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Abstract

Spiders are notoriously solitary and cannibalistic, with instances of colonial or social lifestyles in only about
50-60, or ~0.1% of 50,000 described species. Population analyses indicate that most colonies consist of multiple
cohorts formed by close relatives. Territorial social spiders facultatively form colonies by interlinking individual
webs, but further cooperation is infrequent, and only among juveniles or (rarely) females. In spiders therefore,
aggregations of males outside of the male-male competition context has been unknown. Here, we report on a
discovery of a kite spider from Madagascar that exhibits unique colonies. We found colonies of the newly de-
scribed araneid Isoxya manangona n. sp. formed by up to 41 interconnected, single-cohort adult female webs
with up to 38 adult males aggregating on a central, single, nonsticky line. With males resting tightly together,
we found no evidence for male-male aggression. Genetic analyses from RAD sequencing suggest that most
colonies consist of unrelated individuals. Furthermore, genetic variability of males was somewhat less than
that of females. Single cohort colonies made up purely of adults, and peaceful male aggregations, have not
previously been observed in spiders. Although direct behavioral observations are preliminary, we speculate
based on the available evidence that these colonies may represent a novel and first case of lekking in spiders.

Key words: lek mating, sexual selection, male aggregation, social spider, mating strategy

The nature of interactions, sexual encounters, and conflict among
conspecific individuals varies enormously across animals. This
ranges all the way from species consisting of aggressive solitary in-
dividuals with little to no tolerance even for conspecifics, to species
forming permanent cooperative and highly social groups (Wilson
1971, Avilés 1997, Agnarsson et al. 2006, Lubin and Bilde 2007,
Agarwal 2008, Bilde and Lubin 2011, Yip and Rayor 2014, Avilés
and Guevara 2017, Viera and Agnarsson 2017). Most animal species

fall in between these extremes, typically showing at least some level
of tolerance for conspecific individuals. The vast majority of spiders
are solitary, territorial, and cannibalistic. When and if they aggre-
gate, temporary swarms form surrounding an abundant resource.
This may occur in man-altered habitats or buildings (Greene et al.
2010), or following natural events such as flooding (Piacentini et al.
2021) when large irregular multi-species and multi-cohort “colonies’
can form temporarily as insect populations boom. Unlike most
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species, obligate social spiders like Anelosimus eximius (Keyserling,
1884) and other highly social species cooperate in web building,
prey capture, and maternal care (Avilés 1997, Marques et al. 1998,
Agnarsson 2006, Yip and Rayor 2014). Of the ~50,000 described
spider species, this one is among about 50-60 living in some type
of aggregations. Cooperatively social spiders are rarer (~20 species),
whereas certain types of colonial spiders building territorial web ag-
gregations are a bit more common (30+ species) (Uetz and Hieber
1997, Bilde and Lubin 2011, Avilés and Guevara 2017). In spiders
that build orb-webs such as Parawixia (F. O. Pickard-Cambridge,
1904), Cyrtophora (Simon, 1864), Philoponella (Mello-Leitdo,
1917), Metabus (O. Pickard-Cambridge, 1899), Metepeira (F. O.
Pickard-Cambridge, 1903), Trichonephila (Dahl, 1911), as well as
the here described Isoxya manangona sp. n. (Gasteracanthinae), in-
dividuals may aggregate facultatively to form web clusters of a few
to several hundred individuals, while individuals of the same species
also lead solitary lifestyles (e.g., Uetz 1989, Avilés 1997, Leborgne et
al. 1998, Bilde and Lubin 2011). When these otherwise solitary taxa
aggregate, their webs are interconnected, yet each web-site remains
the property of one individual. In such groups, interactions among
individuals are limited, may involve conflict,and mostly occur among
smaller juveniles. Typically, in colonial spiders, individuals defend
their own webs, and do not share prey (Lubin 1974, Uetz 1986,
Hodge and Uetz 1995). In some species, adults or different cohorts
may interact occasionally in the context of cooperative capture of,
and feeding on, larger prey (e.g., Parawixia bistriata (Rengger, 1836)
(Wenseleers et al. 2013, Quero et al. 2020)). Even in such situations,
some level of aggression is typically apparent (e.g., Metabus gravidus
(O. Pickard-Cambridge, 1899) (Buskirk 1975)). Rarely, colonial spe-
cies show mutual attraction and tolerance among individuals, some-
times sharing a task such as prey wrapping [Metepeira incrassate
(E. O. Pickard-Cambridge, 1903) (Cangialosi and Uetz 1987, Hodge
and Uetz 1995), Philoponella raffrayi (Simon, 1891) (Masumoto
1998), P. republican a (Simon, 1891) (Binford and Rypstra 1992)].
Such interactions usually involve juveniles or, rarely, adult females.
Most often, as is the case in Trichonephila inaurata (Walckenaer,
1841), T. clavata (L. Koch, 1878), and T. clavipes (Linnaeus, 1767),
each orb is maintained by a female (or juvenile), and males that
wander into the colony distribute themselves in the vicinity of a fe-
male (alpha males) or further on the web’s periphery. These accumu-
lating males are aggressive towards each other (e.g., Kuntner et al.
2009). To our knowledge, cases of peaceful male aggregations in one
single spot, like we report for Isoxya manangona sp. n., have never
been documented previously for any spider.

Colonial spiders typically form multi-cohort colonies, but very rarely
form single-cohort colonies (e.g., Wenseleers et al. 2013). In the latter
case, however, such colonies are thought to be based on siblings emerging
from egg sacs, building colonies until dispersal after mating (Fowler and
Gobbi 1988). Hence, single-cohort colonial spiders such as P. bistriata are
expected to contain highly related individuals. The population genetics of
multi-cohort colonies is generally poorly known, but it is common that
adult females share colonies with their own offspring, at least for a time.
Hence, colonial spiders are generally not thought to be entirely made up
of randomly accumulating individuals and single-cohort colonies housing
unrelated adults, as we discover here, have not been reported.

