Spider Research
inthe 218t Century

trends & perspectives

Edited by David Penney

Foreword by Norman |. Platnick

Qi ity T




Spider Research
inthe 21St Century

trends & perspectives

Edited by David Penney
Faculty of Life Sciences

The University of Manchester, UK

Foreword by Norman |. Platnick
American Museun of Natural History, New York, US4

q:m'ﬁuwnm PRESS



15BN 978-0-95T74530-1-2

PUBLISHED BY SIRI SCIENTIFIC FRESS, MANCHESTER, UK
THIS ARND RELATED TITLES ARE AVALLABLE DIRBECTLY FROM THE PUBLISHER AT:
HTTE:OW AW W SIRIBCIERTIFICPRESS. OOUUK

D 203, BRI 3CIENTIFIC PRESS. ALL RIGHTS RESERVELD. KO PAKDS OF THIS
PUBLICATION MAY BE REFRODUCED, STORED 1IN A RETRIEVAL 3YSTEM QR
THEANSMITTED, IN ANY FORM UR BY ARNY MEANS, ELECTRONIC, MEUCHANICAL,
PHOTCOOPY MG, RECORDING OF OTHERWISE, WITHOUT THE PRIOE WEITTEN
PEEMISSION (F THE PUBLISHER. THIS [ES NOT COVER PFHOTOGRAPHS AND
OTHER ILLUSTREATIINSG PROVIDED BY THIRD PARTIES, WHO RETAIN COMYREIGHT
OF THEIR IMAGES; REPRODUCTIHIN PERMISSIONS POR THESE IMAGES MUST BE
SUFLDGEHT FROM THE COPY RIGET HOLDERS.

COVER IMAGE: COMPUTED TORMOGERATHY 3CAN IMAGE OF A 50 MILLIN-YEAR-
LD FOSSIL SFDER IN BALTIC AMBER [COURTESY OF ANDREW MOUNEIL)



58

Systematics
Progress in the study of spider diversity and evolution

INGI AGNARSSON, JONATHAN A. CODDINGTON,
MATIAY KUNTNER

Introduction

The feld of systematics involves at least three major elements: biodiversity
exploration {inventory}; taxonomic discovery and description (taxonomy); and
the estimation of phylogenetic relationships among these species (phyloceny).
All elements expenenced sipmficant progress in the 20th century and progress
continues in the early 21st. Here we review spider systematics in this broad
sense encompassing these three fields,

At the beginning of the last century, biodiversity inventories continued
a5 simple taxonomic checklists but were increasing by challenged by the grosadngg,
powerfully explanatory fisld of ecology. These influences led o improved
study design (Coddington et al, 1991; Basset &t al, 1997; Longing et al, 2002,
Sorensen ef al., 2002; Nmenee-Valverde & Lobo, 2006, Cardoso et al., 2008;
Cardoso, 2009, as well as progress in empirical and analytical methodology
such as estimation of species richness from sample data {Colwell & Coddington,
1994; Novomy & Basset, 2000; Gotellh & Colwell, 2003, Coddington
et al, 2009 Colwell, 2011; Colwell e al, 2012). Classical exploratory
collecting also transformed arachnology by discovenng taxa, especially from
gustral and tropical regions, that did not fit easily into the schemas of 1%th
century taxonomisis (Hickman, 1931; Forster, 194%, 1955; Lehtinen, 1967

Taxonomic practice developed more slowly. Although curment work in
many aspects resembles that of a century ago, it does show sigms of adopting
novel tools. The use of molecular data for species identification (Hebert e all,
2003}, and for circumscription and diagnosis (e.g. Macias-Hemandez er al,
2010; Hamilton ef al., 2011; Hedin & Carlson, 2011; Satler et al., 2011; Keith
& Hedm, 2012; Richardson & Gunter, 20012} are notable. As are improved
methods of imaging and referencing images (Ramirez ef al., 2007, computer
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databasing and peoreferencing of specimens {g.z. Goblin Spder PBI, hitp://
research.amnb.ong/oonopidas’), cvber-informatics (Miller er ol 200%, 2012a;
Penev ef ol , 2009, 20103, collection digitization and linking of distribution
data to public databases such as the Global Biodiversity Information Facility
(GBIF http:/fanwghiforg’). Another recent progress 15 the development of
less subjective critenia for species delimitation (Bond & Stockman, 2008).
Further, as noted by Coddington & Levi (1991), the invention of the humble
‘loan” should not be underestimated. Historically, taxonomic quality was
proportional o the number of major museums vistted. Mow museumns routinely
risk (spider) holotyvpes to any qualified researcher via the global postal system.
The result has been a worldwide explosion in the quality of revisionary work,
wiell worth the risk of cecasional specimen loss.

0Of the three elements mentioned, phylogenetics transformed the most
in the 20th century. It evolved from effectively Anstotelian, fo authortaran,
then numerical, and eventually to cladistic arpumentation (Henndg, 1966). It
expanded from an exclusively morphological domun to one embracing all evi-
dence of heritable vanation, currently dominated especially by DNA sequence
data from independent genes, “loci’, or markers. In the near future, focus will
mmereasingly be on a wide range of genomic data and genomic architecture, but
that revolution in (spider) systematics is just beginning. Concurrent with these
empirical advances, quantitative systematic methodology began as a branch
of multivarate statistics, and soon surrendered to the philosophical first prin-
ciple of grouping by synapomorphy (Farns, 1983). Now, use of more explic-
itly model-based methods dominates, in part because the mathematics of only
four nucleotides (or tri-nucleotide codes for amine acids) s tractable, and also
because such methods facilitate use of phylogenies to statistically test hypothe-
ses. Powerful as this reductionist view of ‘penes” may seem, 1t will chanpge dra-
matically in the years ahead, and potentially away from the notion that aligming
DMA sequences, per se, 15 the heart of the phylogenetic problem.

Systematics of the diverse group of spiders (Figure 1) followed this
general pattern. Early on spider systematics relied mostly on binary — and idio-
syncratic — evaluations of morphology, failed to distinguish apomorphy from
plesiomorphy, and therefore proposed classifications in which about half of all
groups were nof natural. The 20th century transformation only began in earnest
in the 19705, and oceurred in many steps.

The first major step was incorporating cladistic theory — relying
only on shared derived homology, synapomorphy — in the establishment of
a classification system. Early studies using phylogenetic logic by Platmck
and colleagues (Platnick & Gertsch, 1976; Platnick, 1977} led to quantitative
tests of spider phylogeny that rejected many classical spider groups founded
on symplesiomorphy or convergence and thus began to abandon para- and
polvphyletic classifications.
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Figure 1. A ghmpse o spuder diversity: A, Liphiney (Liphisindse — Mesathelae); B.
Theraphose (Theraphosudae — Mygalomerphae); C. Modivimmy (Pholesdae — Haplogynae);
¥ Deirapiy (Denomidse — onbellate Orbicolariae), E Latrsdectuy (Thendidae — cobweb
weaving Urbiculariae); F. Micrathera {Araneidee — Orbiculariae); €6, Phogewirig (Clenadae
— HTA clade); H. Micrommata (Sparassidee — BTA clade).

The mcorporation of web-building behavioural data in phylogenetc
analvses was a second and highly productive step, in spider phylogenetics { Eb-
erhard, 19824, 1987, 1990ac; Coddington, 1986ac). The construction of spider
wihs represents one of the most elegant and intrcate examples of complex
amimal behaviour, yet one that 15 highly stereotypic. William Eberhard (Eb-
erhard, 1982a) was the first to demonstrate clearly the power of web-buld-
ing behavioural data in spider phylogenetics. Orb building behaviour offered
solid support for many higher level clades, many of which remain as strong-
holds of phylogenetic knowledge of spiders, such as Araneoides and Aranei-
dae. Subsequently, Coddington {1988ab) rejuvenated and articulated in detail
g provocative hvpothesis based on web-building behaviour: that the orb-wib
arose only once in the proup Orbiculariae. This claim was controversial be-
cause the types of silk used, and the organs involved in the production of the
‘sticky spiral’ of orb webs in the ‘classical orb-weavers' (Araneoidea) and the
cribellate orb-weavers (Deinopoidea) differed so damatically that contempo-
rary arechnologists penerally agreed that the two web architectures were con-
vergent. However, behaviour strongly supported the “single origin hypothesis”



and smee then support has been mereasing for Orbiculanas from varous data
sources (Blackledpge e al, 2009a, 2011; Dimitrov ef al, 2012; Apnarsson &t
al., 2013). Nevertheless, no molecular analysis has robustly supported Orbicu-
lariae monophyly, either receiving very weak support from molecules alone
(Drimitrov ef al, 2012}, or supported in a total evidence analysis excluding
the orb behavioural data (Blackledge e al., 200%). The hypothesis, there-
fore, remains controversial. The obvious next step, piven current frends, will
be testing Orbiculaniae monophyly via analysis of not one or a few genes, but
hundreds or thousands of loci oblained from franscriptomes.

The third major step arose from the previous; the importance of silk
mamipulation in the lives of spders sugpested that spinneret morphology
would reflect evolutionary history. Coddington (1989) used SEM microscopy
to map the external morphology of spinnerets and spigots to histological work
(reviewed in Kovoor, 1987). This nch character system has been influential in
spider systematics ever since.

The fourth and last major step mm 20th century spider svstematics was
the integration of DMNA evidence, as in phylogenetics in general. Spider svs-
tematists were rather slow in adopting molecular evidence, starting with a few
studies in the 19905 (Croom et al, 1991; Huber et al., 1993; Gillespie et al.,
1994; Hedin, 1997; Zehethofer & Sturmbawer, 1998; Tan ef ol , 19949, but then
taking off at the turn of the millenmum. Molecular data continue o offer an
independent test of phylogenies based on morphology and behaviowr, and are
refining our understanding of spider systematics.

