Consequently, the

phenotypic varia�on resul�ng from natural selec�on ac�ng on one specific trait can

affect other traits that are not directly associated with the same ecological

performance. These modifica�ons occur as a consequence of the integra�on of

various characters that cons�tute the overall body plan of the species. Arthropods,

like spiders, offer an ideal study model to confront these problema�cs, as their

segmented body offers more independent integra�on between dis�nct phenotypes.

Through our research, we have discovered a significant level of integra�on among

various morphological traits associated with similar structures. With the selec�on of

different species with previous knowledge of being related to different ecological

pressures, we have been able to prove that differentmodules of the spider body parts,

have evolved independently from each other adap�ng to different ecological

requirements. Addi�onally, we have provided valuable guidance for future studies

interested in unravelling the spider's adapta�on to different aspects of their niche.

This guidance can assist researchers in determining the most appropriate approach

for analysing the phenotype when inves�ga�ng environmental, trophic, or

evolu�onary ques�ons related to these organisms.

Understanding which traits or phenotypic characteris�cs are influenced by specific

ecological pressures is a crucial aspect of evolu�onary studies. It has been observed

that various components of the ecological niche of species in evolu�onary radia�ons
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can be influenced by selec�on, depending on the stage of diversifica�on. Ini�ally,

there is o�en ecological segrega�on along macro-habitat axes, followed by

subsequent trophic differen�a�on (Streelman & Danley 2003; Ronco & Salzburger

2021). Understanding these species' evolu�onary processes requires iden�fying the

specific phenotypes that should be the focus of study. This knowledge is essen�al for

gaining insight into these intricate evolu�onary dynamics.

Is the diversifica�on of Dysdera in the Canary Islands a case of adap�ve radia�on?

We have characterized for the first �me cheliceral morphotypes using geometric

morphometrics and experimentally demonstrate their associa�on to different levels

of diet specialisa�on (oniscophagy). The existence of different cheliceral morphotypes

was first iden�fied in con�nental Dysdera species, using data on the length of the

basal segment and the fang rela�ve to carapace length, along with qualita�ve

observa�ons (Řezáč et al. 2008). The same morphotypes were subsequently reported

in Canarian Dysdera, in that case by combining several linear measurements of the

chelicera (Řezáč et al. 2021). The finer GM data and more sophis�cated sta�s�cal

analyses used here allowed us to delimit nine different cheliceral morphotypes in the

Canary Islands, some of which greatly overlapped, but not fully matched, the

previously defined morphotypes. Morphotypes A, D and E iden�fied here mostly

corresponded with the “unmodified” morphotype of previous studies, morphotype B

and H to “elongated”, morphotype F to “fla�ened” and morphotype G to “concave”.

By contrast the morphotypes C and I were iden�fied here for the first �me.

Interes�ngly, the different cheliceral morphotypes had been experimentally linked to

specific strategies of prey capture (Řezáč et al. 2008, 2021). One of these strategies,

“dagger” was reported only in one species, D. levipes, which our analysis assigned to

its own dis�nct cheliceral morphotype, C. On the other hand, the cheliceral

morphotype I, which had not been reported before in the Canaries, closely resembles

the “very elongated” morphotype described in con�nental species (Řezáč et al. 2008).
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On the other hand, the morphotype D was found to be synapomorphic for the clade

of endemic species that inhabits the eastern Canary Islands, which reveals the

phylogene�c conserva�on of this trait in this group. In this case, some kind of

environmental filtering may be playing an evolu�onary constraint preven�ng the

evolu�on or surviving of species with a more specialist chelicera.

Contrary to former sugges�ons (Řezáč et al. 2021), our results support that

morphotype A was the ancestral state for Canarian Dysdera, and hence the ancestral

coloniser was most likely a generalist species. The results of the former study,

however, were compromised by the fragmentary evidence, including the use of linear

measurements to quan�fy chelicera shape, sparse data (n=1 for many species) and

the use of an outdated phylogeny. The more updated phylogeny and the use of

geometric morphometrics that allows to capture shape varia�on at a finer scale, has

most likely contributed to these dissonant results. The inference of a generalist

ancestor in the Canarian Dysdera, is well aligned with the observa�on that specialist

diets commonly evolved from generalist ones (To� 1995; Stephens & Wiens 2003;

Reynolds et al. 2016; Naik et al. 2021). Moreover, generalists are usually considered

be�er colonizers, as they are able tomore easily secure sufficient resources (Ebenhard

1991).

We have proven that some of these cheliceral morphotypes have evolved several

�mes independently during the diversifica�on of the Dysdera spiders in the Canary

Islands. This repeated evolu�on of similar phenotypes within a species clade, is a

common phenomenon among species adap�ve radia�ons (Schluter & Nagel 1995;

Losos et al. 1998, 2003; Rundle et al. 2000; Schluter 2000; Gavrilets & Losos 2009).

The rela�on that this phenotype has with the species trophic specializa�on as seen

here, shows the eco-phenotypic differences present in this group within species, and

the role that natural selec�on has played providing similar outcomes to similar

ecological pressures.
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As stated above, few common aspects define adap�ve radia�ons. However, the

diversifica�on from a common ancestor of eco-phenotypic different species is the

hallmark of this process. It was previously shown that the coloniza�on of the Dysdera

species in the Canary Islands was performed most likely by a single event, with the

excep�on of one species (Adrián-Serrano et al. 2020), and with the results presented

here, we have seen that the endemic species show eco-phenotypic differences

between them, suppor�ng the hypothesis of an adap�ve radia�on process in the

diversifica�on of the Dysdera species in the Canary Islands.

