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Symbiotic relationships between silverfish (Zygento Lepismatidae, Nicoletiidae) and
ants (Hymenoptera: Formicidae) in the Western Rattéie. A quantitative analysis of
data from Spain

Rafael MOLERO-BALTANAS, Carmen BCH DE RocCA, Alberto TiINAUT, José [z PEREZ & Miguel GAJU-RICART

Abstract

A large dataset of various associations betwegerréigh (order Zygentoma) and Formicidae is presginthis was ob-

tained from samples collected across continentainSgssociations have been detected in 693 ams né44 different

genera of Formicidae, hosting two species of Zygeat belonging to the family Nicoletiidae (subfamilielurinae)

and 17 species of Lepismatidae (subfamily Lepisnaat). A high diversity of interactions has beennfibuOverall,

157 different associations (species of Zygentorspeeies of Formicidae) have been recorded. Congpatindata with
v the existent literature, 41 of these pairs arentepchere for the first time.

A quantitative criterion is being followed to cl#gsaxa of Spanish Zygentoma occurring in ant sediccording to
their obligateness, three groups are distinguiskedomyrmecophiles, occasional and strict myrmeitepland, in the
latter, at least two degrees of host specificigneralist and specialist species. A cladogram ah&h Lepismatinae
places specialist silverfish as the more apomorfatxa.

Moreover, the number and type of guest specidseofitost frequent ant genera and the number ofichdils and species
per nest have been compared and the Zygentomadtdamiquantitative network has been analysed. olasion, more
than one mode of association occurs between Zygentmd Formicidae in the Western Palaearctic. Né#dwessor
ForeL, 1890 host a lot of species of silverfish, moswbich are specialists that have likely developétgher level

of integration and are far from strict parasitesseécond group of associations is represented bgralesommon ant
genera such @&amponotudAYR, 1861, of-ormica LINNAEUS, 1758, which mostly host a few species of myrmeco-
philous Zygentoma (those that are considered gkstsjaThe position oAphaenogasteMAYR, 1853, is intermediate
between these two opposite groups. In the lattergneups, silverfish are likely parasites.

Key words: Zygentoma, Lepismatidae, Thysanura, Formicidagnragophiles, symbiotic relationships, Western Ralae
arctic, Spain.
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Introduction

It is generally known that several species of disie (Zyg- only species of the subfamily Atelurinae are uguasiso-
entoma = Thysanura s. str.) live in associatiorhwitt  ciated with ants or termitesABLT 1963, KSTNER 1982).
colonies (WASMANN 1894, WHEELER 1910, WLsSON 1975).  Compared with tropical regions, the diversity ofe/At
Already in the 18 century, the silverfish-ant association urinae in the Palaearctic is very poor; only twaee
was documenteditelura formicariaHEYDEN, 1855 was  are widespreadAtelura HEYDEN, 1855 andProatelurina
the first species of myrmecophilous Zygentoma thas PAcCLT, 1963, both of them represented by one species in
described on the basis of specimens that were faithd ~ Spain. On the other hand, several species of Lepidas
ants, specifically witiTetramorium caespiturflLINNAEUS, are reported to live with antsA®.1 1967, MENDES 1987),
1758). most of them belonging to three subfamilies: Mipi¢e
Two families of silverfish include myrmecophiloyzes =~ matinae, Acrotelsatinae and Lepismatinae. The fast
cies: Nicoletiidae and Lepismatidae. Inside thstfane, centred in America and two of its genePa@lepismina



Tab. 1: Classification of Zygentoma in terms ofitlessociation with ants. Thw groups inreENDES (1987) are com-
pared to the groups that are established in thikwsing quantitative criteria. The criteria of otlassification are
given in the Table, with the criteria of Mendesrgedescribed in the text.

Mendes' groups

New groups

Quantitative criterion used

Biological characteristics of the grouj

a. Xenomyrmecophile

s A. Xenomyrmecoph

il&$he absence of associati
with ants is significant in
binomial tes

afound in ant nests rarely.

phese species live in different habitats but they 3

B. Occasional (or facu

tative) myrmecophiles

in a binomial test.