Mevertheless, molecular phylogenetics in spiders has not vet lived up
to its promuse. Early on, pnmers were developed for a few promising markers,
but since then few new markers applicable to all spiders have emenged. Nearly
all molecular phylogenetics m spiders relies on relatively few markers most
notably Cytochrome oxidase 1 (COI), Mitrogen dehydrogenase 1 (ND1), His-
tone 3 (H3) and the ribosomal genes 165, 185, and 285, most of which do not
consistently or clearly resolve old, deep, or *higher level” nodes (see below).
In this respect spider systematics lags behind some other groups of organisms,
meluding certain arthropod groups, such as Lepidoptera, Drosophila, and ants.
However, a few recent papers and conference presentations suggest new de-
velopments and use of novel loci in many laboratories. Thus, we are likely to
see rapid and vast expansion in the scope of molecular data used for spider
SYSLEmatcs.

Furthermore, molecular technology is currently advancing in huge
leaps with next generation sequencing (NGS). Using techniques of transcrip-
tomics it 15 now possible o amplify mBENA directly from tisswe to construct
cDMA libraries, and in tumn, use those to cheaply employ random sequencing
strategies that may result in many thousands of phylogenetically informative
penetic markers (Mattila er af., 20012b6). Such approaches, commonly referred
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to as phylogenomics, will vastly enhance phylogenetic understanding and wall
clearly dominate the next phase of spider phylopenstics. The drawback 1s that
cDMA libraries require tissue preserved espectally for EMA extraction, either
specimens preserved in appropriate solufions (e, BENAlater), live speci-
mens, or specimens frozen at extreme temperatures. Most existing collections,
stored at room temperature in agueous solutions of ethanol, cannot be used for
mBENA-based methods. [nstead, phylopenetically keyv taxa will have to be col-
lected again using specialized preservation protocols to provide whole genome
(ranscriplomes.

The hope is that whole-body transcriptomes from relatively few but
carefully chosen lineages will provide primers for new, single-copy markers
that can be amplified from most, if not all spider lineages. Collections of high
quality DMA are the best source of material for such studies, but are only
begrinning to be assembled. Gene representation in transeriptomes depends on
what mEMNA is actually present. Ideally, balanced sampling requires mEMA
from major organ systems such as muscles, nerves, gonads, and digestive,
venom, and silk plands, both sexes, and several life stapes. Owver the next
decade spider phylogenies will no doubt be based on dozens or hundreds
of penes rather than six or less, and we expect that within the next decade,
phylogenomic studies will become the norm, especially for relatively taxon
poor studies.

Mext generation sequencing (MGS) technologies such as [lumina or
454 sequencing can use amplification of whole genome DNA (not mEMNA),
and typically produce millions of short sequences (several hundred nucleo-
tides) but “cover” all parts of the genome multiple times. Assembling such
short sequences correctly into accurate penes and pene orders (chromosomes),
however, 15 difficult. Repetitive DNA sequences in exons, mtrons and intes-
penic sequences pose parbicular problems. Transeriptomes avoid such prob-
lems because cell machinery edits out non-expressed sequences, leaving es-
sentially functional gene sequences. Given the difficulty of de nove genome
assembly and annotation, it 1s quite likely that the next phase of phylogenetic
mference in spiders will use genes detected via transcriptomes.

Molecular peneticists believe that sequencing whole genomes will
soon be relatively common. Assuming appropriate reference genomes, phy-
logenomic studies based on whole genomes may soon appear for spiders, as
they have for some mode] organisms (Drosopkilo, yveasts, mammals). Mere
quantity of sequence data, therefore, may soon no longer be a problem. In-
stead, the challenges of the 215t century will be different, meluding creating
und fne-tuning pipelines to process and analyvee massive datasets.

[t 15 further possible that old, rapid radiations in spiders may not yield
readily to sequence data if mformative pomt mutations are few, and have
been overwritten by subsequent changes. In this regard, it is interesting that



in the phylogenomic study of Begier ef al. (2010}, robust support was found
for clades throughout Arthropoda, with the notable exception of relationships
within Chelicerata and Arachnida, most of which were poorly supported. Thes
suggrests that ancient splits in arachnid phylogeny, potentially including basal
nodes within spiders, may require exceptional data to resolve unambiguously.
MNevertheless, the clear, immediate challenge in spider systematics 1s to apply
MGS technology widely to identify robustly supported phylogenies.

A persistent problem in phylogeny 15 taxon sampling, a problem that
will grow as fresh/live specimens are needed for transcriptomic approaches.
The global biodiversity crisis poses additional challenges in this respect as
taxa are disappearing before being sampled. With well over 43,000 species of
spider descnibed to date (Platnick, 2013}, all experts apgres that we have not vet
discovered even half of extant spider species (see below). With habitat loss and
global change, the challenge will be to discover and descnibe species before
they disappear. Further, most of the spider species descnibed to date are known
only from a few specimens preserved for morphology rather than molecules.
In some cases the types have been destroved or lost. Hence, solid advances in
spider phylogeny require the acquisition of fresh specimens of thousands of
species, before they go extinet.

Local and global dimensions of spider biodiversity

As in other poorly known and hyperdiverse groups, the most significant factor
limiting growth in systematic knowledge of spiders 15 the number of araneolo-
gists discovering and studying them (Coddington et al., 1990; Platnick, 1991,
199%; Cassis ef al, 2007; Foord er al, 2011).

Unlike some other animal groups (e.g. geophilomorph centipedes),
spiders are not intrinsically difficult to discover or study. For understudied
groups, it can be important to distinguish discovery — the first ime a taxon s
found in nature, from study — the systematic and phylogenetic placement of
the taxon. Generally speaking, systermatsts use material already 1n museums,
supplemented by what they personally collect. Matenal in museumns depends,
in turn, on the mtensity and scope of global biodiversity exploration — the
extent to which all species are represented in museum collections. For ex-
ample, estimates of global spider species nchness based on the ratio of new
to previously known species m revisions, will be low 1f most species are *stll
out there." Mew to known species ratios will seem plausible to most araneolo-
gists because museums do contain an immense backlog of undescribed spider
species, and thus, although based only on museum holdings, yield impressive
global estimates. In revisions of tropical or austral taxa, about half of the spe-
cies are new [(Coddington & Levi, 1991), thus leading to estimates that about
half of all species are known (Plamick, 1991).
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All such estimates are fundamentally “back of the envelope” educated
puesses that depend strongly on which facts are wsed, and what assumptions
are made, even though several use sophisticated statistics. Many appear in the
context of arpuing for particular science policy poals, such as the feasibility
of global inventories (Platnick, 1991, 1999, greater than realized progress
in taxonomy (Costello er al, 20117, the limited scope of global biodiversity
(Stork, 1988) or less gloomy predictions of future extinction.

Figure 2 depicts the history of discovery over the last 210 vears of
currently recognized species in well-known (binds, mammals), moderately
known (bees) and poorly known groups (spiders). Although the richness of all
of these groups will hkely merease as molecular data uncover “coyplic’ species
among previously described forms, the Gme period covered was dominated
by morphological species criteria, and 20 15 probably not biased across
groups, Bird richness has been studied more and seems clearly asyvmptotic;
few birds remain to be discovered. Mammals and bees are less well known,
their discovery seems less sigmotdal; the discovery of spider species has been
pecelerating for the last 80 vears. For spiders, this acceleration 15 dus both
to discovery of new forms in nature and an increase in the productivity of
petive systematic araneologists. These graphs show that species discovery
does eventually asymptote, even if only for relatively species-poor, intensively
studied groups.
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[f discovery of spider species shows no sign of slowing down, what
gbout more inclusive groups, such as families? (By “family’ we mean a “large”
monophyletic lineage, presumed heuristically to correlate strongly with the
Linnean rank of family. ) After all, only about S000-9000 families of life on
Earth exist (Parker, 1982; Sayers ef al_, 2009; http://www.catalogueoflife.org/,
2012}, and the de novo discovery in nature of new families of hife (as distinct
from nomenclatural acts driven by study, g taxonomy or phylogenetc
research) 15 generally less than ten per year, at least in eukaryotes, Figure 3
plots the earliest discovery (year of description) of a species placed in one
of the currently recognized spider families. Only three families of extant
spiders have literally been discovered since 1950: Grudungulidae [ Gradungula
sorenseni, Forster, 1955), Chummidae (Chumma inguieta, Joocqué, 20017,
and most recently Trogloraptoridae { Frogloraptor marchingtoni, Grswold,
Audisio & Ledford, 2012} In contrast, one of the most recently recognized
families, Penestomidae (Miller et al, 20000}, was first “discovered” (though
not delimited or named) in 1902 (Perestomus planus Smmon, 1902 (Simon,
1902), and the family Evctemzdae was first elevated to that rank m 2012
(Bond er ol , 2012b}, but existed as a subfamily-level clade before that (Raven,
1985). It seems that the discovery of spider families 15 about as asymptotic as
the discovery of bird species. Even if the number of recognized spider families
mereases (as 1t surely will), the dates of discovery of that diversity remain
constant. IF the asymptote at this higher cladistic level holds frue, therefore,
wi have some justification to claim that discovery of higher spider lineage
diversity 15 neardy complete.

Spider family discovery 1740-2010

an r 100%

-
wm

LU

,_
=
"

- a0

b .

T perr checanche

W

R O

Decade of sadies! dasciption

Figare 3. The sarlbsl discovery (year of descriptbon) of spider species placed in one af the
currertly recognized spuder famalies {11081 the tme of the arlysis).