The pa�erns of diversifica�on

A species clade affected under an adap�ve radia�on process, has been historically

seen as a sudden “explosive” diversifica�on of species a�er the original colonizer

reach an area that offers unexploited ecological opportuni�es. We have seen with the

linage throw �me plot (LTT), that the diversifica�on of the Dysdera species from the

Canary Islands, show a higher diversifica�on rate in their ini�al stages. This can be

seen with the typical hump-shaped pa�ern in the LTT, which has been supported by

the γ sta�s�c poin�ng to an early increase in lineages with a posterior slowdown and

stabiliza�on. This adds support to the adap�ve radia�on process presented by the

eco-phenotypic diversifica�on of these species. This pa�ern has been explained as a

species colonizing new environments with unexploited ecological opportuni�es,

which once they become filled slow down the opportuni�es to diversify, decreasing

the forma�on of new species in more recent stages (Schluter 2000; Gavrilets & Vose

2005). The occupa�on of these new niches may carry ecological adapta�ons to take

advantages of those new opportuni�es, something that could explain how eco-

phenotypically divers the Dysdera spiders are in the Canary Islands.

The process of diversifica�on

The previous sec�on has shown that species diversify under a pa�ern expected in

an adap�ve radia�on, however, does not give an explana�on about the process that
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these species have gone through. The factors that could give rise to an extreme

diversifica�on in the early stages of a species radia�on and how it is carried out can

differ substan�ally.

We have seen that the diversifica�on rates during the evolu�on of Dysdera in the

Canary Islands, are influenced by the cheliceral morphologies presented by these

species, with most of the cheliceral types related to a higher trophic specializa�on

increasing these rates. This confronts several cases of evolu�onary specializa�on that

leads species to evolu�onary dead-ends (Vamosi et al. 2014). It is true that

specializa�on in the Canarian Dysdera species has shown an irreversibility from more

generalist morphotypes, which is one of the characteris�cs of evolu�onary dead-

ends. However, the higher diversifica�on rates in specialist species suggest that

specializa�on may actually cons�tute a key innova�on, where new phenotypes allow

species in a given group to radiate, rather than to an evolu�onary dead end.

The only excep�on to this trend has been seen with one specific cheliceral

morphology. Spider Dysdera species has recurrently evolved a fla�ened fang, that has

been reported to overcome isopod’s mechanis�c defence by introducing one of these

fangs between their dorsal sclerites (Řezáč et al. 2008). In the Canary Islands, these

morphotype has evolved independently two different �mes, with a third case in the

archipelago that has not been analysed due to the lack of specimens (D. hernandezi

Arnedo & Ribera, 1999). Our analyses indicates that this cheliceral morphology

presents lower diversifica�on rates compared to other specialist species. This,

together with the irreversibility in trophic specialized morphologies, will suggest that

the fla�ened fang phenotype could be a case of evolu�onary dead-end inside Dysdera

species. In fact, this type of chelicera has evolved several �mes also in con�nental

species, but usually in single species.

While it has been seen that the cheliceral morphology has an impact on the

diversifica�on of the Dysdera species, it is important to recognize that evolu�on is a
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mul�factorial process, and other factors may also play a role in the diversifica�on of

these species. Our analyses have shown that the chelicera morphology is not themain

driving force in their diversifica�on. In the Dysdera species from the Canary Islands we

found two different factors affec�ng the diversifica�on of the group. On the one hand,

we have the cheliceral morphology which increase the diversifica�on of the species

that have evolved more specialized trophic strategies. on the other hand, we have a

general decreasing diversifica�on rate related with �me, which will slow down the

specia�on most likely as a result of the filling of all available niches in the islands. Is

this second factor that may have played a stronger role in the diversifica�on rates of

this species group.

Allopatric specia�on and the ecological opportunity

While we have discovered convergent evolu�on in the cheliceral morphology of

Canarian Dysdera species and have explored the primary driving forces that has led

their evolu�on, the ques�on of how these species ini�ally underwent specia�on

remains unanswered. In various cases of adap�ve radia�on processes, it has been

documented the independent evolu�on of similar morphologies originated due to

geographic isola�on from closely related species (Muschick et al., 2012). However,

given conflic�ng results from previous studies, it is crucial to test this hypothesis in any

evolu�onary research.

With the use of age-range correla�on methods, we have seen that the results

sta�s�cally point towards a non-significant sympatric specia�on. However, these

results are biased by the non-linearity of our data. Looking at the correla�on between

the species overlap and age since divergence, we can clearly see that there is an ini�al

increase in overlap with a posterior decrease in the most distant nodes. This pa�ern

can be explained by an allopatric specia�on with a posterior secondary contact, a

standard scenario in adap�ve radia�on processes (Aguilée et al. 2013).
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The coloniza�on of new islands can have a direct impact on the species ecology.

When a colonizer reaches a new environment with reduced compe��on or predatory

pressures compared to the original island, the new popula�ons may expand their

niche width to exploit the newly available ecological opportuni�es. This phenomenon

is referred to as ecological release. Through the examina�on of various Dysdera

species that have colonized new islands with reduced interspecific compe��on, we

have observed that the ability to undergo ecological release is highly influenced by

their cheliceral morphology. Species exhibi�ng trophic specializa�on show an

expansion of their trophic niche when colonizing low compe��on islands.