Another form of animal ‘colonial’ aggregation occurs exclusively
around mating. Lekking, also lek mating, is a relatively rare animal
mating strategy whereby males form aggregations, termed leks, and
females choose among multiple males that typically perform displays
(Bradbury 1977, 1981; Wiley 1991; Widemo and Owens 1995).
Thus, lek mating systems are often characterized by a pronounced
female choice (Beehler and Foster 1988) which induces strong sexual

selection on males. Lekking often involves distinct mating periods
during which males aggregate and display their fitness in a controlled
setting while being observed by females. Jack Bradbury’s seminal
1977 paper initiated definitions of lekking mating systems and those
have been modified in various ways by subsequent authors (e.g.,
Hoglund and Alatalo 1995, Shelly and Whittier 1997, Shelly 2018).
Modern understanding is that a variety of lek systems exist that
may differ in detail. In general, themes frequently encountered in lek
mating systems include 1) Little or no parental care; 2) Males cluster
in mating arena and are spaced more tightly than anytime outside the
mating season. In some systems males defend territories; 3) Mating
arenas are chosen for aggregating, without regards to resources, or at
least resources are not controlled by males in a manner that would in-
fluence female visitation or mate choice; and 4) Females freely choose
among males (but may mate with multiple males) and such choice
can lead to purging of genetic variation in males with potential nega-
tive evolutionary consequences: the lek paradox (Reynolds and Gross
1990, Kirkpatrick and Ryan 1991, Rowe and Houle 1996). Lek
mating is present in several insect orders (e.g., Kimsey 1980; Droney
1992, 1996; Cordoba-Aguilar et al. 2009; Alem et al. 2011; Cordes
et al. 2015; Keane et al. 2016, 2018; Mir and Mir 2016; de Souza et
al. 2017) and some crustaceans (e.g., Croll and McClintock 2000),
but appears to be rare in terrestrial arthropod groups other than in-
sects (Proctor 1998, Michalska et al. 2010). What these independent
evolutionary origins of lek mating system share in general is that they
occur within clades of group living species, or at least species showing
intraspecific tolerance. However, spiders are notoriously aggressive
and solitary. Thus a lekking system in spiders is not only unknown
(see Lubin 1986), but also unexpected. Hence, any indication of a
possible lekking system in a spider would be of interest and we dis-
cuss such evidence here in order to draw attention to, and encourage
further studies on, a unique spider colonial structure.

Here, we present a case that deviates from well-known spider
natural history based on a newly discovered colonial species of kite
spider from Madagascar described herein as Isoxya manangona n.
sp. Our direct field observations suggest colonies of I. manangona n.
sp. differ from hitherto known cases of colonial living in spiders in
two distinct ways. First, adult-only females occupy individual, inter-
connected webs in a single-cohort colony, and second, adult males
aggregate on a thread line in a group/aggregation, without showing
any aggression to one another (Fig. 1). An investigation of popula-
tion genetic data (sub genomic) of the sampled colonies furthermore
suggests that colonies can consist of unrelated individuals where
males may have lowered genetic diversity compared to females.
Together these observations lead to the speculative hypothesis that
I. manangona n. sp. may represent the first ever case of lekking in a
spider. This hypothesis makes clear predictions about yet unobserved
behavior of males and females in the colony, and about the context
of colony formation. Further studies on the mating behavior of this
species are needed to thoroughly test this hypothesis.

Materials and Methods
Field

Colonies were discovered by chance; large aggregate webs were ini-
tially spotted from a moving vehicle. As this discovery occurred at
the very end of our field season, we were only able to make a limited
number of observations and samples. Subsequently, colonies were
searched for by the authors from the vehicle or on foot along the road
leading from Andasibe to Mantadia (Andasibe-Mantadia National
Park), Toamasina province, Eastern Madagascar, on 5-8. December
2017. The total span of road along which colonies were encountered
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Fig. 1. Colonial Isoxya manangona n. sp. from Andasibe, Madagascar. (a) A part of a colony with 79 spiders in 41 webs (image shows 23 webs). (b) A detail from
another colony where females are in their individual webs (image shows 14 of the 16 webs in the colony) while males hang on line in between webs (image
shows 12 males). (c) A detail of another colony showing male leks. These males showed no overt intrasexual aggression that would be typical of solitary spiders.

and individuals sampled was approximately 2 km. The longest stop
to collect and take images was at: -18.82663, 48.43333. Colonies
were generally found in clusters. The clusters could be several hun-
dred meters apart, but within clusters colonies were spaced closely,
down to a couple of meters apart. We observed colonies intact for up
to an hour (due to severe time constraints) to detect any potential inter-
actions among individuals and any movement or possible antagonism
displayed by males. Each colony was then dusted using cornstarch to
increase the visual contrast of silk and photographed. For each colony,
we counted the number of females and males, and noted the distribu-
tion of females (always in individual webs within the colony) and males
(always on a single line within the colony). To estimate the range of
colony volume, we then made standard measurements (height, length,
width) of the largest and smallest web in the colony cluster. After meas-
urements were taken, individuals were collected into 95% ethanol.
Individuals of nine colonies (A-I) were collected for genetic analyses.

Taxonomy

Specimens were examined under a Leica M165C microscope and
identified using relevant primary taxonomic literature (Benoit
1962a, b; Benoit and Emerit 1975; Dahl 1914; Emerit 1973,
1974, 1982). The contents of each colony were separated into
males and females, counted, and examined for variation in size
and color.

All images were taken with the Leica M165C auto montage
photo stacking system at the Oxford University Museum of Natural
History (OUMNH). Photo stacks were taken in Leica Application
Suite V4.12 and then compiled using Helicon Focus 7.5.8. Images
were cropped and adjusted as needed in Adobe Photoshop 2020.
Specimens were measured using the Leica Application Suite V4.12
at OUMNH. Male palps were gently washed in a 5% Potassium hy-
droxide (KOH) solution before imaging and female genitalia placed
in 88% lactic acid to remove excess tissue prior to imaging.
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All lengths reported are in millimetres. Leg measurements are
given in the following order: total length (coxa + trochanter + femur
+ patella + tibia + metatarsus + tarsus).