-Both absence and preser
with ants are not significan

dency to live inside ant nests, but they can bedo
often without relation with ants. When living with
ants, they usually do not show preference for one
genus (they can be considered as generz

@ehis group includes species with a more marked ten-

C. Strict
myrmecophiles
(=Myrmecophiles

test

The association with ants
is significant in a binomia

These species live usually inside ant nests and
velop ethologic and morphologic adaptations to |
with ants

de-
ve

b. Panmyrmecophiles

C.1. Generalists

The percenffaggsoci-
ations with any genus of

total interactions that are
registered for the speci

ants is less than 70% of th

¢hey live with many ant genera (but not with all o
them, as suggested by the denomination "panmy
mecophiles™

These species are strict myrmecophiles, but do not
show a marked preference for one genus of ants;

f
r-

¢. Symphiles

C.2. Specialists

The percentage otiss

of the total associations

tions with only one genus
of ants is greater than 709

D These species are strict myrmecophiles, show a ¢
preference for a genus of ants, and live always
onearly always in the nests of one genus. The ter

lea
or
m

species.

that are registered for the

"Symphiles" is not adequate because, accordin
Wasmann's criteria (ASMANN 1894), it implies a
concrete type of association that does not mattth
the silverfish establishment with at

g to

i

Fig. 1: An interaction of &essor structomworker facing
the silverfishNeoasterolepisma spectabile frequent guest

Iberian Peninsula (FMLERO-BALTANAS & al. 2002). Be-
cause the relationship of Lepismatinae with antsbeen
poorly studied, this paper gives a greater empluasthis
group (Fig. 1).

The information provided in the literature aboug th
biological aspects of the relationship between antssil-
verfish is scant. A lot of species are rarely répdmwith
ants, and in these cases, nothing can be conchidtdthe
scarce data available,BMDES (1987) established a classi-
fication of Zygentoma species depending on thdigate-
ness and host specificity, distinguishing threeugsoof
Zygentoma: "Xenomyrmécophiles" (or "Myrmecoxenes",
i.e., usually absent from ant nests), "Panmyrméitegh
or "Myrmécophiles s.I." (i.e., usually found withta be-
longing to any taxon) and "Symphiles". Inside thtdr
group, which includes host-specific species, Meretab-
lished several subdivisions according to the amtigwvith
which they are associated. This classification based on
qualitative considerations and supported by a dirte

in Messomests, with no evidence of aggressive behaviouited number of samples and observations. Althougth d

by the ant. Photograph by R. Molero-Baltanas, abthin
Lucena (Cérdoba), Spain.

SILVESTRI, 1940 andVirolepismaSILVESTRI, 1938) are
usually found with ants. This is also the casehef de-
serticolous genukepisminaGERVAIS, 1844 (subfamily
Acrotelsatinae). However, most references in tiegdture
correspond to Lepismatinae, with more than 30 sgeai
myrmecophiles. Lepismatinae associated with antg ha
been found in the Afrotropical Region and in thepyp
studied Oriental and East Palaearctic RegionsNiS
1988); they are well represented in the Meditemart®sin
and are particularly diverse in Spain, with 18 sg®t the
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rived from Mendes' classification, the division posed
in this work is based on quantitative criteria atistin-
guishes the following groups: true xenomyrmecoghibe-
casional myrmecophiles and strict myrmecophilesidie
this last group, there are generalist and spetigiscies.
The correspondence between Mendes' groups anamdirs
the criteria for this classification are preseritedable 1.
From the point of view of the type of these associa

tions, several classifications have been proposgch as
the classical division made byASMANN (1894) and fol-
lowed by BERNARD (1968) or those presented byl\BON
(1975) and LLDOBLER & WILSON (1990). Summarising
the categories presented by these authors, weistm-d



guish mutualism, in which both members benefitpfro
antagonistic relationships (predation or parasitisfm
intermediate category, commensalism, can be crdated
those guests that do not harm or benefit the bioiwever,
some associations do not fit completely in anyhef ¢at-
egories and a special one must be created fortizydar
relationship (lE MASNE 1994).

Concerning the biology of myrmecophilous Zygentoma,
most of the information found in the literatureéstricted
to the taxon of the ants which silverfish are aisged with.
The scarce concrete information available haddesbime
authors considering silverfish to be either pagasitr com-
mensals.