Addi�onally, both analysed specialist species exhibit a similar direc�onal change in

morphology, indica�ng that they are influenced by similar ecological pressures when

they colonize new environments. On the other hand, the generalist species does not

expand its trophic niche upon colonizing of low compe��on islands and tends to

reduce its spa�al range. Once again, this emphasizes the significance of cheliceral

morphology throughout the evolu�onary history of this group.

Concluding remarks and originality of the contribu�on

With the present thesis, we have demonstrated that the highly diverse Dysdera

spider genus in the Canary Islands is a case of adap�ve radia�on. The eco-phenotypic

differences presented by these species, which have independently evolved mul�ple

�mes during the group’s diversifica�on, align with the predic�ons for a group

undergoing this process. Furthermore, the early divergence of lineages followed by

subsequent stabiliza�on, though not a prerequisite for adap�ve radia�ons, lends

support to this hypothesis. We have sta�s�cally proven that the different cheliceral

morphologies found in this study are related to different trophic adapta�ons, and that

these have an impact on the group evolu�on which, although these seem not to be

the main driver, they have an effect in the diversifica�on rates of the group. In

addi�on, those different trophic adapta�ons seem to have a direct effect on the
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species ability to experience ecological release once they colonize new depauperate

environments with new ecological opportuni�es.

From a methodological perspec�ve, this thesis has also contributed to facilitate

future studies focused on spiders’ morphology. We have provided a pipeline

describing which phenotypical structures needs to be selected to analyse specific

morphologies related with different ecological pressures, which in non-model system

species is not always a straigh�orward link. In addi�on, with the combina�on of

different views of the same morphological structure, we have been able to analyse

3-dimensional objects from 2-dimensional morphometric data acquisi�on, avoiding

more �me and cost consuming methodologies to capture 3D data.

Studies examining species diversifica�on rates can face challenges due to the

mul�state nature of the character driving the specia�on process. Par�cularly, when

there are only a few representa�ves of certain states within the studied clade, it can

undermine the reliability of mul�state specia�on and ex�nc�onmodels. In this thesis,

we employed a binary combinatory approach from a mul�state character. This

method enabled us to examine the impact of species traits on diversifica�on rates,

even when certain states had limited representa�on within the clade (N = 1 or 2). By

employing this approach, future studies can avoid oversimplifying the selected traits

when inves�ga�ng species diversifica�on rates.

We have also provided a more integra�ve view when analysing the species

mul�dimensional niche taking into account different aspects that can play a major

role in their ecology (range, habitat, trophic breath and morphology). It has been

more than 70 years since Hutchinson defined the species ecological niche as this n

mul�-dimensional space (Hutchinson 1957). However, most studies focused on the

varia�on of species niche usually only take into account a single axis of this

mul�dimensional space (e.g. Cox and Ricklefs 2006; Buckley and Jetz 2007; Bolnick et

al. 2010; Andrades et al. 2019). By assessing how all these different aspects reacts
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during an ecological release process, we have been able to provide a be�er

understanding of the effects of colonizing lesser compe��ve depauperate

environments in the species ecology.

Future direc�ons

The Dysdera spider fauna of the Canary Islands has been studied for over 20 years.

Our findings have now led us to conclude that this group represents an intriguing case

of adap�ve radia�on within the islands, shedding light on the diversifica�on processes

that have shaped their evolu�onary history. Nonetheless, there is s�ll much work to

be done with these species, and further research is needed to fully comprehend their

complexi�es.

In this study, we have paid special a�en�on to the different levels of trophic

specializa�on presented by these species. We have conducted prey experiments and

stable isotope analyses to establish connec�ons between this specializa�on and their

cheliceral morphologies. However, further inves�ga�ons are required to directly

analyse the specific diets of each species in their natural habitats. Recent

advancements in metabarcoding analyses have shown promise in quan�fying gut

content in spiders (eg. Or�z et al. 2021; Sierra et al. 2021), and ongoing improvements

are addressing the challenges posed by arthropod species in such analyses

(Krehenwinkel et al. 2017; Lafage et al. 2020). What dis�nguishes the dietary

preferences between the two types of generalist species found in the archipelago,

which exhibit contras�ng cheliceral morphologies and inhabit different

environments? Do species with similar morphotypes display differences in diet when

they coexist in sympatry compared to when they reside in separate areas to mi�gate

compe��on? Do the various specialist species exhibit varying degrees of dietary

specializa�on based on their cheliceral morphology? Answering these ques�ons

necessitates the applica�on of metabarcoding techniques to analyze the gut content

of these species. While an ini�al study has provided an introductory explora�on of
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these methods with Dysdera species from the Canary Islands (Macías-Hernández et

al. 2018), further comprehensive research is warranted to unravel the trophic

adapta�ons and preferences that these species have evolved throughout their

evolu�onary history in the archipelago.

An addi�onal crucial factor influencing species' trophic specializa�on, which was

not discussed in this thesis, is the role of Dysdera's venom composi�on. As species

specialize and narrow their poten�al range of prey, a dis�nct set of adapta�ons

evolves to meet their ecological requirements, encompassing behavioral,

morphological, and physiological aspects. In spiders, it has been demonstrated that

venom composi�on coevolves with dietary adapta�ons in closely related taxa (Binford

2001; Pekár et al. 2018). Dysdera species exhibit a con�nuum of different degrees of

trophic specializa�on, primarily preying on isopods. This varia�on in diet may also

correlate with differences in their venom composi�on, raising the ques�on of

whether venom or morphology exerts a greater impact on their trophic niche. Further

inves�ga�on is required to ascertain the rela�ve importance of venom and

morphology in shaping their trophic adapta�ons.