Abbreviations Used

AL: Abdomen length

ALE: Anterior lateral eye
AME: Anterior median eye
AW: Abdomen width

CL: Carapace length

CO: Copulatory opening
CW: Carapace width

E: Embolus

MA: Median apophysis
PC: Paracymbium

PLE: Posterior lateral eye
PME: Posterior median eye
PP: Pars pendula

S: Spermatheca

SE: Septum

SL: Sternum length

SW: Sternum width

Sé6: Sigilla number 6

TL: Total length

From each colony up to 10 mature individuals (where possible, five
males and five females) were chosen for genomic analysis.

Population Genomics

Genomic DNA was isolated from 80 individuals representing
nine web colonies using the Qiagen DNeasy Blood and Tissue kit
(Qiagen). SNP data was generated using the 3RAD technique de-
tailed in Bayona-Vasquez et al. (2019). We used enzymes EcoRI,
Mspl, and Clal following Petersen et al. (2012) and Burns et al.
(2017), and adapters provided by University of Georgia (BadDNA@
UGA). Paired-end 150 base pair reads were generated for the 3RAD
library with Nextseq at the University of California, Davis DNA
Technologies Core. Further detail regarding our 3RAD procedure
is given in Newton et al. (2020). Read demultiplexing, filtering,
and clustering were performed with ipyrad (Eaton and Overcast
2020). For each end of each locus, maxima of six uncalled bases,
ten heterozygous sites, 25 SNPs, and ten indels were allowed. The
clustering threshold was set to 0.9, and locus occupancy set to a
minimum of 50%.

Basic statistics [overall loci F, F, following Nei (1987)] were
inferred in R v. 3.5.2 using the hierfstat v. 0.04-22 package (Goudet
et al. 2005), with unlinked SNPs, and individuals assigned to the
web colony from which they were collected. An AMOVA (Excoffier
et al. 1992; ade4 v. 1.7-13 implementation) was performed with the
poppr v. 2.8.3 package (Kamvar et al. 2014, 2015) with individuals
stratified by sex and web colony, and a randomization test with 99
replicates used to determine significance.

Genetic clustering was performed on the unlinked SNP dataset
with discriminant analysis of principal components (DAPC) in
adegenet v.2.1.1 (Jombart 2008, Jombart et al. 2010) with individ-
uals assigned to their web colony. Ten principal components (~40%
of the cumulative variance) were retained and 2 linear discriminant
functions were used to visualize colonies in genetic cluster space.
Membership probabilities were calculated for each individual, as
well as the proportion of successful reassignment to the web colony.
Clustering was also performed with the Variational Autoencoder

(VAE) unsupervised machine learning approach described in
Derkarabetian et al. (2019). The unlinked SNP dataset was con-
verted to one-hot format, and missing data were treated as masked.
Mean (u) and standard deviation (o) were visualized with individuals
assigned to colonies.

Pairwise relatedness was calculated with the method of Yang et
al. (2010) using VCFtools v.0.1.17 (Danecek et al. 2011). Sites were
excluded if the minor allele frequency was less than 0.01 or out of
Hardy-Weinberg Equilibrium (Wigginton et al. 2005) with p-value
threshold of 0.01.

Results

Field

We observed 22 colonies of the Malagasy kite spider, Isoxya
manangona 1. sp., plus individual webs of adult and juvenile fe-
males. Colonies consisted of 2-79 individuals (A = SD = 21 = 18)
with 1-41 females (A = SD = 12 = 9, N = 22) building intercon-
nected webs. Sex ratios were roughly equal (A = SD = 0.56 = 0.16,
0.27-0.91, N = 22). Almost all colonies only consisted of adults
(Fig. 1a and b). A single colony, colony F, contained sub-adult
females (two individuals) and this was later discovered to be an
overall younger colony (see Variation) and only one colony, colony
G, contained a single sub-adult male. However, all sub-adults were
on the verge of maturation molt and the mature females from
colony F may have all molted only days before collection. We did
not observe any male-male antagonism, and several males typically
accumulated closely and linearly on a single silk thread (Fig. 1c).
Colonies were formed by the interconnection of individual female
webs where each female was found in the center of her web. Males,
however, were found accumulated and arranged on a single line
in the middle of the web cluster. This line was simple and dry sug-
gesting it had been either laid by males, or was a line laid by a
female that did not form a part of the capture area of the females.
Males were always found in aggregations. Individual female webs
in colonies ranged considerably in size, with the smallest colony
webs being 6-12 cm in diameter (A = SD = 8.4 + 1.8, N = 21), and
the largest being 9-20 ¢cm in diameter (A = SD = 13.7 = 3.1, N =
20). Colony sizes ranged from simple interconnected clusters of
two or three webs, spanning an area of roughly 30 x 25 x 15 cm,
while the largest colony with 41 female webs spanned the area of
140 x 100 x 170 cm.

Differences in body size and prominence of spines between
males and females are not as extreme as typical for the strongly
sexually dimorphic gastracanthines (Hormiga et al. 2000, Kuntner
and Coddington 2020). A single male from colony H was found
to be approaching the size of a small female. In many species of
Malagasy Isoxya, males approach females in size and are thus
more sexually monomorphic than the related Gasteracantha; also
sharing female morphologies like the conspicuous developed spines
on the abdomen, typically highly reduced in related, sexually more
dimorphic, spiny species like Gasteracantha (Sundevall, 1833)
(Hormiga et al. 2000, Kuntner and Coddington 2020); and similar
abdominal shapes to the female unlike the majority of described
Gasteracantha (Emerit 1974, Benoit and Emerit 1975). Although
a detailed phylogeny of the Isoxya species is currently lacking, it is
hypothesized here (Williams unpublished) that I. manangona would
form a clade with 4 or 5 other Isoxya species that share putative
morphological synapomorphies with each other and also demon-
strate relative sexual monomorphism (see Taxonomy: Diagnosis for
details).
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Population Genomics

All genomic data have been submitted to NCBI BioSample under
accession numbers SAMN31079412-SAMN31079491 and project
ID PRJNA885227. Unlinked SNP data sets are available on Dryad
(doi: 10.25338/B8JH10).