G4

Patterns at the generic level are also mieresting. Roughly one third of
spider penera are monotypic, and serve no grouping function. Although most
of these are linyphilds and salticids, in which species can be so distinctive
that genera are obscure, a sipnificant fraction were described so inadequately
(~250 before 1900 that only examination of the types themselves will show 1iF
penenic status 15 justified and what the name means. All such names functionally
are noming dubia. About ten years ago one of us surveyved the datsbases —
essentially shelf lists — available at that time of major spider collections and
discovered that only about 15002000 of the then roughly 3500 generic names
are used in daily practice by curators (Coddington, unpublished data). The
reason 15 that the remamnder were so poorly descnibed and llustrated (f at
all} that the name was unusable at “birth’. When examined, foo many of the
roughly half of all pragmatically unused names of spider penera will furn out
to be senjor synonyms of yvounger, better described clades, Current mules of
nomenclature will consequently impose significant ‘churn’ and instability in
global numing svstems, because the Intemational Commission on Zoological
Momenclature (ICZN) privileges old faxonomy, even bad taxonomy, over
newer, better taxonomy. The burden of dealing with old, inadequate taxonomy
15 a sipnificant drag on progress,

Patterns in spider diversity at local levels are quite different. First of
all, species nchness (alpha diversity) s clearly ghest in the wet tropics, and
relatively sparser towards the poles (Figure 4) (Silva, 1996; Silva & Codding-
ton, 1996; Hofer & Brescovit, 2001; Scharff ef al, 2003; Floren & Deeler-
nan-Reinhold, 2005; Raizer ef of, 2005; Finch e al, 2008). The overall local
pattern in the neotropics, within and between sites, 15 consistent and fairly clear
(Nogueita ef al, 2006; Ricetti & Bonaldo, 2008). The scant data from the old
world tropics are similar (Russell Smith & Stork, 1994, 1995, Sorensen ef al,
2002; Sorensen, 2004; Floren & Deelernan-Bemhbold, 2005).

On the other hand, higher taxon richness, e.g. families, and above, 15
not primarily tropical but rather austral, probably due to fundamental patterns
in earth history (Platmick, 1991). Species ranges in north emperate regions are
large (e.p. holarctic taxa), whereas tropical ranges, especially on altitudmal
gradients, can be tny. IF species from three tropical sites from Figure 4 are
compared along an altitudinal gradient (El Trapiche at 100 m, Rio Tigre at
500 m, and Cerro Uchumach at 1900 m, Figure 5), observed faunal overlap
never excesds 3%, Between areas at roughly the same elevation (Pakitza and
Tambopata, Peru, roughly 100 m), the overlap 15 5-20% depending on the
family (Figure 5). Moreover, for each site, many more species were predicted
to be present than were actually observed (Figure 43,

Estimating species richness and overlap among habitats and regions
becomes exponentially difficult to do as more compansons are made. The
Peruvian work involved checking 1200 morphospecies across two sifes
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for “synomymoes,” and the Bolivian work almost 700 momphospecies across
three sites (Coddington & Silva, unpublished data). Most species could
not be named, either because they were new to science or because existing
descripions of known species were inadequate to identify specimens. Given
that species are best described in the context of revisions, formally naming
and describing rich tropical faunas as a byproduct of biodiversity research s
effectively impossible. On the other hand, local mventories can publish imapges
of the habitus and some aspects of diagnostic sexual morphology of observed
‘morphospecies” on websites. Perhaps these semi-disgnosed informal taxa
will help to accelerate alpha taxonomy (e.g. httpoVaracnologiamacn.gov.ar’
ThaPlotTaxonomy/index him).

Local richness in reasonably infact moist tropical ecosystems is rarely
less than several hundred observed species per hectare and estimates commonly
gpproach 1000 depending on the estmator used (Figure 4, Coddington et al.,
2005). In Guyana, a more or less average closed canopy tropical moist forest,
per hectare abundances were estimated to approach 1-2 million, with the
average size of an adult spider 2.8 mm (Coddington er af, 2009, The faunas
of adjacent regions, especially if at different elevations, seem to have relatively
few species in common. Overall, the local pattern, viewed through the lens of
biodiversity research, implies phenomenal global rnchness in spider species.

Revisionary work, however, suggests fewer species. Casual examina-
tion of revisions that attempt to include all known specimens of species freated
do not, overwhelmingly, feature species known from single sites or even single
specimens. Thus a paradox emerges. The view from the museum suggests that
species, i not widely distributed, are at least not overwhelmingly narmow en-
dermics, but the view from the field sugpests extremely high alpha and beta di-
versity that 1 very challengmg to sample adequately, thus most of 18 remaiming
undersampled.

What explains the paradox? It is unlikely that spider faxonomists,
who generally do not hesitate to describe species from single individuals, are
self-censoring their work. OUne potential explanation cleardy is undersampling
(Coddington et al., 2009 (Fipure ). Simply put, traditional miensites of col-
lecting are everywhere inadequate, but especially so where spider diversity 1s
greatest. Widespread quantification of undersampling bias 15 a relatively recent
phenomenon. The discipline best suited to it study was statistical ecology, but
after a few early attempts (Fisher ef al., 1943; Preston, 194%), the attention of
the field in the latter half of the 20th century turned fowards charactenzng
the relative abundance distribution as inferred from a small 22t of guantitative
sampling methods chosen for statistical fractability, not accurately estimating
nichness (Krebs, 1999). At the same time, growing recognition of the extine-
tion costs and the need for quantitatively justified plans to save as much bio-
diversity as possible (May, 1988; Vane-Wright et al, 1991), made knowing
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how much biodiversity existed and where 1 occurred a high prionty. Colwell
& Coddington (1994) reviewed the set of species richness estimators available
at that time, and Colwell (2011 implemented them m the enormously influen-
tial statistical package EstimateS. For the first time, biodiversity research had
an easy, intelligible way to estimate what 1t was missing, The implications of
these techmiques are still unfolding. At local levels, nichness estimators inform
sampling design and, in general, rationally justify enormously larger collecting
efforts (Cardoso ef al., 2004, 2008; Cardoso, 2009). Because richness estima-
tors depend mostly on the frequency of “rare’ species, and because local natural
history as well as population biology rejects the image of a viable species with
all mdimviduals so dispersed that breedmg 15 unlikely, the two fields agree that
*singletons’ are anomalous (Coddington et al, 2009). Exactly what explains
mordinately high singleton frequency in inventories is hotly debated (Movotny
& Basset, 2000; Bruno, 2002; Hubbell, 2005; Coddington et al., 2009).

As reneralist predators, spider patterns will probably not be explained
by patterns of prey, or prey host plants. These arguments, theoretical and
empirical, are directly relevant to discussions or estimates of global spider
species richness.
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How many spiders are there?

Another way o estimate fotal species nchness 15 to seek expert opinion on
diverse subclades within a group. We requested opinions from taxonomic
experts on the 15 most diverse spider families, together accounting for about
70% of total known spider diversity. Estimates ranged from expected being
rouhly equal to known' diversity (Theraphosidae), to estimates suggesting
wi know liitle more than 10% of diversity (Sparassidae). On average, the ratio
of expected to known species according with expert opinion was 3,18, thus
suggesting that roughly 23 of the diversity of the most diverse spider groups
awaits discovery. Hamilton ef al. (20107, stmilarly concluded that around 70%
of arthropods are as vet undescribed. Note, however, the porbon of “known”
species richness that 1s invalid (species described under more than one name —
synomyms, and species described wrongly — invalid names), may in some cases
be well above the average 10%, which would mflate the estimated diversity.
This may especially hold for those famlies with common large animals, such
a5 theraphosids, nephilids and certain araneids, The exact percentage may only
be detected through comprehensive faxonomic revisions. To extrapolate this
result to all spiders (Table 1}, we used the following formula:

[Es = (Ks-5)*Us]

where Es= estimated total species nichness, K.s = known species, 5 = estimated
rate of synonymy plus invahd names at 10%, and Us = the expected ratio
of unknown to known species, hence Es = (Ks-Ks/10)*3.18. We note that
penerating a single paraméter to estimate richness for very different clades,
15 prossly over simplistic. Thus we cauton against using the numbers in the
‘Estimated” column as an explicnt prediction of diversity per family, it s
rather simply a reflection on our lack of knowledge. Mevertheless, faken at
face value, this metric predicts total spider rchness to be at least 120,000,
This value 15 inside the range estimated by Adizs & Harvey (2000}, an opinion-
based estimate of 76,000-170,000. Of course, this is simply a compilation of
educated puesses, and probably cautious af that.

First, researchers base such puesses, at least partially, on the matio of
new o known species they have encountered in the field, especially in the
tropics. However, as the data fom biodiversity inventories discussed above
demonstrate, beta diversity in tropical spders 15 typically high, in the few
cases 11 has been studied. Species shared betwesn sites are more likely to be
widespread, and thus more hikely fo have been descobed.

Second, nearly all spider species are diagnosed morphologically, but
molecular studies increasmgly reveal “crvptic species’ that are morphologi-
cally difficult to distinguizsh. Although we should also anticipate molecularly
diagnosed synonymies, the overall frend seems o predict multiples, not frac-



tions of known diversity (Waugh, 2007; Robinson et al., 2009, In spiders mul-
tiples are particularly lkely in sedentary, poorly dispersing, morphologically
uniform groups, such as mygalomorphs. Indeed, Bond & Stockman (2008)
went to some length mof to recognize plainly diagnosable evolutionary lineages
a5 species. Our estimate highlights that the experiences of expert taxonomists
with feldwork and rate of taxonomic discovery, combined wiath point esti-
mates of alpha and beta diversities, leave little doubt that much more remains
to be discovered than has been discovered so far, and presaged by tropical
biodiversity inventory data and molecular work, perhaps orders of magnitude
more. We would not be surprised if true spider diversity, in the carly 215t cen-
tury, descnibed and undescribed, exceaeded 200,000 species.