The option of parasitism is supported by the observ
tions of ANET (1896) and WITE & al. (2009), based on
species of the subfamily Atelurinae: the EuropAseiura
formicaria with Lasius umbratugNYLANDER, 1846) and
the MalaysiarMalayateluraponerophilaMENDES VON
BEEREN& WITTE, 2011, withLeptogenys distinguenda
(EmMERY, 1887). Both authors reported that these silverfis
rob the ants of part of the nutritional drops ttiety ex-
change and avoid the aggression of ants by escgpiokr
ly (Atelura) or by using imperfect chemical camouflage
(Malayatelurg.

In contrast, the observations of RENMEYER (1963)
on another Atelurinae, the Americanichatelura manni
(CAUDELL, 1925) withEcitonspp. LATREILLE, 1804, sug-
gest that at least in some cases, some silverdfigtl de-
have as commensals or even provide some servicths to
colony. WILSON (1975) considered that silverfish would
be considered commensals, designating their rekttip
"nest commensalism". Moreoven \&sTRrI (1912), RCLT
(1956), BERNARD (1968) and MNDES (1987) agree with
this hypothesis and even the possibility of emeyginu-
tualistic associations, but do not support thisweixperi-
mental evidence, so antagonism is currently assasdide
most likely option "by default".

mode of interaction (interpreted as commensalismuar
tualism?). Presenting and analysing the networkepat
of the associations between Zygentoma and antpan$S
can clarify the aforementioned question and prosichet-
work pattern that can be compared with other egosdg
networks.

Material and methods

Three groups of data are considered in this wolnle. first
group comes from the literature referring to siligérants
associations in the West-Palaearctic region, incty@25
reports. Only those works performed by Zygentonetisp
alists have been considered (a lot of misidentiiftoces
have been detected in the remaining papers). Afltstese
works is presented in the references section ofeAgjx
S1 (as digital supplementary material to this katiat the
journal's web pages); from these, we have accouwnribd
those reports where ants were identified. Thesartepave
not been used to add their data to our quantitainadysis
because they are not comparable in terms of sagnpiéth-
ods; however, they are used to support our cormigsi

A second group of data includes published data from
our own samplings in continental Spain and the &#&e
Islands (reported in papers detailed in Tabs. S81.73
in Appendix S1).

Finally, a third group includes unpublished datanir
our own samplings in the same territory; this stiluse
data comes from an unpublished PhD thesis by ottgeof
authors (R.M.B.) and are treated here as new dathde-
tailed in Appendix S1). The two latter groups ofadare
now joined together to form a dataset that is Used
quantitative analysis.

The three groups of data are considered togethgp-n
pendix S1 (Tabs. S1.1 to S1.73) and in some péittseo
Discussion section to generalise our conclusions.

Our sampling scheme includes more than 1000 locali-
ties and several thousands of ant colonies, honuagbn

As each of the aforementioned authors proposed onlgovering all regions of Spain; for a map, seelFRO-

one type of relationship, none of them raised thesibility
that, as myrmecophilous Zygentoma and ants aresgive
groups with diverse biology, there could be diffénmodes
of association. However, during a sampling of sifiet
fauna performed across the Spanish territory @arout
mainly during the period 1986 - 1994 for the "Falié
rica" Project), we noticed that this hypothesis|dooe
confirmed. An important dataset of all the myrmdutmus
silverfish of the Spanish fauna was obtained, ahgws
to perform an extensive analysis. The first taafethis
analysis is identifying which Zygentoma-Formicidesso-
ciations occur in Spain and compare this infornmatidth
previously published data to determine which omes a
reported for the first time. After this, we aimatassify
Zygentoma species in relation to their associatidth
ants (degree of myrmecophily and host specifictythe
basis of a quantitative criterion, distinguishiregveeen oc-
casional and strict myrmecophiles and, within tirisup,
to identify generalist and specialist taxa. We a@gend to
check whether these groups correspond with monepbyl
clusters in order to glimpse how myrmecophily eealv
inside West-Palaearctic Lepismatinae. Moreovergtran-
titative analysis of this dataset is used to disicrate wheth-
er all the ant-silverfish associations in Spainsinglar (all
considered as parasitism?) or if there is more thaa