The total number of loci per individual after filtering ranged from
5,128 t0 9,560, with an average per individual locus number of 8,892;
6,324 unlinked SNPs were obtained from these loci. The overall locus
F was 0.15 and Fg was 0.08. The components of covariance esti-
mated in the AMOVA were 72.89% within individuals (*p = 0.01),
25.88% between populations (*p = 0.01), and 1.23% between sam-
ples by sex within populations (p = 0.24). The proportion of successful
reassignment of individuals to their colony based on the discriminant
functions was 0.74. Genetic clusters and membership probabilities are
shown in Figs. 26-27. VAE analysis supports the PCA based genetic
clustering results and shows relative distance in genetic space (Fig. 28).

Mean relatedness within colonies was higher in males (mean
0.22, STDev 0.22) than females (mean 0.17, STDev 0.20), although
the difference was not significant (one-tailed M > F Mann-Whitney
U test, W = 3025, p-value = 0.06). Within sex, relatedness within
colonies was higher than relatedness between colonies for both
males and females (males between colony mean -0.04, STDev 0.06,
W = 45272, p < 0.01; females between colony mean -0.04, STDev
0.05, W =44871,p < 0.01). Mean relatedness values between males
and females within colonies (0.19, STDev 0.2) were higher than that
of between colonies (-0.04, STDev 0.05, W = 219070, p < 0.01).

Nomenclature

This paper and the nomenclatural act it contains has been registered
in Zoobank (www.zoobank.org), the official register of the
International Commission on Zoological Nomenclature. The LSID
(Life Science Identifier) number of the publication is: urn:lsid:zoobank.
org:pub:0446F412-64DC-40E4-BOFC-E6CF6032E66D

Taxonomy
Family Araneidae Clerck, 1757

The circumscription of the family Araneidae follows Kuntner et al.
(2019) and not the World Spider Catalogue (WSC 2022).

Genus /soxya Simon, 1885

Type species. Gasteracantha cicatricosa C. L. Koch, 1844
Diagnosis: Isoxya females differ from species of African and
Malagasy Gasteracantha by the lack of a ventral tubercle between
the spinnerets and the epigyne and the location of sigilla number
6 (Fig. 2) ‘sigille 6 ayant migré en avant de la base de I’épine 2’
(Emerit 1974). They are separated from all other Gasteracanthinae
by the chitinous edge of the epigyne that is shaped like a ‘braced’ or
‘ogee’ arch (Figs. 5 and 8); ‘epigyne présentant un rebord chitineux
ondulé en accolade’ (Benoit 1962a). Mature Isoxya males can be
distinguished from other African and Malagasy gasteracanthines
by six prominent abdominal spines (Figs. 9-11), when present, un-
like in other genera where the spines are rudimentary, if present at
all; the carapace and cephalothorax being ‘more or less quadran-
gular’ (Scharff and Coddington 1997) (Fig. 9) as opposed to the
‘pear shaped’ (Ibid.) carapace of Gasteracantha males from this
area; and the embolus of the palp being a broad structure, with a
thickly sclerotised part and a pars pendula (Figs. 12, 14-16), as op-
posed to a simple, thin embolic tip found in African and Malagasy
Gasteracanthinae. The female-biased sexual size dimorphism in most

Isoxya species, where typically the males average <1.0 times smaller
than the females (with exceptions of I. penzoides Simon, 1887 and I.
tabulate (Thorell, 1859), which approach 2.0 times smaller), is not
as extreme as the sexual size dimorphism (SSD) seen in the majority
of the Gasteracanthinae species found in Madagascar and Africa;
Acrosomoides (Simon, 1887) 3.0, Augusta (O. Pickard-Cambridge,
1877) 2.5, Gasteracantha >2.5 (with males occasionally >4.0 times
smaller), Hypsacantha (Dahl, 1914) 1.5, Thelacantha (van Hasselt,
1882) 3.5, Togacantha (Dahl, 1914) 23.0 — all female-biased (data
Williams original or converted from Emerit 1973, 1974; 1982).

Species composition: I. basilewskyi Benoit & Emerit, 1975;
L. cicatricosa (C. L. Koch, 1844); I. cowani (Butler, 1883); I
mahafalensis Emerit, 1974; 1. milloti Emerit, 1974; I. mossamedensis
Benoit, 1962a; I. mucronata (Walckenaer, 1841); I. nigromutica
(Caporiacco, 1939); I. penizoides Simon, 1887; I. reuteri (Lenz,
1886); I. semiflava Simon, 1887; I. somalica (Caporiacco, 1940); I.
stublmanni (Bosenberg & Lenz, 1895); I. tabulata (Thorell, 1859);
I. testudinaria (Simon, 1901); I. yatesi Emerit, 1973; I. manangona
n. sp.

Distribution: Central, East, South & West Africa, Madagascar,
Yemen

Species concept: Species concepts are critical components of taxo-
nomic hypotheses (Bond et al. 2022). We employ the diagnosable in-
terpretation of the phylogenetic species concept (de Queiroz 2007).

Isoxya manangona sp. n.
DNA depository GENBANK (MZ539942)
Plates 1-3, Figs. 2-25

Holotype: Male holotype deposited at the Smithsonian Institution’s
National Museum of Natural History, collected by the authors in
Toamasina province, Eastern Madagascar, along the road leading
from Andasibe to Mantadia (Andasibe-Mantadia National Park at
-18.82663,48.43333), on 5-8. December 2017.