Spiders are diverse morphologically (Figure 1) and most spider sys-
tematists focus on one or more subclades of spiders, typically a family or set of
related famalies. Progress is thus unevenly spread through the spider tree of ife,
depending on the interest of active systematists at any given time. Spider tax-
onomy 15 quite an active field with on average over 500 new species descnbed
annually over the last 10 years (Fipure 7A). Numbers of penera and species are
nsing consistently and linearly (Figure 7A and B ex Platnick 2001-2012). As-
surning that the trend holds, 30,000 species will be known by 2025, 60,000 by
2045, and 100,000 species roughly a century from now. Of course extinction
15 also rising, so that some, presumably large, fraction of species will disap-
pear before (and after) discovery. If one accepts that discovery and description
have actually been accelerating over the last 30 yvears (Figures 2, 7B), 50,000
species may be known by 2020, and 100,000 spectes as early as 2060 (Fipure
#). Evidence for an increased rate (Figure 7B) is less consistent, however, and
thus the future 15 harder to predict. Nevertheless, a nearly complete knowledge
of spider species diversity might be winessed by current spider systematics
students, The apparent increase m number of species described per vear goes
hand in hand with a sharp increase in the number of taxonomic papers pub-
lished annually since the new millenmium (Figure 93

At present, spider taxonomy 15 active and traimng In systematics seems
to be successfully countermi the “taxonomic impediment” (Rodman & Cody,
2003). While taxonomy 15 often perceived as low-budget science, taxonomic
progress 15 nevertheless proportional to funding. Larpe grants farpefing
particular spider groups can have impressive effects, such as the Goblin spider
Planetary Inventory, supported by the National Science Foundation. Soon after
the -2 million dollar grant was awarded, 1n 20068, knowledge of Oonopidas
began to grow exponentially (Figure 9). In the first 250 vears of taxonomy
1757-2006, taxonomists had described nearly 500 goblin spiders. Six years
hence the total of known species has more than doubled, demonstrating
that taxonomy, modemized through use of onling tools, can be accelerated
remarkably through additonal funding.

Tl
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Table 1. Cumvenl-ind sstimabed’ Giverany of spuléss. Mpimeraand - “spécies™ reler W0 kovum
dmversity ex Platneck (2012). Estimaled refers i our estimate based on the frmula grven above,
Expert opimon reflects estimates of experts grven their taxonomac expersence, beldwork, museum
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Spider phylopenetics — practice and progress

Spiders are an old and diverse clade with known fossils dating from at least
the Carboniferous (Penney & Selden, 2011), some 320 mya; previous reports
of Devonian fossil spiders (Shear ef ol , 1989; Selden ef al, 1991) concerned
specimens recently classified in a new, extinct arachmid order Uraraneida
(Selden er al., 2008: Dunlop & Penmey, 2012). To put that in perspective,
spiders are nearly twice the age of mammals, BEesolving deep nodes in spider
phyvlogenetics is thus challenging. Novel DMNA sequencing techniques, however,
hold promise. Also, new morphological synapomorphies are being steadily
dizcovered (Griswold ef ol 2005; Ramirez, in press), and certainly many areas
of comparative morpholocy, broadly construed, have barely been touched.
Om the whole, the number, complexity, and consistency of morphological
synapomorphies do not decrease with imcreasing age of divergence. Put
another way, in morphological datasets nodes at any level are more or less
equally likely to be strongly supporied, or contentious. The opposite 15 often
true for DMA data. The older the node, the less likely support will be strong
and uncontroversial. Branch length 15 also important; old and short branches
are particularly contentious.

Prior to this millennium spider phylogenetics relied almost exclusively
on morphological data. The state of the art of morphological spader phyvlogenset-
ics was reviewed by Coddington & Lewvi (1991), and agaim relatively recently

15
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by Coddington (20035}, hence we offer only a short summary of Coddington’s
reviews here, with notes on some notable progress since 2005,

Although taxonomic treatments withowt ornginal phylogenetic
analyvses are widely published (Raven, 2008, Miller e al, 2009, 2010b;
Kuntner & Agnarsson, 2010; Sanchez-Rwiz et al, 2010; Bayer, 2011; Jager,
2011, 2012a—c; Platmick & Duperre, 2011a—d; Platmick er al., 2011, 2012ab;
Zhang & Maddison, 2012ab), the feld is slowly moving towards integration
of phyvlogenetic data in taxonomic works, [deally, all new species would be
routinely placed in the global tree of life using quantitative data. There has
also been a dramatic increase in orginal phylogenetic studies, which may
or may not have a taxonomic component, m the past few yvears., Recently
published phyvlopenies draw data from diverse sources. Some stll purely
rely on the traditional, morphology-based cladistic approach. However, the
use of molecular phylogenetic approaches, which only a few vears ago, was
characterized as still “in its infancy™ (Coddington, 2005), has grown so rapidly
that it may now be called, chartably, a middle-aged infant. Thus, the majority
of the recent large phylogenetic datasets are molecular, or a total evidence
gpproach combining both types of data. Here, we give a brief overview of this
literature.

Muorphaological phylogenetics

Dozens of morphological phylogenetic studies on spiders were published in the
garly 215t century with a clear push towards neher datasets and towards better
illustrated, and thus more testable, homology inferences. Moticeable among
these have been publications of several morphological “atlases” based on
thoroueh surveys of higher level taxa and emphasizing documentation through
imagres, Whether these included therr own detailed phylogenetic analysis or
not, these are data rich papers that will be invaluable for future morphological
phvlogenetics (Hormiga, 1994; Apgnarsson, 2004; Griswold er al, 2005;
Miller, 2007; Alvarez-Padilla & Hormiga, 2011; Miller er af., 20012b). Recent
cladistic papers that analyred datasets well in excess of 100 morphological
characters have focused on theridinds, in particular on the genus Anelosimus
{Agnarsson, 2005, 2006b; Agnarsson & Kuntner, 2005; Agnarsson & Zhang,
2006), tetragnathids (Alvarez-Padilla, 2007; Alvarez-Padilla & Hormiga,
20117, with some emphasis on the genera Cyrtogmarha (Dimitrov & Hormaga,
2009) and Arelidea (Alvarez-Padilla & Benjamin, 2011), nephilids (Kuntner
ef al., 2008), and more specifically on the subclades Herenmig (Kuntner,
2005), Clitaetra (Kuntner, 2006), Nephilengys (Kuntner, 2007), and Nephila
(Kuntner & Coddington, 2009), on the Savigmia- group (Frick ef al., 2010)
and other inyphiids (Miller, 2005; Paqum et al., 2008; Tu & Hormiga, 20117,
on anvphaenids (Lopardo, 2005; Iequierdo & Ramrez, 2008, Werenkraut &



Bamirer, 2009, Mamquez & Ramirer, 2012}, on pararchaeids (Rix, 200&],
micropholcommatids (Bix & Harvey, 20100, pholeids (Huber, 2005, 2007,
2011a; Huber et al, 2005), phyxelidids (Grswold er al, 2012b), and on
oonopids (Alvarez-Padilla ef al, 20012). A number of studies have continued
to test the monophyly within other spider clades through amassing smaller
datasets, such as studies on theraphosids (Fukushima er al., 2005; West et al,
2008, 2012; Guadanuee:, 2011 ; Yamamoto ef al_, 2012), scytodoids (Labargue
& HRamirez, 2012), leptonetids {(Ledford & Grswold, 2010}, connnids
(Bonaldo & Brescowvit, 2005; Jocgque & Bosselaers, 2011), pisaunds (Santos,
2007, lycosids (Stratton, 200%; Framenau & Yoo, 2006; Yoo & Framenau,
2006; Langlands & Framenaw, 2010}, tetrablemmids (Tong & Li, 2008,
pallieniellids (Haddad er al., 2009), zoropsids (Polotow & Brescovit, 20117,
thomisids (Benjamin, 2010}, philodromids (Muster, 2009}, saltcids (Ruiz &
Maddizon, 2012}, linyphids (Hormiga & Scharff, 2005}, pimotds (Hormiga
et al, 2005, Hormiga, 2008; Hormiga & Tu, 2008}, anapids (Lopardo &
Hormiga, 2008, araneids (Schmidt & Scharff, 2008; Framenau et al, 2010k)
and deinopids (Coddington et al, 2012).

Throughout these momphological studies, data  collection and
standards remain mostly unsynchronized. By tradition only characters that are
cladistically informative are mentioned, with the consequence that character
lists overlap Inttle from one study to the next. Even shared characters are often
defined and treated differently. This makes it difficulf to unite studies o analyze
deeper patterns. OF course matrices are, necessanly, tuned to specific clades
and relatively few characters are easily scored across all spiders. With as vet
little evidence from evolutionary-developmental biology, dueling theories of
homology persist. Scoring discrete data for character states can be subjective,
and continuous data continues to be problematic (Hendnxson & Bond, 2009,
Methods to document characters (Ramirez ef el , 2010; Ramirez, in press) and
to recognize homologies (Apnarsson & Coddington, 2008) can be improved.
Cladistic studies by different researchers on substantially the same clades
often conflict. For example, the placement and circumseription of Nephilidae
remains controversial and subjective (see Kuntner, 2005, 2006, 2007, Kuntner
et al, 2008 versus Dimitrov & Hormiga, 2009; Alvarez-Padilla & Benjamin,
20110

Morphological systematics could benefit tremendously from more
standardized imagery and protocols, leading to less subjectivity and improved
communication among systematists (Ramirez eral, 2010; 0" Leary & Kaufman,
2011 Also, Henmig's (1960) “reciprocal illumination” could puide effort to
reevaluate morphological characters, for example in light of molecular or total
evidence analyses. As an example, the homology of the ‘peg teeth’, a putative
synapomorphy of the original Palpimanoidea 15 rejected by molecular and total
evidence analyses, which implies reevaluation of tis character system. Such
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an approach mught help solve the debate concerming putative homologs in the
palpal organs of Mephilidae and other Araneoidea.