BALTANAS & al. (2002). The sampling was carried out to
identify all of the taxa of silverfish of the Spahifauna
from all of the habitats where they can occur. &#uos
reason, all types of habitats were examined, inatudnt
nests. Silverfish were mostly found under stonesakso
in vegetal debris, trunks of trees, human dwellingses,
soil, etc. Habitats with different ecological catimtis and
different anthropogenic modification intensitiesra/én-
spected (urban environments, agroecosystems, duboch
ous oak-trees and introduced pine forests, senmshrisb-
land, plains, mountains, etc.). All of the samplings
performed by the same individual, taking the saime t
(1 hour) in each locality; although performed ihssda-
sons of the year, the experience suggested coatiewtr
the efforts in the Northern parts of Spain durihg per-
iod from May to September.

Most samples were obtained more than 20 years ago,
but the ecological conditions have not significatianged
(R. Molero-Baltanas, unpubl.) and, with regardh®e aims
of this work, the results of the samples are repredive
of the present situation.

In each site, myrmecophilous silverfish were usuall
found under stones that cover ant nests and weighta
with an aspirator together with some worker antshef
same nest. When the number of silverfish was higtas
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Tab. 2: Detailed data registered in Spain on thgeAjoma-Formicidae association. Data corresportdeimumber of
nests of each genus of ants where each specigggehibma was found (834 associations in 677 nestsensilverfish
were identified at species level are accounted} iBha synthesis of Table S2.1 given in Appendix&ter grouping data
of each genus of ants. Acronyms of Zygentoma spesge Table 4. Abbreviations of ant genera: Agthaenogaster.
Bot: Bothriomyrmex Cam:CamponotusCre: CrematogasterfFor: Formica Las:Lasius.Lin: LinepithemaMes:Messor
Phe:Pheidole Pla: Plagiolepis Tap: Tapinoma.Tem: TemnothoraxTet: Tetramorium N: Total number of associations
for each row (ant genus) or column (Zygentoma ssci

Zygentome

Av | Pp | Lb | Lc | Ls | Nb | Ncr | Ncu | Nd | Nf | Ng | Nh | NI | Np [ Nsc| Nsg | Nw | Ta | Ti N

Aph 2| 18 1 1 2 0 1 1¢ 6 1 0| 13 1 6 Q 3 3 0 0| 77
Bot 0 1 0] 1 0 0 0] 0] 0 0] 0] 0 0 0] 0] 0 0] 0 0] 2
Carnr 2| 37 0] 1 0 0 1 37 1 0] 0] 1 2 3 0] 2 5 0 2| 9
Ca 0 1 Q Q 0 0 Q 11 0 Q Q 0 0 Q Q 1 Q 0 0] 13
'; Cre 0 0 3 4 0 0 Q Q 0 Q Q 0 1 Q Q 0 Q 0 Q 8
r:1 For 0 9 0] 0] 0 0 0] 2¢ 0 0] 0] 0 2 2 0] 0 0] 0 0| 42
i Las 1| 14 Q 0 1 0 Q 1 0 Q Q 1 0 Q Q 0 1 0 0] 1¢
(i: Lin 0 3 Q 0 0 0 Q Q 0 Q Q 0 0 Q Q 0 Q 0 Q 3
g Mes 2| 48 0] 1 1 7| 53 3t 1| 41| 14 0| 57 1 12| 14z | 4C 4 0| 461
e | Phe 0| 44 2 9 0 0 0] 0] 0 0] 0] 0 0 1 0] 0 0] 0 0| 5€
Ple 0 Q Q 0 0 Q Q 0 Q Q 0 0 Q Q 0 Q 0 Q 1
Tar 0 6 Q 1 0 0 Q Q 0 Q Q 0 0 Q Q 0 Q 0 Q 7
Terr 0 2 2 0] 0 0 0] 0] 0 0] 0] 0 1 0] 0] 1 0] 0 0] 6
Tel 1| 26 3] 11 2 0 Q Q 0 Q Q 0 0 Q Q 0 1 1 0| 4t
N 8| 211| 11| 2¢ 6 7| 5&| 132 8| 42| 14| 15| 64| 13 12| 15C| 5C 5 2| 834