Paratypes: 2 female and 1 male paratypes deposited at the
Smithsonian Institution’s National Museum of Natural History, and
2 female and 2 male paratypes deposited at the Oxford University
Museum of Natural History, with locality and collection data as in
holotype above.

Other material: A total of 257 other conspecific individuals were
collected (locality and collection data as above). These consisted of
161 mature females, 2 sub-adult females, 101 mature males and 1
sub-adult male.

Etymology: The specific epithet is a noun in apposition and refers
to the Malagasy verb ‘to gather/aggregate’, referring to the species
unusual mating aggregations.

Diagnosis: Females and males, where currently known, can easily
be distinguished from the majority of Isoxya species except for I.
cicatricosa, I. cowani, I. mahafalensis and I. reuteri by the general som-
atic appearance (Figs. 2—4 and 9-11). Female I. manangona differ from
the above four species: by the anterior dorsal edge of the abdomen not
being prominently ridged like I. cowani on either side, not protruding
from the center like I. mahafalensis and not immediately starting the
base of the first pair of spines like in I. cicatricosa and I. reuteri (Fig. 2),
the external epigyne structure of Isoxya species often appear similar,
however 1. manangona differs from all four similar species by being
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Plate 1. Figs. 2-8. Female: dorsal (Fig. 2), ventral (Fig. 3), side (Fig. 4); epigyne:

epigyne ventral (Fig. 8).

more prominently arched; with the septum not being dimpled in the
center like I. cicatricosa, 1. cowani and 1. reuteri (Figs. 5-6 and 8);
the tips of the epigyne in the posterior view being deeply V shaped in
the center not shallow like I. cicatricosa, I. cowani and 1. mahafalensis;
and the internal spermatheca being reniform and almost touching in
the dorsal view (Fig. 7) although, as with the external structures, these

ventral (Fig 5), posterior (Fig. 6), spermatheca dorsal (Fig. 7); line drawing:

can appear similar in Isoxya species; from I. cicatricosa, I. cowani and
I. mahafalensis by the greater size of all three pairs of abdominal spines
(Figs. 2—4); and from . cicatricosa, 1. cowani and I. reuteri by the align-
ment of the second pair of abdominal spines (Figs. 2 and 4). The female
of the species I. mossamedensis, also similar in external morphology
but only known from the dorsal illustration in Benoit (1962a), and
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Plate 2. Figs. 9-17. Male: dorsal (Fig. 9), ventral (Fig. 10), side (Fig. 11); palp: dorsal (Fig. 12), ventral (Fig. 13), retrolateral (Fig. 14), prolateral (Fig. 15); line

drawings: dorsal palp (Fig. 16), median apophysis (Fig. 17).

only found in Angola. Male I. manangona differ from I. cicatricosa, 1.
cowani and I. mahafalensis by the anterior dorsal edge of the abdomen
not being prominently ridged like I. cowani, not protruding from the
center like I. mahafalensis and not immediately starting the base of the
first pair of spines like in I. cicatricosa (Fig. 9); and the greater size of all
three pairs of abdominal spines compared to all three; from I. cowani
by the alignment of the second pair of abdominal spines (Figs. 9 and
11); and from I. cicatricosa and 1. mahafalensis by the anterior tip of
the median apophysis being thinner and conspicuously curved away
from the dorsal of the palp, not almost straight like both species; tip of
median apophysis not dimpled unlike I. cicatricosa; ventral lateral edge

being widely wedge-shaped in I. manangona not thin like both species
or rounded in I. mabhafalensis (Figs. 14 and 17); and the shape of the
embolus being elongated and smoothly hooked, not short and sharply
hooked like the two species (Figs. 12 and 15-16). It was not possible to
check the palp of I. cowani as the type specimens in the NHM London
had their palps removed and not returned to the tube. However, the fe-
male of I. cowani and the shape of the male abdomen are significantly
different. The males of I. mossamedensis and I. reuteri are unknown.

Description of female: The female I. manangona has a dark grey to
black carapace and cephalothorax with thin white hairs irregularly
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Plate 3. Figs. 18-25. Female: melanic dorsal (Fig. 18), ventral (Fig. 19); light dorsal (Fig. 20), ventral (Fig. 21); Male: melanic dorsal (Fig. 22), ventral (Fig. 23); light

dorsal (Fig. 24), ventral (Fig. 25).

across the dorsal surface. The eight eyes are arranged with the PME
and AME in a trapezium in the center and the PLE and ALE joined
at the edge of the carapace. The chelicerae are black. The abdomen
is heavily sclerotized and possesses three pairs of clearly developed
spines with the second pair almost vertical to the abdomen and the
third pair horizontal with the abdomen. All six spines taper to a
point and are jet-black from the base to the tip on the dorsal side but
become lighter on the ventral and external sides (Figs. 2—4). There
are 26 conspicuous large sigillae on the dorsal side of the abdomen

(Fig. 2) (10 anterior edge, 4 median arranged in a trapezium, 2 in the
‘Isoxya’ position for sigilla number 6 (Emerit 1974), and 10 on the
posterior edge - with the central posterior pair becoming almost fused
together), and 32 sigillae on the ventral side (Fig. 3); many being ob-
scured by the wrinkles on the ventral side and many hidden by the
legs when in natural pose. There are some irregular small sigillae on
the dorsal side, but these are not recorded as typically the prominent
large sigillae on the dorsal side of the abdomen are used to aid iden-
tification (Emerit 1974). The dorsal side of the abdomen possesses
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Fig. 26. Clustering of individuals from the nine web colonies (A-l) based on discriminant analysis of principal components from unlinked SNPs.