Our research focused on the evolu�onary dynamics of Dysdera species in the

Canary Islands and the various factors that have influenced their adapta�on since

colonizing the archipelago. However, gaining a comprehensive understanding of their

complete evolu�on necessitates a thorough comprehension of the en�re ecosystem

in which they are embedded. Currently, our knowledge of arthropod species

distribu�on is generally limited, and the presence and evolu�on of Dysdera spiders

may be correlated with the existence of par�cular prey or predators. Standardized

protocols have been proposed to enhance our understanding of species richness in

studied areas, encompassing both arthropods in general (Duelli 2010) and spiders

specifically (Cardoso 2009). By improving our knowledge of the arthropod community,

we can effec�vely address specific inquiries regarding the role of interspecific
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interac�ons in the evolu�on of a species clade within an adap�ve radia�on process.

Finally, our study sheds light on the evolu�onary dynamics of Dysdera species in

the volcanic archipelago of the Canary Islands. However, it is important to note that

the coloniza�on of islands extends beyond the Canary Islands alone. These species

can also be found in other Macaronesia archipelagos, where they have undergone

remarkable diversifica�on processes in some of them (Crespo et al. 2020). Do they

undergo similar evolu�onary processes in a different archipelago? What factors

contribute to the extensive diversifica�on observed in some archipelagos compared

to others? How do island radia�ons differ from con�nental ones? These intriguing

ques�ons open avenues for future research with this group of spiders and offer

valuable insights into the evolu�onary history of species on our planet.

In summary, those are some examples of the future direc�ons that could be taken

to fully understand the evolu�on of a species group under an adap�ve radia�on

process, and there is a lot of work s�ll to be done. Nonetheless, the present work we

have provided a stepstone on the insight of how these species evolve and how this

evolu�on can be studied.
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Conclusions

1. Through the implementa�on of integra�ve taxonomy in this thesis, we have made significant

contribu�ons to our understanding of Dysdera species diversity in the Canary Islands. Specifically, we have

iden�fied and described 10 previously unknown species, thereby increasing the known species richness by

20%. As a result, the total species count within the genus Dysdera now stands at 321.

2. By integra�ng molecular and morphological delimita�ons, we have successfully addressed the

challenges associated with overlooked species in the genus Dysdera. Our approach has enabled us to

overcome the limita�ons posed by subtle or cryp�c morphological differences, as well as the tendency for

over-spli�ng o�en observed with certain molecular methods.

3. The body of Dysdera spiders consists of interconnected anatomical modules that are influenced by

different ecological pressures. By considering mul�ple phenotypic traits, we gain a more robust

understanding of the morphological diversity and ecological adapta�ons exhibited by these organisms.

4. We have sta�s�cally characterized cheliceral morphologies of Dysdera species for the first �me and

shown their associa�on with trophic specializa�on in preying on isopods.

5. Once the species evolved a specialist cheliceral morphotype, a transi�on back to the original state

appears unlikely, indica�ng the process was irreversibile within the archipelago.

6. A newly inferred phylogene�c hypothesis, based on mitogenomic data of Canarian endemics, suggests

that the ini�al colonizer o�he archipelago was likely a generalist species. Furthermore, mul�ple

independent occurrences of different cheliceral morphotypes during the group's diversifica�on, driven by

natural selec�on pressures, provide compelling evidence that the radia�on of Dysdera species aligns with

an adap�ve radia�on process.

7. The lineage accumula�on across �me and the γ-test presented in the present study both support an

early burst of species diversifica�on with a posterior slowdown in their specia�on, reinforcing the

hypothesis of adap�ve radia�on processes.

8. The diversifica�on rates observed in the Dysdera species of the Canary Islands were influenced by

specific cheliceral morphologies associated with varying levels of trophic specializa�on.

9. The specia�on in the islands primarily occurred through allopatric isola�on followed by secondary

sympatric contact, which is a common pa�ern observed in other adap�ve radia�on cases.

10. When Dysdera species colonize new depauperate environments from more compe��ve islands, they

undergo ecological release of their trophic niche. However, the extent to which they can expand their

ecological axes is heavily influenced by the cheliceral morphological type of the species.
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APPENDIX 1

Supplementary material for the manuscript:

Endless species most beau�ful: Using DNA barcodes to inform species

delimita�on in the red devil spiders (Araneae: Dysderidae) of the Canary

Islands, with descrip�on of ten new species

A. Bellvert, C. Arenas, A. Enguídanos, N. Macías-Hernández, M. Roca-Cusachs & M. A. Arnedo

This supplementary material includes 2 figures and 1 table.
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Figure S1 Neighbor-Joining tree build from the COI data matrix. Branch lengths correspond to the evolu�onary distances

computed using the Kimura 2-parameter model. All ambiguous posi�ons were removed for each sequence pair (pairwise

dele�on op�on).
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macra_DmacTN320
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guamet_DgaiGpk513

mahan_DmahLN65
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verneaui_Dver2TN209
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arabisenen_DaraCK20
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gomerensis_Dgom2GPK592
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bandamae_Dban1CK77
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macra_DmacTN309

calderensis_DcalXSGPK615
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brevisetae_DbrvTN276
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verneaui_Dver2TN217

verneaui_Dver2TN232
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ratonensis_DratPK412
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verneaui_Dver1TN235