Spider systematists also use behaviour, most notably webs and web
building behaviours (reviewed m Kuntner ef al., 2008 and Blackledge ef al.,
2011), bulding on the classical works from the 1980s (Eberhard, 1982b; Cod-
dington, 1986ab). Behavioural characters do provide important synapomios-
phies for crucial clades (Coddington & Levi, 1991; Coddington, 2005; Kunt-
ner ef al., 2008), although infra- versus interspecific variation and phenotypic
constancy should be further studied (Eberhard, 1990b; Gregoné et al., 20010).

Muolecular phylogenetics

Molecular phylogenetic studies on spiders have proliferated in last decade.
Certain clades such as Mygalomorphae, Salticidae, Orbiculanae and Lycosoi-
dea have received more attention than some other parts of the tree, although,
in retrospect, the avanlable markers have been markedly inadegquate to address
fundamental questions in spider phylogeny — Le. the relationships of families.

Genbank now contains considerable and diverse sequences for spi-
ders. Estimating species cover in Genbank 15 difficult as many studies include
sequences from specimens with uncertain taxonomic status, including unde-
scribed species. Inthe following paracraph “species™ thus refers to an estimate
of species level taxa, deseribed and undescnbed, available on Genbank {Table
2) and as a percentage of descnbed species. Owver 50% of sequences come
from seven families: Salticidae (370 species, ~7%), Lycosidae (~370 species,
~11%), Linyphiidae (--230 species, ~6%), Thendidae (160 species, ~13%),
Araneidae (~140 species, ~10%40), Pholcidae (~125 species, ~8%), Thomisidae
(~120 species, ~7%). However, these families contmn the most described spe-
cies, representing neardy 50% of spider diversity. Thus, molecular phyloge-
netic effort roughly mirrors diversity.

Mevertheless, there are several large spider groups that have received
disproportionally httle effort to date, such as the diverse ground dwelling
spiders Clubiomidas, Gnaphosidae and Oonopidae. As of November 2012, the
first DNA sequence of the diverse Donopidae (1016 species) has yet o be
submitted to Genbank. The first larpe scale project to tackle spider diversity
systematically, the spider tree of life project (hitp:/research.amnhoong/atol’
file=”), armed to remedy this problem. The goals of this project tangpeted the
kind of data spider systematics urpently needs, a broad spectrum morphological
and molecular survey of clades representing all spiders. However, this project
has as yet not resulied in published phylogenetic articles or submission of
substantial data to Genbank.

[n total a little over 3000 spider species, rather less than 10% of known
species, are represented by sequences in Genbank. The most common 15 a poe-
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tion of mitochondnal COI, the "DNA barcoding' gene, from over 2200 spe-
cies. Mitochondrial 165 (often including tBNA™) and nuwelear 288 are each
known from over 1300 species (Table 2}. Although single gene phylogenies
are still published (Muster er al, 2007; Park ef al., 2007; Boleemn ef al., 2010,
Framenaw ef @l , 2010a), most of the phylogenies reviewed here draw from
multiple markers, While some studies use only nuclear (Bond & Hedin, 2006;
Hedin & Bond, 2006; Rix ef al, 2008) or mitochondrial markers (Ayvoub ef al,
2005; Cheng et al_, 2010}, many use several nuclear (most frequently Histone
3, 185 fDMA, and 285 tDNA) and mitochondnal loci (fypically 165 tDNA,
and COT) (Agnarsson, 2006a).

These markers have been used 2o often { Amedo eral, 2007, Bidegaray-
Batista et ol , 2007; Bidegaray-Batista & Amedo, 2011; Ledford ef al , 2011)
that they have been referred to as the “usual suspects” (Dimitrov ef al., 2010,
oral presentation, see Table 2 for detail).

(Mher promising markers exist, especially for relatively recent nodes.
The nuclear marker [T52 15 useful for shallow divergences {Amedo & Gil-
lespie, 2006; Chang of gl , 2007; Apnarsson, 2010). ND1 can resolve species
or genus level phyvlogentes {Arnedo & Gillespie, 2006; Maddison & MNeedham,
2006; Apnarsson ef al., 2007; Chang et al., 2007; Maddison et al., 2007, 2008;
Rezad ef al, 2008, Agnarsson, 2012; Ruiz & Maddison, 2012). Elongation
factor-1 gamma has been used to resolve family level splits in mygalomorphs
(Ayoub ed al, 2007}, wingless has been ineluded in studies, for example of
Orbiculariae (Blackledge ef al., 2009}, and actin has been proposed as a useful
marker for spiders in general (Vink et al, 2008a). Elongation factor-1 alpha
wits found vseful in species level phylogenetics of both Salticidae (Hedin &
Maddizon, 2001) and Thomisidae (Garb & CGallespie, 20097, but no general
spider primers exist. A sprinkling of other markers are beginming to appear, a
recent study of the trapdoor genus Myrmekiaphila (Batley et ol , 2010) for ex-
ample, used the mitochondrial 125 tENA, t(EMA-val, and 165 fRNA, and the
nuclear glutamy! and prolyl tRNA synthetase genes. As with morphological
research, the collection of DNA data across taxa 15 relaBively unsynchronized,
50 that combining data from different studies to address more inclusive ques-
tions 15 impeded. Even though the “usual suspects™ include only a few loc,
different authors viilized different pomers, often resulting in different length
sequences and non-overlapping regions of the same locus. Generating matrices
from several independent studies to span many taxa, as done here, 15 difficult
(Be balow).

Total evidence phylopenetics

Combining genetic data from many independent nuclear and mutochondnal
markers with morphology and/or behaviour, so called “total evidence™ phy-



logenetics, 15 now widely wsed. Such analyses have been applied at varving
phyvlogenetic scales, both lower levels (Astrin er al, 2006; Apnarsson ef all,
2007, Armedo ef al, 2009, Huber & Astnin, 2009, Bailey ef al, 2010; Ma-
clas-Hemandes et al, 2010; Rix & Harvey, 2010; Bond et al., 2012a; Harvey
et al, 2012; Richardson & Gunter, 2012}, and higher levels (Amedo et al,
200%b; Blackledie e al, 2009%; Lopardo ef 2l , 2011), even though the abil-
ity of available molecular data to reconstruct higher level spider phylogeny,
from both theoretical and empinical perspectives, is problematic. The classical
philosophical arpument for total evidence 15 that a single analysis of all data
maximizes explanatory power (Kluge, 1997). On the other hand, the danger
15 that one data source may overwhelm the phylogenstic signal of others. It s
thus advisable to examine the results from each data source separately. Arpu-
ably the strongest support for a clade, regardless of standard measures such as
bootstrap and posterior probability values, 15 independent support from differ-
ent kinds of evidence. For example, the rich molecular dataset of Dimitrov et
al. (2012) offered weak support for the monophyly of Orbicularae and the orb
wih, but nonetheless satisfying, precisely since the result was independent of
morphological and behavioral data that originally suggrested this clade.

Molecular and morphological datasets often both agree and dizagree,
for example in the case of combined analyses of pholeids (Bruvo-Madaric et
al., 2005). What ts the source of this incongruence and can we judie which
kind of data are closer to the true tree? In mygalomorphs Bond & Hedin (2008)
concluded that morphology was not variable enough to resolve phylogenetic
relationships and therefore relied on molecules. However, this 15 not really
incongruence, but rather lack of resolution. In other cases authors have con-
cluded that one source of data was more erroneous than the other, for example,
calling “morphology to the rescue’ of therr molecular analyses (Lopardo et al,
2011}, The combined resulits agreed better with traditional, morphology-based
notions of familial monophyly and groupings at the familial level. Such evalu-
ations presume knowledge of the “correct’ phylogenetic relationships. Alvarez-
Padilla et al. (2009} found that morphology Iinked nephilids with tetragmathids
(s above], but the combmed dataset rejected that relationship. Which signal
15 “better’ in this case is difficult to say, but total evidence analysis does agree
better with other recent studies { Kuntner gf gl , 2008; Blackledge et al., 2009%b;
Dimitrow et @l , 2012}, suggesting that the incongruence may be due to issues
with the morphological datasets rather than a better molecular signal. In sum,
total evidence analyses, no doubt, represent best practice, but it 15 clearly ad-
visable to evaluate critically the results of independent analyses before data are
combined, and after.
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State of the art — what do we know about spider phylopeny?

Coddington®s {2005) summary phylogeny based entirely on morphological
data (Figure 10) serves well as a consensus view of phylogenetic knowledge
of spiders at the beginning of this millennium. As reviewed above, numerous
morphological and molecular phylogenies have been published sinece
Coddington (2005}, and what we have learnt from these can be summartzed in
a few words: most deep clades i spider phylogenetics are disputed, mainly by
molecular results. Not only are new molecular studies incongruent with much
of “traditional’ knowledge but they are often mcongruent with one another.
Cases in which molecular phylogenies strongly support deep clades proposed
by morphology {or confributing to tofal evidence analyses) are thus relatively
few. Hence we represent the, admittedly gloomy, state of the art knowledge
with a recapture of Coddington’s cladogram, on which we highlight current
areas of agreement, and major conflict (Figure 107,

Although it seems that few of the clades proposed by Coddington
[2005) are consistently supported by recent molecular data, some of the
major clades still hold (marked red m Figure 10). These represent our few
‘benchmark clades’, basically well supported hyvpotheses and the few things we
truly can claim to “know® about deep spider phylogeny. Motable among these
15 the basal dichotomy of Mesothelae, the small group of spiders primitively
retaining external sipns of abdominal segmentation, v, Opisthothelas the
vast majority of spiders. Also consistently supported are the monophyly of
Mygalomorphae (“tarantulas®), Entelegynae (spiders with sclerotized female
penitalia), Araneoidea (the classical ecribellate orb-weavers), and the RETA
clade (spiders with a retrolateral tibial apophysis on the male pedipalp). The
last of these, the RTA, has recently been modified based on molecular data
to melude the superfamily Titanoecoidea (Miller ef af, 2010a), a reasonable