cryptic yellow markings over a black to dark grey. These markings
are variable (see Variation and Figs. 18-21) but usually include spots
at the base of the spines, the center anterior edge of the abdomen and
the line of bilateral symmetry. A smooth parabolic arch connects the
two posterior spines with a yellow dot on the center of this arch (Fig.
2). There are sporadic thin white hairs on the dorsal side of the ab-
domen. The ventral side of the abdomen is the same background color
as the dorsal side, with many small yellow spots of color across the
wrinkled ridges that transverse from the side of the abdomen towards
the spinnerets, and a large focus of yellow spots around the area sur-
rounding the base of each spine. The spinnerets are surrounded by a
sclerotized shield shape, a sclerotized spiracle is also present (Fig. 3).
The sternum is the same color as the cephalothorax with five radial
pale yellow dashes around the posterior of the sternum. The anterior
of the sternum also fades into this same pale yellow forming a semi-
circle of bright color. The maxillae and labium are black, fading to
a pale brown nearing the tips of each structure. The tarsi on the legs
are black with the remaining segments becoming dark grey to dark
brown. There are small yellow or light brown bands at the joints of
each of the legs. Epigynum is a heavily sclerotized double arch, or
rounded M shape in the ventral view (Figs. 5 and 8) and a deep V in
the arch in the posterior view (Fig. 6), with a very short, flat septum
with rounded edges (Figs. 5 and 6) less sclerotized than the rest of the
epigyne. This is often membranous in young females (see Variation).
Spermathecae reniform and almost touching at base (Fig. 7).

Female measurements (general measurements are taken from fe-
male paratype A, leg measurements from female paratype B, no spine
measurements are included in the measurements): TL 5.11. CL 1.28,
CW 2.3.PME 0.1 wide, 0.07 long. AME 0.11 wide, 0.145 long. PLE
0.123 long, 0.096 wide. ALE 0.142 long, 0.143 wide. AL 3.69, AW
5.6.SL 1.38, SW 1.0. Leg I: 6.54 total, (0.79 + 0.32 + 1.66 + 0.94
+1.12 + 0.97 + 0.74), Leg 11 6.28 total (0.65 + 0.37 + 1.68 + 0.86
+1.15 + 0.88 + 0.69), Leg Il 4.39 total (0.47 + 0.26 + 1.19 + 0.57
+0.62 + 0.67 + 0.61), Leg IV 6.6 total (0.71 + 0.40 + 1.88 + 0.77
+1.01 + 1.1 + 0.73).

Description of male: The male I. manangona has a black cara-
pace with thin white hairs in a thick I shape on the dorsal surface
and the same eye structure as the female. The chelicerae are black.
The abdomen possesses three pairs of clearly developed spines with
the second pair almost vertical to the abdomen. All six spines are
jet-black from the base to the tip and taper to a point. There are 26
conspicuous large sigillae on the dorsal side of the abdomen (Fig.
9) (10 anterior edge, 4 median arranged in a trapezium, 2 in the
‘Isoxya’ position for sigilla number 6 (Emerit 1974), and 10 on the
posterior edge - with the central posterior pair becoming almost
fused together), and 28 sigillae on the ventral side (Fig. 10); like
the female they are mostly obscured by the wrinkles on the ven-
tral side and the legs when in a natural pose. Like with the female,
the additional smaller sigillae are not recorded. The dorsal side of
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Fig. 27. Membership probability for each individual to the nine web colonies (A-l) based on the discriminant analysis of principal components clustering from

unlinked SNPs.

the male abdomen is the same color as the female abdomen, but
without the conspicuous yellow markings. A beige spot is found cen-
tered on the anterior edge of the abdomen, between the first pair
of spines. A second, smaller, spot is in the center of the parabolic
arch which connects the third pair of spines. The dorsal, ventral,
and sides of the abdomen possess thin white hairs, with the densest
patches on the dorsal center of the abdomen and the sides (Figs. 9
and 11). The ventral side of the abdomen is the same dark color
as the dorsal side but the ventral side is more monochromatic in
color than that of the female. Spinnerets are as listed in the female
description. The sternum of the male is like the female but lacks the
bright conspicuous markings, only faint lighter markings are pre-
sent. The maxillae and labium are the same, consistently darker than
the female. The legs of the male are darker than the female with faint
lighter bands nearing the joints of each leg. The male palp is heavily
sclerotized, typical of the Isoxya palps (Figs. 12-15). The embolus
has a pronounced pars pendula (Figs. 12 and 14-16). The embolus
is smoothly hooked in shape and the embolic terminus possesses a
slight double-pointed dimple visible when viewed in the retrolateral
plane (Fig. 14). The median apophysis is heavily sclerotized with an
extended curved posterior tip and a wedge shape on the open lat-
eral side forming an internal outline of a fishing-hook (Figs. 14 and
17). The paracymbium is heavily sclerotized and forms a short hook
(Figs. 12-14).

Male measurements (general measurements are taken from the
holotype, leg measurements are taken from male paratype A, no
spine measurements are included in the measurements): Total length
4.32. CL 1.0, CW 1.79. PME 0.1 wide, 0.091 long. AME 0.145
wide, 0.072 long. PLE 0.072 long, 0.087 wide. ALE 0.064 long,
0.073 wide. AL 3.12, AW 4.91. SL 1.09, SW 0.78. Leg I 5.19 total
(0.54 +0.29 +1.33 + 0.68 + 0.95 + 0.85 + 0.55), Leg I1 4.97 total (0.
6+0.24 +1.34 + 0.7 + 0.8 + 0.74 + 0.55), Leg I1I 3.4 total (0.45 +

0.21 +0.92 + 0.44 + 0.42 + 0.49 + 0.47), Leg IV 4.84 total (0.53 +
0.27 +1.41 +0.54 + 0.72 + 0.82 + 0.55).