gollumi_DgolTPK942

verneaui_Dver2TN160

arabisenen_DaraCPK951

verneaui_Dver2TN173

sanborondon_DsanFPK988

verneaui_Dver2TN225
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silvatica_DsilHPK121
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calderensis_DcalGPK515

verneaui_Dver2TN177

aniepa_DmacTTN238
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verneaui_Dver2TN260
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gomerensis_Dgom1GPK617

verneaui_Dver2TN157
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calderensis_DcalXSGPK1044

verneaui_Dver2TN237
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simbeque_DsimLPK917
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brevisetae_DbrvTN289
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verneaui_DverTTN205
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nesiotes_DnesLN78
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verneaui_Dver2TN215

brevisetae_DbrvTN323

verneaui_Dver1TN183

marmorata_DmarTIC3225

macra_DmacTN259

verneaui_Dver2TK127

nesiotes_DnesAN48
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calderensis_DcalGN358

calderensis_DcalPPK507

verneaui_Dver2TK84

calderensis_DcalPK103

verneaui_Dver1TN191

herii_DnspCG58
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guamet_DgaiGPK114

ramblae_DramGK14

guamet_DgaiGPK164

cribellata_DcriTPK930

verneaui_Dver2TN163

verneaui_Dver1TN179

macra_DmacATN293

curvisetae_DcurTPK937
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Adrià Bellvert

Figure S2 plot of the False posi�ves in blue and false nega�ves in red inferred by op�mising therhold values ranging from

0.001 to 0.15, in intervals of 0.005 increase. The op�mum threshold value es�mated by func�on localMinimum in Spider R

package was 0.028 K2P distance, with an error of 7%.
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Table S1 List of specimens sequenced or retrieved from Genbank in the present study.
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APPENDIX 2.1

Supplementary material for the manuscript:

The Vitruvian spider: segmen�ng and integra�ng over different body

parts to describe eco-phenotypic varia�on

Adrià Bellvert, Marcos Roca-Cusachs, Vanina Tonzo, Miquel A. Arnedo & An�goni Kaliontzopoulou

This supplementary material includes 1 table
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Table S1 Pairwise integra�on test between all pairs of views examined. The lower triangular matrix includes z-scores of the

PLS analysis for each combina�on and the upper part, corresponding p-values.

P-values

Q1 Q2 Q3 C1 C3 L11 L41 L14 L44

Z-
scor
es

Q1 0.001 0.001 0.001 0.005 0.001 0.001 0.001 0.001

Q2 0.848 0.001 0.001 0.472 0.001 0.037 0.001 0.001

Q3 0.766 0.749 0.001 0.001 0.001 0.001 0.001 0.001

C1 0.565 0.657 0.781 0.002 0.001 0.001 0.001 0.001

C3 0.385 0.224 0.497 0.416 0.014 0.001 0.002 0.001

L11 0.679 0.652 0.748 0.649 0.317 0.001 0.001 0.001

L41 0.573 0.348 0.571 0.661 0.473 0.801 0.001 0.001

L14 0.630 0.608 0.656 0.632 0.381 0.906 0.788 0.001

L44 0.568 0.455 0.535 0.773 0.428 0.814 0.876 0.836
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APPENDIX 2.2

Supplementary material for the manuscript:

The non-derelic�on in evolu�on: Trophic specialisa�on drives

convergence in the radia�on of red devil spiders (Araneae: Dysderidae)

in the Canary Islands

Adrià Bellvert, Silvia Adrian-Serrano, Nuria Macías-Hernández, Søren To�, An�goni Kaliontzopoulou &
Miquel A. Arnedo

This supplementary material includes 7 tables and 7 figures.
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Table S1 Summary of the fossil and biogeographic calibra�ons used in the present study, with informa�on on their

implementa�on.

CLADE FOSSIL MIN.AGE MAX.AGE ASSIGNABLE TO PRIOR
DISTRIBUTION

UPPER LOWER MEAN IN
REAL
SPACE

SD. OFFSET MEDIAN 97.5%
HPD

REFERENCE

Mesothelae Palaeothele
montceauensis
(Selden)

299 304 Mesothelae stem Uniform 450 299* Magalhaes
et al. 2020

Mygalomorphae Rosamygale
grauvogeli Selden
& Gall

242 247.2 Avicularioidea
stem

lognormal 80 0.5 242.0. 313 268-430 Magalhaes
et al. 2020

Synspermiata Eoplectreurys
gertschi Selden &
Huang

164 175.1 Synspermiata
stem

lognormal 70 0.5 165.0. 226 187-329 Magalhaes
et al. 2020

Synspermiata *Montsecarachne
amicorum Selden

125 129.4 Synspermiata
crown

lognormal 70 0.5 125.0. 187 148-290 Magalhaes
et al. 2020

Synspermiata *Burmorches9na
acuminata
Wunderlich

98.17 99.41 Oonopidae stem lognormal 30 0.5 98.17. 125 108-169 Magalhaes
et al. 2020

Synspermiata Priscalecrercera
paucispinae
Wunderlich

98.17 99.41 Psilodercidae
stem

lognormal 30 0.5 98.17. 125 108-169 Magalhaes
et al. 2020

Araneoidea ‘Linyphiinae’ indet. 125 135 Araneoidea stem lognormal 70 0.5 125.0. 187 148-290 Magalhaes
et al. 2020

rta *‘Selenops’ sp.
indet.