Figare 10 Coddington™ (Z005) consensus phylogeny based on morphobogcal  studees,
wilh recent suppoart and refutabon from moelecular and ial evadence aralyses marked. This
14 a summary highlighting some of the magor conflicts and does nol allempl o caplune all
tsagrreements and apreements m family placement. Red dois heghlepkt clades thal kave sither
bzen supporied or ot stromgly refuted by recent studies, Bed and green siars mdicate taxa 1hat
have recently been transficmed 0 different clades. Blue siars miicabe ¢lades that have Baded
1o be supported m prior molecalar aralyses. In orange we highlight clades that prior analyses
have ealher supporbad, or nol lested, el 2ne ool recovered molhe analyses presented n Frgwenes
11-12. In sum, sl cladeshass marked with stars represent sersous challenges i the corsersus
mucphologisal view. The menophyly of clades marked m orange is not recovered m our analyss
(S pexL), tul some, such as Orbaculanae, bave been supportod by molecwlar data previous)y
In general these represent clades with bnbe or relatvely weak support from molecular evidence,
and lhus these clades requere further serutimy Irom futene stuches, (0 ihe seven larmabes that bad
nal been placed phylegenetically 1o 2005 (s hist m Fagare), four bave row been placed ard ans
imbated walh a checkmark.
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placement given that some of these spiders have an RTA, while others may
have secondarily lost it. Other major clades that have not really been disputed
melude Araneomorphae {the so called “true’ spiders, all spiders other than
Mesothelas and Mygalomorphae) and Haplogynae (sensu lato). However, one
has to be cautious, as the lack of dispute for deep morphology-based clades
may somebmes simply mean the lack of any phylogenetic tests. For example,
while Griswold et al. (2005) tested the monophyly of Entelegynae, their test of
Haplogynae was weak {see below). A novel test of the deep nodes in the spider
topology 1s thus needed and 15 presented below.

(ther traditional clades have been disputed since 2005, Araneoclada
wis rejected in a recent morphological study (Griswold er al, 2005) thus
rejecting the dichotomy Haplogynae + Entelegynae. In their optimal tree
Haplogynae 15 placed more basally than previously hypothesized, as the
first offshoot of arancomorph spiders. Their study was desipned to test the
relationships within Entelegynae, and thus deep spider nodes could not have
been recoverad with much certainty.

The superfamily Palpimanoidea (Forster & Platnick, 1984) 15 another
example. At the time it was proposed, it was a bold hypothesis that contra-
dicted the fraditional view of mimetids and their relatives as araneoids, based
on newly discovered putative synapomorphies. It was also logical and well-
argrued cladistically, i an era when few phylogenetic hypotheses could make
that claim. Howewver, it fell as soon as 18 was catically re-examined, albest 20
vears later, in the slow-paced world of spider phylogenetics {Schift, 2003,
Griswold er al, 2005} If proved to be based on convergent fraits interpreted
a5 homologies. Mo recent studies, based on morphological and/or molecular
data have supported i, but rather have shown the araneoid placement of the
following lineages: Mimetidae (Blackledpe & af, 2009a), Malkardae (Rix et
al., 2008, Micropholeommatidae (Schatt, 2003; Rix e al, 2008, 20107, Hol-
archaeidae (Rix ef ., 2008) and Pararchasidae (Rix ef al., 2008},

According to Rix et al (2008) Palpimanoidea should only mclude
haplogyne spiders from the families Archaeidae, Palpimanidae, Stenochilidae
and Huttoniidae, and the phyvlogenetic status of Mecysmaucheniidae remains
to be settled. The most recent studies support this view (Dimitrov et al., 2012},
and our own analysis also placed Mecyvsmaucheniidae with this revised Palpi-
manoidea (Figure 113

The superfamily Eresoidea is supported by morphology (Griswold e
al., 2005}, but not by molecules (Miller ef &f, 2010a; Dimitrov et al., 2012;
Apnarsson ef al., 2013). Morphology may sugpest that the close relatives of
orbiculanans (orb-weavers) are among the Eresoidea, with some molecular
analyses placing eresids sister to orbicularians (Figure 11}, whereas oecobiids
and hersiliids appear more closely related to the RTA clade. A different topol-
oy wis recovered by Dimitrov er al. (2012}, where the ETA clade plus Hersi-



lidae and Oecobiidae group with Orbiculanae, while eresids are a more basal
offshoot. Miller et al. (2010a4) called for redefimtion of several ETA families
such as Agelemidae, Amaurobiidas, Cvbaerdae, Dictymidae and Hahniidae, and
proposed a new family, Penestomidae, as sister to Zodariidae, Agnarsson et
al. (2013} concur suggesting that many of the BTA families, and deeper level
clades, require new circumscriptions, as the current fmdimgs also suggest (Fig-
ure 113 While both studies undersample Dionycha, both are consistent with
the monophyly of DMonycha but not that of the Lyvcosoidea.

Micodamids have since 2005 been hypothesized to nest inside the
eeribellate araneotds (Blackledee er al., 2009a; Dimitrov et al., 2012), although
the placement of the cribellate Mepadictyna differs among analyses. Apnars-
som ef al. (2013) placed Megadichma close to Eresidae, while the remaining
nicodamids nested within Amaneoidea. Thus, the group Araneoidea, or true orb
weavers, has been significantly redefined duning this first decade of the 215t
century, with the inclusion of nicodamids, retum of classical araneoids briefly
exiled to Palpimanoidea (see abowve), and numerous internal rearrangements
(Schitt, 2003; Blackledpe er 2l , 200%9; Dimitrov et al, 2012).

Although the contents of Araneoidea may be clear, araneoid
relationships are not. MNearly all clades above the family level differ among
recent phylogenetic analyses from the hypothesis presented in Figure 10, and
no consensus view has been estabhished. For example, recent studies agree
that Tetragnathidae does not contain nephilids { Kuntner gf ol , 2008), however,
their exact placement differs among studies. Blackledge e al. (2008) placed
them sister to “eygiellids”, Dimitrov ef al. (2012} sister to a large “aranerd”
clade, Kuntner ef ol (2008} sister to all other araneoids, and Apnarsson et
al. [2013) sister to Araneidae-+Anapidas, Instead, tetragmatinds appear 1o be
phvlogenetically closer to mimetids and the “araneid” genus Arfges (Domitrow
& Luazarow, 2002; Blackledge ef al, 200%9a; Agnarsson et al., 2013).

Mo studies meleding molecular data have supported the legacy
clades ‘Derived Araneoids®, ‘Symphytognathoids’, “Araneoid Sheet Web
Weavers', or the “Spineless Femur Clade'. Simalarly theridiods (Theridindae
plus Nesticidae) are consistently rejected in molecular analyses (Dimitrow &
Lazarov, 2002; Blackledge ef al., 2009; Agnarsson ef al, 2013}, Linyphioids
(Pimoidae plus Linyphiidae) are less confroversial (Amedo e af, 2009b;
Apnarsson ef al, 2013}, although they are not consistently supported (Dimitrowv
ef al., 2012), Current molecular phylogenies fail to support deeper nodes and
are inconsistent, so that ther rejection of morphological results 18 difficult
to evaluate. Sipmificantly, no one has attempted a similarly comprehensive
morphological analysis of Araneotdea to supercede that of Criswold ef al
(1998,

Within Mygalomorphae, recent studies are also revamping knowledge
with marked chanpes in the phylogenetic hypothesis since 2005, Bond er al.
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[2012b}, proposed a new classification that recaptured some of the key clades
in Figure 10 as previously defined, namely Atypoides and Avicularoides,
however, most of the remaining major clades are either dramatically redefined,
Crassitarsae, Theraphosodina, Domiothelina, to preserve monophyly, or flatly
rejected, such as Rastelloiding, while proposing novel clades such as Bipectina
and Euctenmzoidina.

Phylogenetic structure, and hence the validity of current genera, is
completely unknown within the earliest spider branch, the Mesothelae, with
the single extant family, Liphistiidae.

Since 2005 some of the ‘unplaced families” (see Fipure 10}, have now
been included in phylogenetic analyvses. Chummidas, Hahmiidae, Homalony-
chidae, and Cybaeidae were all included in the studies by Miller er al. (2010)
and Agmarsson ef al. (2013), and are included here (Figure 117, All belong to
the BTA clade, and Hahniidae and Cybaeidae appear polyvphyletic as currently
cirgumnseribed. The phylogenetic position of Cycloctenidae, Halidae, Syna-
phodae, and the recently discovered Trogloraptoridae (Griswold er al. 2012)
remain unknown.

While the deeper level phylogenstic structure 15 thus poorly known
in spiders, we may ask if the picture looks clearer at lower faxonomic levels,
such as families and genera. This does not seem to be the case. Thers are
certainly proups that have never senously been contested since they were pro-
posed, including morphologically highly distinet families such as Liphistiidas,
Dwsdenidae, Scytodidae, Pholeidae, Salticidae, Demnopidae and others. Also,
within groups that were the early focus of study of molecular phylogenetics,
much of the *noise’ had already been sorted out; families within Araneoidea
are probably by and large monophyletic as currently crreumsenbed. However,
even within Aranecidea recent analyses again hghhipht historically controves-
sial 1ssues, such as the placement of the araneid Arkys with tefragnathids, the
placement of mimetids among tetragnathids, the exclusion of nephilids from
tetragnathids, the definition of Synaphridae, Anapidae, Symphytognathidae,
and others.

Even more issues are apparent in groups that only recently are being
analyzed using molecular evidence. For example within the BTA clade, Miller
et al. (2010} found that the families Agelemdae, Amaurobiidae, Cybaeidae,
Dictynidae and Hahniidae were not monophyletic as currently circumscribed.
Further, in a recent Arst detmled molecular study of Mygalomorphae (Bond e
al., 2012b) the monophyly of Mecicobothriidae, Hexathelidas, Cyrtaucheni-
dae, Memesiidae, Ctenizidae and Dipluridae was refuted, and the new family
Euctenizidae was erected.