DNA Barcode: Genbank (MZ539942). Sequence starts at base 25
of the standard DNA Barcode

———————————————————————— ttgagetgctatagtaggaacggetataagagttttaattegta
ttgaacttgggcaacctggtaggttcattggggatgatcagttatataatgtggtggtaactget
catgcatttgtaataattttttttatagtaataccgattttgattggagggtttgggaattgattagt
tccattaatactaggtgetectgatatagettttectcgaataaataatttaaggttttgacttetee
ceccttegttatttettttagaaatttcgtcaatagtagagataggagtaggageaggatgaact
gtttatcceectctagetgggetagaagggeatgetgggagatetgtggattttgetatetetctett
catttggctggggcttetictattatgggagecattaattttatttctacaatcattaatatacggttt
tatggaatgactatagaaaaagttcctttatttgtatgatcagtcttaattactgeggteetateatta
ttatctettccagtattggetggtgctattacaatattattaacagatcgaaattttaatactteattte
ttgatccttctgggggtggggaccetattttgtttcaacattattt

Variation: Freshly molted males and females are lighter in color
with more conspicuous yellow markings on both dorsal and ventral
sides (Figs. 20-21 and 24-25), as the abdomen and female genitalia
are not yet fully sclerotized, and the hairs around the maxillae, la-
bium, sternum, dorsal and ventral side of the abdomen, legs and
cephalothorax are denser and more vibrant. The older females are
of the more typical color form with less hairs and a more worn ap-
pearance. The angle of the second pair of spines is also related to
the apparent age of the specimen; the younger, fresher molted fe-
males having a more vertical angle as opposed to the older, recently
fed, or gravid females. Confirming Emerit’s (1974) observations, we
collected melanic males and females (Figs. 18-19 and 22-23) in sev-
eral colonies of I. manangona. The extreme ends of color variation,
melanic and lighter, are shown in both male and female specimens
(Figs. 18-25) and the typical form (Figs. 2-4 and 9-11). The females
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Fig. 28. Unsupervised machine learning clustering analysis based on unlinked SNPs using variational autoencoders. Colors for individuals are based on the

web colony (A-1) from which they were collected.

ranged from 4.8mm-6.1mm TL and the males 3.9mm-4.5mm TL (all
TL measurements exclude posterior spines).

Distribution: Currently known only from the type locality in
eastern Madagascar.

Natural History: Males were seen to remain in the web when dis-
turbed during collecting, unlike the Gasteracantha males from
Madagascar who drop to the floor according to Emerit (1974) ‘Les
males et les nymphes femelles, jusqu’a la troisiéme incluse, se laissent
toujours tomber dés qu’on touche a leur toile’. In colony A, a par-
tially wrapped and eaten Isoxya sp. was collected. This could not be
identified to species, but it was confirmed to not be a specimen of I.

manangona due to a clearly different sigillae pattern on the dorsal
side. Other Gasteracanthinae were seen and collected around the
area of the I. manangona colonies.

Discussion

Although nearly all spider species live solitarily from early spiderling
state, conspecific grouping of spiders do occur. These may be in
the form of aggregations of multiple species at various life stages
around suddenly abundant resources (Greene et al. 2010, Piacentini
et al. 2021), but more commonly colonies involve spiders that are
facultatively or obligatorily group living (Avilés 1997, Bilde and
Lubin 2011). Even among species in the latter category, the colonies
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found in Isoxya manangona are clearly, in some respects, unique
among spiders. The accumulation of males seen in this species
has not been documented in any other spider: males form a single
cluster in the middle of the colony, so tightly spaced that they may
physically touch each other as they sit on the line, with no evidence
of aggression. In other spiders, if males accumulate, they do so to
compete for females and are thus highly aggressive towards each
other. In highly social spiders males coexist, but they are typically
rare compared to females and do not closely interact (Avilés 1997,
Lubin and Bilde 2007, Bilde and Lubin 2011, Yip and Rayor 2014,
Avilés and Guevara 2017). Further, while we did observe single fe-
male webs, both adult and juvenile, practically 100% of all colony
members in all colonies, barring the two sub-adult females in colony
F and the one sub-adult male in colony G, were mature adults, with
close to 50/50 sex ratios. Such single-cohort adult colonies with
equal sex ratios are highly atypical among either social or colo-
nial spiders (Fowler and Gobbi 1988, Uetz 1989, Wenseleers et al.
2013, Quero et al. 2020). In such spiders, juveniles may commonly
have their webs attached to the colony and standing sex ratios are
strongly female biased either due to primary sex-ratio bias (many
cooperatively social spiders) or as males are short lived compared
to females (colonial and subsocial spiders) (Avilés 1997, Bilde and
Lubin 2011). The only other colonial webs where most individuals
are of a single cohort are those built mostly by siblings that may
have emerged even from a single egg sac (Fowler and Gobbi 1988,
Wenseleers et al. 2013). Our genetic data, however, rule out that col-
onies are made up of siblings, as the majority of colonies contained
unrelated individuals. We have not observed any colonial webs con-
taining juveniles at other seasons in the same area, suggesting that
these colonial webs, in themselves, constitute aggregations of adults
during the mating season. If webs are built as mating arenas, this
would be unique among spiders, and provide indirect evidence for
a lekking system, consistent with other preliminary data on colony
structure and male aggregations.

Interestingly, the males are only slightly smaller than females
(see Variation), and do not differ from females in being strongly
spinose, thus demonstrating sexual monomorphism relative to typ-
ical members of the subfamily Gasteracanthinae. Comparative and
experimental evidence suggest that extreme sexual size dimorphism
(eSSD), a characteristic of related genera, constitutes an arena for
sexual conflict. eSSD brings about sex specific maturation rates and
male-biased sex ratios, and the eSSD mating syndrome includes cor-
related behaviors such as sexual cannibalism, male-male aggression,
genital mutilation, genital plugging, full emasculation, opportunistic
mating, and others (Kuntner and Coddington 2020). Our observa-
tions to date on Isoxya manangona n. sp. reveal none of the above
sexual conflicted behaviors. If these colonies are mating aggrega-
tions, it is unclear what factors or signals may facilitate female mate
choice. Pheromonal cues could be used, or males may perform court-
ship displays such as stridulation, plugging of web silk strands, etc.
Visual cues are unlikely to be important as most web spiders have
poor image forming vision (they detect mostly light and movement),
hence the unusually conspicuous male spines are unlikely to be a
signal of ‘good genes’, but rather offer the same potential predator
protection as proposed for females.