53 56 Selenopidae stem lognormal 20 0.75 53.0. 68.1 56.5-119 Magalhaes
et al. 2020

Synspermiata Dasumiana
emicans
Wunderlich

43 47.8 Harpacteinae
crown

lognormal 15 0.75 43.0. 54.3 45.6-92.
2

Magalhaes
et al. 2020

Synspermiata Quamtana huberi
Penney

53 56 Pholcinae crown lognormal 20 0.75 53.0. 68.1 56.5-119 Magalhaes
et al. 2020

Araneoidea Mesozygiella
dunlopi Penney &
Ortuño

115 121 Araneidae stem lognormal 30 0.5 115.0. 141 125-186 Penney &
Ortuño 2006

Biogeographic
even

Parachtes Hercinian split Parachtes crown normal 29 2.5 29 24.1-33.
9

Bidegaray &
Arnedo
2011

*EARLIEST EVIDENCE OF LAND
ARTHROPODS (ARBITRARY UPPER
CONSTRAINT ON ROOT)
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Table S2 Percentage of acceptance of each prey by each Dysdera species analysed.

Species n Musca Porcellio Armadillidium Pardosa Carabid

D. alegranzaensis 18 93.75 87.5 43.75 68.75 31.25

D. arabisenen 19 100.00 35.29 29.41 35.29 11.76

D. bandamae 20 95.00 50.00 30.00 60.00 0.00

D. brevisetae 20 95.00 85.00 55.00 30.00 0.00

D. cribellata 20 78.95 94.74 36.84 57.89 0.00

D. gomerensis (La Gomera) 19 47.37 100.00 57.89 47.37 0.00

D. insulana 3 100.00 100.00 66.67 100.00 0.00

D. levipes 6 0.00 100.00 100.00 0.00 0.00

D. macra 19 73.68 94.74 42.11 21.05 10.53

D. nesiotes 20 100.00 90.91 40.91 72.73 9.09

D. ramblae 20 17.65 100.00 23.53 11.76 0.00

D. silva6ca (La Gomera) 20 100.00 90.00 25.00 85.00 5.00

D. 6losensis 7 71.43 85.71 71.43 0.00 0.00

D. verneaui 20 100.00 75.00 15.00 60.00 10.00
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Figure S1 Shape corresponding to the maximum and minimum extremes of PC1 for each cheliceral view, represented using

deforma�on grids. Shape pa�erns are exaggerated by 1.3x to enhance visualiza�on.
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Figure S2 Shape corresponding to the maximum and minimum extremes of PC2 for each cheliceral view, represented using

deforma�on grids. Shape pa�erns are exaggerated by 1.3x to enhance visualiza�on.
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Figure S3 Time-stamped phylogeny including all described Dysdera species from the Canary Islands inferred from

mitogenome data.
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Table S3 PLS eigenvector composi�on.

Table S4 Es�mated total number of transi�ons from X to Y (upper matrix) and Y to X (lower matrix) for the constrained ER

model.

Prey Vector 1 Vector 2 Vector 3 Vector 4 Vector 5

Musca 0.46 -0.75 -0.45 0.14 0.00

Porcellio 0.38 0.14 0.35 0.63 0.56

Armadillidium 0.79 0.37 0.05 -0.48 -0.12

Pardosa 0.02 -0.52 0.80 -0.28 -0.07

carabid -0.14 -0.09 -0.16 -0.53 0.82

X

Y

A B C D E F G H I

A 4.02 0.81 1.32 0.30 1.18 3.38 0.76 0.29

B 0.00 0.46 0.00 0.08 0.08 0.47 0.11 0.84

C 0.00 0.35 0.00 0.05 0.05 0.10 0.08 0.06

D 0.16 0.12 0.05 0.74 0.06 0.11 0.09 0.04

E 0.00 0.12 0.03 0.00 0.05 0.09 0.07 0.03

F 0.00 0.12 0.03 0.00 0.05 0.16 0.07 0.03

G 0.00 0.45 0.06 0.00 0.07 0.84 0.10 0.06

H 0.00 0.12 0.03 0.00 0.04 0.05 0.10 0.03

I 0.00 0.16 0.04 0.00 0.04 0.05 0.10 0.08
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Table S5 Es�mated total number of transi�ons from X to Y (upper matrix) and Y to X (lower matrix) for the ER model.

X

Y

A B C D E F G H I

A 10.07 8.55 9.04 8.40 8.52 9.59 8.65 8.36

B 9.42 8.74 8.48 8.29 8.50 9.25 8.32 8.78

C 8.75 8.73 8.41 8.24 8.30 8.48 8.28 8.25

D 8.79 8.70 8.31 8.67 8.30 8.51 8.29 8.25

E 8.74 8.65 8.28 8.43 8.29 8.47 8.24 8.24

F 8.77 8.68 8.28 8.41 8.24 8.52 8.25 8.25

G 9.11 9.20 8.34 8.45 8.26 9.05 8.30 8.26

H 8.75 8.67 8.27 8.41 8.24 8.29 8.49 8.23

I 8.74 8.68 8.28 8.41 8.24 8.29 8.49 8.27

Figure S4 Ancestral state reconstruc�on with ER model.
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Table S6 Es�mated total number of transi�ons from X to Y (upper matrix) and Y to X (lower matrix) for the SYM model.

Figure S5 Ancestral state reconstruc�on with SYM model.