The same story may apply to even lower level studies at the penus
level. Though we do not review that literature here, cerfamnly many genera
routnely turn out to be para- or polyvphyletic. For example, Apnarsson (2004,



2006h) transferred species from the genus drelosimus to no less than five other
penera, and to Anelosimus from an additional three penera, following the frst
phyvlogenetic analvses of the genus. Similarly, reclassification routinely fol-
lows new revistonary and phylogenetic work at the penus level, as exemplified
in recent papers, for example on Aranews (Framenau ef al, 20010a), Pholous
(Huber, 2011k}, and deinopids (Coddington e @, 20012}, to name but a few.
Historical taxonomy was often inconsistent, Jhger (20100, for example, discov-
ered that from a senes of specimens of a single species, collected from a single
locality, Strand (1911} described two new monotypic genera of Pisaunidae.

A novel molecular analysis of spider familics

Rather than summarizing existing molecular phylogenies in a supertree, we
chose here o assemble and analyze a family-level matnx from Genbank. Thes
new phylogeny will be questionable due to missing data and the unavoidable
use of loci that have performed poorly, judged either by replicability or in-
dependent corroboration, at reconstructing desper, inter-familial phylogenetic
nodes. [t disputes some of the “indisputable’ clades mentioned above, such as
Aransomorphee and Haplogynae. It implies, once agam, that available mo-
lecular data remains inadequate to recover deep phylogenetic nodes in spiders,
even though dense taxon coverage with molecular data 15 clearly more feasible
than with morphology. OF course, comparative morphology may also mislead,
but at least the empirical facts and their relative generality seem stable, even iF
interpretation and analysis are controversial. Molecular data, in contrast, may
seem more problematic at the moment, but the potential to contribute more,
and more sophisticated, data in the future 15 undemable. Regardless, the list of
deep spider clades robustly supported by both morphological and molecular
data 15 very short indeed.

As noted above, most of the available loci are expected to be more
informative at relatively shallow rather than deep genetic divergences, so that
implied relationships will be relatively less reliable, The problem s exacerbated
by poor overlap of genes and pene regons available for different groups of
spiders in Genbank, resulting in molecular matrices with many missimg data,
Despite these drawbacks, the kind of analysis we present here, drawn from
synthetic databases and relying on the work of dozens, if not hundreds of
colleagues, represents the foreseeable future of comprehensive phylogenetic
analysis. The current attempt haghlights the shortcomings of available loc and
unsynchronized sampling effort. The results do not strongly test morphological
phvlogeny. They do illustrate where we currently stand with respect to
molecular data, and thus can guide us in the collection of new data to solve
thiz deep phylogenetic question. It 18 our hope that repeating this practice some
5-10 years from now when larger datasets have become routine, will result in

BT
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a more credible and strongly supported hyvpothests, and thus demonstrate rapad
progress in the phylogenomic era.

For a boef outline of phylogenetic methodology, see Appendix 1. Our
analyses based on ten nuclear and mitochondrial loci were clearly constrained
by missing data ranging from around 30% (dphoropelma, Theraphosidae) to
almost S4% (Cyatholipidas) in the full analysis. Accordingly, clade support
wis very low in the full analysis and highest in the 81 taxa analysis where the
55 taxa with the least data were removed. To repeat, the reconstruction of 400
million vears of spider evolution at the family level with frugmental samples of
loci more appropriate for much more recent divergences, such as relationships
ATIONE SPECies 0T generd, 15 obviously problematic. However the basic strategy
of thiz kind of summary molecular analysis 15 sound, and will be repeated, no
doubt, many times in the future. It behooves us therefore to assess available
data, and what they tell, and do not tell us.

The results of the analysis of the entire dataset of 136 taxa by ten loci
(Figure 11} differ dramatically from the consensus view expressed in Figure
10. Modal support 15 very low for many of these contrasting clades, however,
the same clades are in most cases recovered with higher support in analyses of
the smaller datasets where missing data 15 less of a problem (Figure 12}, We
here highlight the few points of agreement between the consensus view and
thiz phylogeny, as well as the most controversial disagreements. The phylog-
eny does not effectively test Mesothelse vs. Opisthothelae — to do that, one
would need to sample taxa outside of spiders — but 15 at least consistent with
these groups. Other clades in nofable agreement with the consensus view are
Entelegynae, Mygalomorphae, and the recently re-circumscribed Arancoidea,
the RTA clade, and Palpimanoidea. Palpimanoidea here includes only palp-
mamds, archaeids and mecysmauchennds, corroborating the fransfer of the
remaining members of the recent Palpimanoidea to Araneoidea. Some other
smaller clades are in partial agreement with morphology such as higher Iyco-
soids, albeit now containing Thomisidae, and Zodarioidea. Many, though not
nearly all, of the tested families are also monophyletc.

This phylogeny differs from the consensus view, partly because the
available DMA data are ma:lu]ud'l: to resolve thes deep level phylogeny, but
also because the consensus view 15 doubtless incorrect in some aspects. [ 13
intriguing to realize that we cannot say which of these two causes dominates.
Clearly some of the relatonships suggested in Figure 11 go agamst all prior
evidence and can be presumed to be false, eg. the placement of LToborus as
sister to the BTA clade. On the other hand, as highlighted m Figure 10, we

Figore 12. Resalts from mobasular analysis ol the 81 taxa set, where the 55 axa with least
avarlable data fram Figure 11 have been removed. In addition to Deimapdy and Olohones, e
Pholcwdae s clearly masplaced, possibly as a resull of loag branch attracton; i moves withm
Haplogynae when arotber pholewd 158 meluded i the analysis (Frgere 11)0 See legend for Figure
11 and vexl for detaals.

a1
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also know that recent phylogenetic tests have contradicted the consensus view,
broadly and in detail. We therefore discuss the differences between Fipures 10
and 11 to highlight the most urgently needed tests in spider phylogeny.

Most dramatically, Figure 11 does not recover Araneomorphae nor
Haplogynae. Haplogynae is a paraphyletic prade leading to Mygalomorphae.
Although unexpected, to say the least, the question has never been asked
at this scale with molecular data. Failure to recover Aransomorphae could
readily be explained by root placement within Opisthothelae. Root placement
15 a difficult issue in deep level phylopenetics, and here Mesothelae s
represented only by two species, both of which lack available sequences for
many of the genes. Thus, if the root 15 drawn between Myzalomorphae and
the remaining Opisthothelae, our results resemble much more the consensus
view (Figure 13). Furthermore, the taxon thought to represent the basal split of
Aranesomorphae, Mypochilis, 15 placed with relatively high support (Fipure 12)
within the paraphyletic Haplogynae. A surprising placement as, even though
Hypochilus has haplogyne genitalia and resembles in many other ways varous
members of the classical Haplogynae, it shares two pairs of book lungs with
Mygalomorphae and Mesothelae, and lacks the hyvpothesized morphological
synapomorphies of Haplogynae, such as fused chelicerae.

Another unexpected result 15 the recovered polyphyly of Austrochili-
dae, and the placement of the haplogyne Leptonetidae with part of Austrochi-
loides. We note however, that dustrochilus 15 a long branch that was not stable
in the analyses, and for example ‘attracted’ another long branch, Pholeidae, in
the three smaller analyses (see Figure 12).

We failed to recover Orbiculariae, which is not surprising given that
no prior molecular analvsis has recovered 1t with strong support. The results
do not support Eresoidea, in agreement with other recent molecular studies
(Miller ef af, 2010; Apnamsson ef al., 2013). We do recover the ETA clade,
however, within 1 no major ‘consensus clade’ 15 supported, with results dif-
fering dramatically between the current tree and morphology, as well as prior
molecular studies, to the extent that resulis can be compared due to very dif-
ferent taxon sampling.

Perhaps most surprising 15 the apparent polvphyly of Dionycha
however, very few of the results within the BTA clade are well supported. We do,
nonetheless, always recover Thomisidae within the higher Lycosoids, close to
Oxyvopidae with relatively gh support (Figure 12). Given that within the RTA
the results of the pruned matrix are in much greater agreement with morphology
than those of the full matrix may indicate that missing data present a major
problem in our analysis of the BTA clade. Yet, other recent molecular studies
have also contrasted strongly with morphology, suggesting that the phylogenetic
structure within the RTA clade wall likely be dramatically changed as stromger
molecular data accumulate (Miller ev al., 2010; Agnarsson er al, 20013



Mygalomorphaa

Haplogynae

Haplogynaa

Austrochilidae Hickmarnia

Austrochilidas Austrochilus
FPalpimanidas

r—Aranacidea

Deinopis

r—Erasidaa

—E Hersiliidas+Oecobiidas
HTA clade

Figare 13, An overview ol the resulls oblamed here, when Opsthotkelae 15 rerooted between
Mygalomarphae and the remaameg Omsthathelse, The particalarly unstable placement of
Eresidee and Denopoidea 15 mchicsted with a polyiomy. Thes rerooted version s mone simalar
10 1he corsensus waew (Figare 10) and recent marphodogical analysis (Gnswald ef al, HH5),
howewer, bolh Elaplogynae and Ausirochaloides remam paraphyletc.