Genome wide SNPs indicate Isoxya sampled in our study rep-
resent a mostly admixed population with evidence of some genetic
structuring within web colonies. Colonies A, E, G, and H represent
an admixed group and colonies C and D also cluster together but
are relatively distant to the remaining samples in the PCA analysis
(Figs. 26-27). Colonies B, F, and I each indicate signatures of genetic
isolation (Fig. 28), with B and F also relatively genetically distant

(Fig. 26). Within colonies, we detected a higher mean relatedness be-
tween males than between females; however, the higher relatedness
between males was slight and the difference was marginally insignifi-
cant. Further sampling of web colonies in geographic and temporal
space is needed to determine patterns of genetic variation associated
with this putatively lekking spider species. It is important to note
that unlike in social spiders, colonies of spiders do not emerge from
mating among siblings that never disperse, but rather are assembled
after dispersal and apparently after individuals reach adulthood.
Consequently, we predict that outside of the mating season, most
females and all juveniles (males and females) will be found in indi-
vidual webs as in other gasteracanthines (Emerit 1974).

The most directly comparable spider species is a facultatively co-
lonial member of the genus Austracantha (Dahl, 1914), A. minax
(Thorell, 1859), also a kite spider (Gasteracanthinae) (Lloyd and
Elgar 1997 — as Gasteracantha minax). Colonial behaviors in orb
weavers may benefit individuals in terms of silk investment and prey
capture success but may also incur costs such as increased predation
and parasitism loads. Lloyd and Elgar (1997) reviewed the evidence
for such economics in colonial orbweavers through an exploration
of costs and benefits of communal living in A. minax. This common
Australian species is highly sexually size dimorphic, with average
female to male length ratio 2.0, which constitutes eSSD (Kuntner
and Coddington 2020). Webless females, and males of this species
may be occasionally found on communal silk threads (Lloyd and
Elgar 1997 and references therein). Lloyd and Elgar (1997) found
that about 50% of individuals were found in aggregated colonies.
These aggregations were much smaller than what we report for I.
manangona n. sp., as in A. minax they only consisted of up to 13
females. A comparison may also be made with Parawixia bistriata
that resembles our new species in having single-cohort colonies, even
sex ratios, and relatively low levels of inter-individual aggression
(Fowler and Gobbi 1978, Fowler and Gobbi 1988, Campdn 2007,
Wenseleers et al. 2013, , Quero et al. 2020). However, available evi-
dence suggests that in this species colonies are typically formed by
siblings—perhaps all from a single egg sac—and thus exist from ju-
venile to adult stages of the spider, followed by dispersal of adults
to breed (Fowler and Gobbi 1988). These colonies are thus clearly
not mating arenas. Further, even though individuals share a retreat
during day and may thus be in close proximity without apparent
aggression in the field (5% cannibalism rate in the lab), this involves
mostly juveniles and this species certainly does not have adult male
aggregations as seen in I. manangona. In P. bistriata, furthermore,
sexual size dimorphism is marked with females being close to 2x the
size (total length) of males.

The evidence at hand, molecular sequencing data, and basic ob-
servations on colony structure; male aggregations, pure adult (single-
cohort) webs with no evidence of colonies made by juveniles, and
colonies containing unrelated individuals, all point to such colonies
to be associated with mating. We hypothesize that these patterns and
others (e.g., apparent lack of parental care) observed can be best in-
terpreted with reference to a lekking-type mating system. Although
lekking is phylogenetically widespread across the animal tree of life,
it is relatively rare. Lekking appears even rarer so in predatory ani-
mals and has never been described in arachnids, the largest known
clade of predominantly predatory lineages. If our hypothesis of lek-
king in Isoxya manangona is supported by direct behavioral obser-
vations, this would be a truly remarkable discovery. Such research
should aim to corroborate the following points for which we have
only preliminary evidence at this stage: 1) species of this entire
family typically die after mating and oviposition, and any maternal
care is unknown, this needs to be confirmed in I. manangona n. sp.;
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2) males aggregate at specific sites which we speculate is for mating
(it is unknown if they fight for and/or defend territories); 3) male ac-
cumulation sites do not contain or control substantive resources like
web-attachment and oviposition sites; 4) the positioning of tightly
spaced males in a group near center of the colony indicates that fe-
males have the opportunity to choose their mates, observations on
courtship and mating are critical to corroborate these speculations;
5) lekking colonies likely form only during mating periods, and con-
sist predominantly of adults, with only 3 sub-adults found in the
2635 collected specimens, monitoring of the life cycle of the species
is needed to verify if juveniles live solitarily or may form colonies;
and 6) genetic data indicate that while most colonies do not consist
of close relatives, males within a colony may be more closely related
to one another than females are, which seems to be consistent with
strong female choice. A greater sample size from a larger area will
be needed to corroborate differential relationships/genetic diversity
among females and among males.

The strengths of our study clearly lie in the discovery of this
novel system with male accumulation inside single-cohort adult
female colonies, a description of a new species based on thorough
comparisons with existing and other potentially new species, and
in the detailed molecular analysis revealing colonies are not gener-
ally made up of siblings. The shortcomings of this study are equally
clear. Given the accidental discovery of these colonies, and time con-
straints, our behavioral data is limited to a few hours of static ob-
servations. Although we speculate on the nature of these colonies
and possible lekking, the evidence is largely indirect. Hence, further
focused behavioral observations are the obvious next step in under-
standing the biology of this fascinating species.
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