X

Y

A B C D E F G H I

A 2.96 0.10 0.66 0.06 0.77 4.59 0.66 0.02

B 2.89 0.45 0.05 0.05 1.01 22.50 0.20 1.21

C 0.07 0.05 4.84 1.68 0.93 0.01 2.20 1.97

D 0.22 0.00 4.61 50.55 0.09 0.00 5.71 1.63

E 0.00 0.03 1.66 49.95 0.05 0.00 7.53 1.31

F 0.83 0.73 1.29 0.13 0.06 0.74 0.25 1.12

G 5.11 24.32 0.10 0.02 0.01 2.87 0.01 0.08

H 0.05 0.16 2.23 5.81 7.48 0.17 0.00 1.63

I 0.01 0.25 2.65 1.71 1.33 0.59 0.01 1.75
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Table S7 Es�mated total number of transi�ons from X to Y (upper matrix) and Y to X (lower matrix) for the ARD model.

Figure S6 Ancestral state reconstruc�on with ARD model.

X

Y

A B C D E F G H I

A 0.06 0.64 4.61 0.99 0.33 0.60 2.33 0.01

B 0.61 2.33 0.79 0.45 2.51 37.54 0.77 2.56

C 2.72 3.02 1.44 1.45 4.37 3.77 2.08 2.77

D 4.16 1.74 1.46 2.32 1.34 1.32 1.20 0.53

E 1.65 1.30 1.37 1.65 1.15 1.24 1.43 0.76

F 1.83 3.42 4.96 1.22 1.63 4.60 1.97 2.92

G 1.12 30.69 6.21 2.20 1.36 8.55 1.91 3.61

H 2.25 1.88 1.93 1.35 1.47 1.45 1.80 0.95

I 1.38 2.76 2.49 0.66 0.93 2.39 2.48 1.19
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Figure S7 AIC-based tests of irreversibility as performed in Goldberg and Igić (2008). The histogram represents the difference

between the AIC of the Mk2 unconstrained and constrained (qSG = 0) models. AIC for the constrained model are given in

absolute values, indica�ng be�er performances of the this model with higher AIC differences. Thresholds for the model

preferences are given a�er Goldberg and Igić (2008) where; lower ∆AIC than 2 (do�ed line), means no difference between

models; ∆AIC above 10 (dashed line) means no support for the reversible model; values in between show low support for

the reversibility model.
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APPENDIX 3.1

Supplementary material for the manuscript:

Diversifica�on tempo and mode in the red devil spiders (Araneae:

Dysderidae) from the Canary Islands

Adrià Bellvert, Jairo Pa�ño, Laura Pollock, An�goni Kaliontzopoulou & Miquel A. Arnedo.

This supplementary material includes the discriminant analysis results and 2

tables
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Linear discriminant analysis

From the 14 species for which we had morphometric data, but previous studies

had no informa�on about the cheliceral group, the LDA analysis assigned 13 to an

already preestablished morphotype (posterior probabili�es are summarized in

Table S1 of supplementary material). The only species that could not be clearly

classified to any group was D. madai. However, this species is morphologically very

similar to other species of group A, as showed by its closeness in the morphospace

represented by the first two principal components (Fig 1C). It is true that the

differences with this species could be explained by other components, however the

first two components explain 60% of the explained variability, and the posterior

probabili�es of the LDA showed similar values between the cheliceral group A and

the unknown group (Table S1). For this reason, and to avoid over-spli�ng the

number of different cheliceral morphotypes present in the Canary Islands, we

considered this species to belong to the cheliceral morphotype A.
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Species Group A Group B Group C Group D Group E Group F Group G Group I Unknown

D. ambulotenta 0.00530 0.14003 0.00093 0.05322 0.41971 0.00058 0.12063 0.00335 0.04007

D. chioensis 0.16418 0.00510 0.00149 0.46749 0.01348 0.14922 0.00001 0.00000 0.19902

D. enghoffi 0.67997 0.00601 0.01530 0.03493 0.00033 0.06281 0.00000 0.00000 0.20065

D. esquivelli 0.09166 0.37993 0.02091 0.03292 0.07623 0.00206 0.05285 0.00124 0.32368

D. gaifa 0.23104 0.00710 0.00264 0.35837 0.01032 0.13678 0.00001 0.00000 0.25373

D. gollumi 0.16034 0.21028 0.61287 0.00000 0.00000 0.00000 0.00442 0.00025 0.01183

D. guayota 0.15824 0.00096 0.00064 0.45649 0.00327 0.27779 0.00000 0.00000 0.10261

D. hernandezi 0.00351 0.39558 0.02222 0.00001 0.00084 0.00000 0.50454 0.04387 0.00669

D. madai 0.38648 0.07878 0.03254 0.03284 0.00557 0.01287 0.00063 0.00001 0.45021

D. mahan 0.17166 0.01128 0.00238 0.42327 0.02309 0.10354 0.00004 0.00000 0.26470

D. minu: sima 0.91765 0.00111 0.02607 0.00161 0.00000 0.02028 0.00000 0.00000 0.03328

D. ratonensis 0.18713 0.35679 0.05989 0.00796 0.01139 0.00130 0.02123 0.00050 0.35137

D. sibyllina 0.44086 0.01547 0.01081 0.10892 0.00361 0.06750 0.00002 0.00000 0.35279

D. unguimanis 0.00107 0.25398 0.00622 0.00001 0.00190 0.00000 0.62130 0.05477 0.00344

Table S1. LDA posterior probabili�es for each unknown species cheliceral morphology to be adscrived to one of the already

known types.
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Table S2. Binari states cheliceral combina�ons that has shown significant differences between their diversifica�on rates.