[n sum, relatively few parts of the spider tree of Life received robust
support from morphological and molecular data, most notable among these
being Mesothelae, Opisthothelae, Mygalomorphae, Entelegynae, Arancoidea,
and the RTA clade. Much of the remainmg spider tree remams to be resolved.
Currently available molecular data are insufficient to construct a robust spider
tree of life, thus future work mcluding stronger molecular data and revised

morphology is ungently needed.
Prospects: choice of loci and synchronization of effort

Although the above results are guestionable, we reiterate that this sort of
analysis — all available markers for all avalable taxa — wall be regularly
repeated for the foreseeable future, even as less melusive and comprehensive
analytcal strateries appear. For fufure progress, it 15 therefore important to
make efforts to synchronee and standardize data collecting. This approach
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will synergistically benefit all researchers mterested and mvolved i spider
phyvlogenetics. Such effort could, for example, start by providing a list and
protocols of universal primers, and suggest priorities for primer choices for
maximum overlap among studies (see eg httpdwarwislandbiogeography.
org/uploads/&6/BVEGR03R T /primers.doc). The issue of data overlap will
predictably grow exponentially as spider phylogenetics enter the genomics era
and choice of data becomes broad. It would be unfortunate if the new mjection
of larpe datasets in spider phylogenies from NGS would come hand m hand
with reduced overlap in data collected by different luboratories, However, this
seems likely to happen given that it appears that laboratories in many cases
are desigming their own pipelmes, and resulting phylogenetic datasets may
have limited overlap among different labs. It 15 urpent to establish a dialogue
and a resource centre where systematists can share expenences and maximize
comparability of the data that will be generated in the coming decades. Ths
kind of effort could be centralized around an international organization such as
the International Society of Arachmology (1SA: httpz/fwww. arachnology.org).

A more synerpistic approach to data sampling could more strongly
evaluate the utility of different loci or MGS pipelines. Given that it will be
some time yvet until phylogenomic studies become affordable on larpe data-
sets, such as biogeographic or phylogeographic studies involving hundreds,
or thousands of specimens, it 1s likely that analyvses of multiple loci obtained
from standard genes (but new primers) will remain the best option. Evaluating
the performance of loci 15 still important. [dentifying the ‘magical” sef of genes
depends on the taxonomic guestion. Some of the “wsual suspect=" may robustly
resolve lower level phylogenetics. As an example, [TS2 and COI, two readily
amplified and sequenced markers representing the nuclear and mutochondnal
genomes, appear to resolve population level phylogeographic (Kuntner & Ag-
narsson, 2011h), and species level biogeographic patterns (Kuntner & Agnars.
som, 2011a) in MNephila and Nephilengys, respectively. At this shallow level
nuclear and mitochondrial data strongly agree, perhaps implying that nesalts
may not change with additional data.

At intrageneric levels, individual gene trees sometimes conflict. In so-
clal Anelosimus Apgnarsson ef al. (2007) found that the placement of the highly
social A eximins, a key species, differed among gene trees, even differences
between two protein coding mtDMNA loci, with important implications for the
evolution of sociality. DMscordance among gene trees typically then comtinues
to morease as studies tackle deeper level splits such as among genera within
o family, or among related families (e.g. Amedo et al, 2004, 2007, 2009,
Amnedo & Gillespie, 2006; Blackledge er al., 20009a; Miller ef al., 2010a; Bod-
ner & Maddison, 2012).

Combined analyses of multiple markers sometimes result m credible
phvlopenetic estimates as judged by congruence with morphological and



behavioural data (&g Amedo er al, 2004; Blackledire ef al., 20092}, But 1if the
currently utilized loci continue to display the pattern of iIncreasing discordance
with phylogenetic depth, they may not be able to robustly solve the deepest
level spider phylogenetics (see below and Figure 11). Thus, future progress
will lie in adding to our current toolkit; the range of loci and other types of
molecular data need to expand immensely in the next decade as we enter the
era of next generation sequencing.

Utility of phylopenies

Considening only the lterature since 2000, spider phylogenetic studies are
ncreasingly used to test evolutionary hypotheses. Examples from the spider
literature of the use of phylogenies to pose and test phylogeographic (Bidega-
ray-Batista ef @l., 2007; Starrett & Hedin, 2007, Su et of, 2007, Cooper efal,
2011; Kuntner & Agnarsson, 2011b), biogeographic (Crews & Hedin, 2006;
Crarh & CGillespie, 2006; Hendrixson & Bond, 2007, Wood ef al, 2007 ; Dmmi-
trowv ef al, 2008; Mactas-Hernandezr ef al, 2008; Wang of ol 2008; Crews &
Gillespie, 2010; Rix et al., 2010; Bidegaray-Batista & Amedo, 2011; Kuntner
& Apnarsson, 2011a; Su et al, 2011; Rix & Harvey, 2012), ecological (Ame-
do & Gillespie, 2006; Opell, 2006; De Busschere et al, 2000; Spagna et al,
2010; Satler et al., 2011), behavioural { Kuntner & Agnarsson, 2009; Kuntner
ef al., 2009, Agnarsson, 2012; Kralj-Fider & Kuntner, 2012), palasontologi-
cal (Penney ef al, 2003; Penney, 2004) and evolutionary hypotheses and sce-
narios (Garb & Hayashi, 2005; Stratton, 2005, Agnarsson, 2006a; Agmarsson
et al, 2006, 2010; Johannesen ef al., 2007; Blackledge er al, 2009b; Hedin
& Lowder, 2009, Kuntner & Coddington, 2009; Cheng et al., 2010, Kuntner
eral, 2010; Higgins ef al, 2011; Dimitrov et al., 2012; Ledford er al., 2002).
Additionally, several recent studies have used molecular or combined data in
order to discover and descrnbe unknown diversity, or delimit species (Grnffiths
et al., 2005; Hendrixson & Bond, 2005; Johannesen er afl, 2005; Bond &
Stockman, 2008; Vink ef ol , 2008b; Duncan er al., 2010; Macias-Hemandesz
et al, 2010; Hamilton ef al, 2011; Hedin & Carlson, 2011; Kuntner & Agnars-
som, 2011a). Phylogenies are powerful tools, particularly if they draw from
several independent sources and if they are me calibrated. In the near future,
the power of phylogenetics will rapidly increase through transcriptomics and
phylogenomics. Early indication of this 15 already seen in the spider literature
(Garb et ai., 2007, Prosdocim e al., 2011; Mattila e al, 2012a).

Conelusions

Although we have made enormous progress since 2005 in taxonomic discov-
ery and in morphological, molecular and combined phylogenetic research on

95



e

spiders, most major suprafamilial clades of spiders have yet to survive rigorous
testing. A few pillars of knowledge emerpe: clades supported by morphologi-
cal and molecular analyses alike. We highlight the large task ahead by 1dentify-
ing the major instabilities in spider phylogenetic research, and by initiating the
workhorse analysis of the future: all Araneae and all markers, filtered as seems
wise by current standards of data quality.

We further hope to inspire laboratonies to work towards synehronizing
the global efforts and towards making the data comparable, alipnable, and
thus usable. We may all be moving towards phylogenomics, but we believe
there is still room for rapid improvement of the wtility of the wsual suspects,
the genes commonly used for amplification in population, species, and hgher
taxon phylogenetics. Hence, spider molecular phylogenetics will mature from
the “middle-aged mfant™ to a teenager. We also urge researchers not to entirely
bypass and neglect the more classical character systems, because morphology,
ecology and behaviour will continue to supply us with critical evidence of
homology versus convergence. Furthermore, obtaiming a robust “tree’ 15 a
poal in itself, however, cladoprams are only truly wseful to the extent that
wi know something about the morphology and the biology of 1= constituent
taxa, and thus can wse them to study evolutionary and ecological processes.
Spider systematics remains largely contentious and in need of intensive and
synchromized research. A robust understanding of spider phylogeny will,
eventually, provide us with opporfunities fo test a myriad of ecological and
evolublonary questons,
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Appendix 1. Methods for molecular analyses

Accession numbers for the ten genes most commonly used in spider system-
aties (OO0, 285, WD, H3, 185, 185, 125, Gamma, Actin, Wingless), for all
spider species deposited in Genbank, close to 9000 entries, were assembled
nto an Excel spreadsheet. Taxon representatives of spider families were then
chosen based on cene coverape. A farmily level taxon represents a single taxon,
or 4 chimera, constructed to maximize gene coverage {Supplementary Table
and further detail available from the authors). All families of spiders with any
representation in Genbank were included. For each family, a second taxon was
added if a single terminal, or single penus chimera could be constructed to
contain at least four of the ten genes. Data were downloaded from Genbank
through the evolutionary analysis software Mesquite (Maddison & Maddison,
2011). Each gene matrix was aligned using MAFFT (Kamitaka gf oi, 2005)
through the EMBL-EBI server (http:/fwww.ebi.ac.uk/Tools/msa/mafftf) with
pap opeming and ap extension penalties set at defuult (1.53 and 0.123, respec-
tiviely), except in protemn coding penes where gap opening penalty was set to
maximum {3). Alignment was run with 100 tree rebuilding replications and
100 maximum retterations. The matrices were then pruned at 5" and 3" ends to
eliminate regions shared by less than 10% of the taxa. The ND1 matrix was
further tnmmed eliminatng a region of gappy alignment contaming stop co-
dons at the 3° end, and the Gamma matox with such a region was eliminated
at the 3" end. The matrices were then concatenated i Mesquite, and exported
for analysis. We analyzed the full mainx, contaming 136 terminals, as well as
smaller subsets of the data (120, 100, and Bl taxa) pruned to exclude the taxa
with most missing data. Phylogenetic analyses were partiionsd by genes and
within protem coding penes by codon position, and a partitioned Bayesian
analysis was run for 40,000,000 generations for the larger matrices (136 and
120 taxa) and 30,000,000 for the smaller matrices (100 and 81 taxa), Bumin
wits determined through analyses of .p files in Tracer (Drummond & Ram-
baut, 2007}, Stationarity was in no analysis reached before the typical analysis
length of 10,000,000 generations, but after about 20,000,000 generations in the
21 faxa analysis, 23,000,000 generations in the 100 taxa analysis, 25 000,0000
penerations in the 120 taxa analysts, and 12,000,000 in the full analysis.
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