A B C D E F G I λ0 λ1 p-value

0 1 1 0 0 1 0 0 0.01467329 0.049045711 0.00241025

0 1 0 0 1 1 0 0 0.010343693 0.049264661 0.00040656

0 1 1 0 1 1 0 0 0.010757809 0.046667713 0.00097059

0 1 0 0 0 0 1 0 0.016900501 0.044228815 0.01433236

0 1 1 0 0 0 1 0 0.017557185 0.042202741 0.02465853

0 0 0 0 1 0 1 0 0.012911226 0.056440032 0.00959059

0 1 0 0 1 0 1 0 0.012090296 0.042890574 0.00604434

0 1 1 0 1 0 1 0 0.011975284 0.041307962 0.01647841

0 1 0 0 0 1 1 0 0.018388807 0.042573488 0.01561464

0 1 0 0 1 1 1 0 0.013170213 0.04161216 0.01420913

0 0 1 0 0 0 0 1 0.016663142 0.068813008 0.00121277

0 1 0 0 0 1 0 1 0.013749689 0.05151426 0.00101071

0 0 1 0 0 1 0 1 0.014562464 0.06327448 0.0001861

0 1 1 0 0 1 0 1 0.01490424 0.048240716 0.00312824

0 0 0 0 0 0 1 1 0.014624123 0.054290233 0.00070946

0 1 0 0 0 0 1 1 0.017611685 0.043394353 0.02108051

0 0 1 0 0 0 1 1 0.015393235 0.050277293 0.001908

0 1 1 0 0 0 1 1 0.018166296 0.04154504 0.0322087

0 0 0 0 1 0 1 1 0.013261068 0.053205225 0.00502887

0 1 0 0 1 0 1 1 0.012606966 0.042255608 0.00883915

0 0 1 0 1 0 1 1 0.013490323 0.048113714 0.00500981

0 1 1 0 1 0 1 1 0.012471481 0.040800695 0.03907778

0 1 0 0 0 1 1 1 0.01904088 0.041851796 0.03364306

0 0 1 0 0 1 1 1 0.016528723 0.048041055 0.00492337

0 1 0 0 1 1 1 1 0.013699994 0.041096663 0.03531138
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APPENDIX 3.2

Supplementary material for the manuscript:

How the turtables? Species traits modulate ecological release in red

devil spiders (Araneae:Dysderidae)?

Adrià Bellvert, Alba Enguídanos, An�goni Kaliontzopoulou, Jairo Pa�ño, Laura Pollock & Miquel A.
Arnedo.

This supplementary material includes 1 figure and 5 tables.
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Figure S1. Bayesian mul�-coalescent maximum clade credibility DNA barcode gene tree. Terminals coloured according to

species and island popula�ons (see box legend). Bars on nodes denote 95% HPD confidence intervals. Associated

independent sta�s�cal parsimony networks drawn on the right side correspond to haplotype clades.
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Table S1. Specimens used for the refrac�on and extrapola�on curves
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Table S2. Es�mates of Evolu�onary Divergence over Sequence Pairs between Groups. The number of base differences per

site from averaging over all sequence pairs between groups are shown. Standard error es�mate(s) are shown above the

diagonal. This analysis involved 129 nucleo�de sequences. All ambiguous posi�ons were removed for eac.

calG_8 calG_11 calP_9 calP_10 gomG_1 gomG_2 gomG_3 gomH_4 gomH_13 silG_7 silH_5 silP_6 silP_12

calG_8 0.008 0.008 0.007 0.008 0.014 0.014 0.014 0.014 0.014 0.015 0.014 0.015 0.014

calG_11 0.043 0.009 0.008 0.009 0.013 0.014 0.013 0.014 0.013 0.015 0.014 0.014 0.014

calP_9 0.045 0.055 0.022 0.006 0.013 0.013 0.013 0.013 0.012 0.014 0.014 0.014 0.014

calP_10 0.05 0.061 0.041 0.019 0.012 0.013 0.012 0.013 0.012 0.014 0.013 0.014 0.013

gomG_1 0.14 0.129 0.13 0.131 0.007 0.009 0.008 0.011 0.01 0.014 0.014 0.014 0.014

gomG_2 0.143 0.13 0.139 0.14 0.048 n/c 0.007 0.01 0.011 0.015 0.015 0.015 0.015

gomG_3 0.136 0.129 0.136 0.129 0.048 0.041 0.013 0.011 0.011 0.015 0.015 0.015 0.015

gomH_4 0.146 0.134 0.138 0.141 0.083 0.074 0.087 n/c 0.006 0.015 0.015 0.015 0.015

gomH_13 0.147 0.14 0.142 0.138 0.083 0.085 0.09 0.036 0.022 0.014 0.015 0.015 0.014

silG_7 0.157 0.158 0.149 0.149 0.155 0.166 0.171 0.151 0.153 0.008 0.009 0.011 0.011

silH_5 0.152 0.159 0.148 0.151 0.164 0.165 0.172 0.156 0.161 0.061 0.015 0.011 0.01

silP_6 0.146 0.148 0.15 0.148 0.154 0.162 0.164 0.148 0.152 0.083 0.089 0.001 0.006

silP_12 0.146 0.143 0.143 0.144 0.146 0.161 0.165 0.139 0.146 0.084 0.087 0.025 0.008

0.06 0.09 0.09

G P G H G P H

0.04 0.04 0.05 0.036 0.008 0.025 0.015

D. calderensis D. gomerensis D. silvatica
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Table S3. Isotopic signatures for the specimens used in the trophic analyses.
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Table S4. Specimens used for the morphometric analyses.
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Table S5. Locali�es for each species used in the SDM analyses.
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