not possible to collect all of the specimens frdwa hest, ation. For example, if three species of Lepismatidere
so the total number of hosted Zygentoma was nat est collected in the same ant nest, this situation trneated
mated. However, it can be considered that the sagipl as one sample but with three different associatidasan
was homogeneous and the obtained data are comparabllustrative example, 320 nests of the geMessorhosted
because all of the samples were obtained in the seay:  silverfish, but 461 associations were registerde Jam-
In each case, the number of insects that were tausghthe  ples in which it was not possible to identify thggén-
maximum possible within the constraints. Apart frdta  toma at the species level were not included in &al2l
693 nests where Zygentoma were found, many addition and S2.1 (see Appendix S2), but they were congidiere
colonies were investigated, but data did not actéam  Table 5 and the subsequent analyses.

those where silverfish were not detected. Fromafioee- The identification of silverfish was carried outléov-
mentioned 693 nests, 16 were discarded for somgsima ing the keys of MNDES (1988) and papers on taxonomic
because Zygentoma could not be identified at spéeie!. problems solved after publication of these keysg¢hpa-

An independent sampling where all ant nests were acpers, detailed in Table S1.73 in Appendix S1, distiadd
counted was designed to test whether the antsrigéfby some new synonyms or even some new taxa). Thefident
silverfish are usually the most abundant or natidhre- cation of ants was based on the use of Collingvedkels
sults from eight sampling sites are shown in AppeS@. (CoLLINGWOOD 1979, @LLINGWOOD & PRINCE 1998) and
This information suggests that silverfish preferesal gen-  also the experience of one of the authors (A.Thg Stud-
era of ants, and supports our sampling methodeShere  ied material is deposited in the Departamento dsdgpa,
is no evident relation between the number of nestn University of Cérdoba, with the exception of thpég of
ant genus and the number of these nests inhabjtsit/br- the new species of silverfish, which are depositethe
fish, it is not necessary for our aims to accotettotal  Museo Nacional de Ciencias Naturales (MNCN) in Nthdr
number of nests without Zygentoma. We have made the Once the ants and silverfish were identified, sEv&n-
reasonable assumption that most frequent ant ¢azaged  tistical analyses were performed. Formicidae spewire
by genus) are abundant enough in most localitidseto cross-tabulated together with the Zygentoma spécisted
available for silverfish, and these have the chaiaiu- by them (see Table S2.1 in Appendix S2) and froim th
enced by their requirements and by the biologyhefdif- contingency table, a correspondence analysis waeda
ferent types of ants, but not by the relative fiemapy of  out using the ca package in R developed ExAbIC &
these types. GREENACRE(2007). To avoid the abundance of zeros in

More than one species of silverfish cohabited §iga  the contingency table, a similar analysis was pewéal after
nificant proportion of the sampled nests whereesfigh considering the genera instead of ant species 2)ablore
were found; this fact (known as parabiosis) haselach  reasons to support why Formicidae species werepgobu
Zygentoma-ant couple to be considered a differsgb@- by genus are provided in Appendix S2.
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To determine the fidelity of silverfish, Bonferrooir-
rected binomial tests were carried out for eaclugeand
for each species of Zygentoma occurring in Spdiase
tests allow the distinction between xenomyrmeceptaika
and those that can be considered occasional ot istyr-
mecophiles, particularly when the number of samjdes
sufficiently high. When the number of samples watshigh
enough (few infrequent taxa or data from the lit@ra),
we used the criterion to consider a species a xg@moato-
phile if ants were found in less than 10% of theagles,
and a strict myrmecophile if more than 75% of thens
ples came from ant nests. Inside strict myrmeceghden-
eralist and specialist species were separatedioitpthe
criterion presented in Table 1.

With the intention to test if these groups are coagt
with the evolutionary relationships of silverfishclado-

# Nest with Zygentoma /
Total # nest with Zygentoma (N = 847)

Tetramorium [l
Temnothorax |
Tapinoma |
Plagiolepis |
Pheidole |l
Messor I
Linepithema H
Lasius ﬂ
Goniomma |
Formica l:l
Crematogaster ||
Cataglyphis ||

gram based on 24 morphologic characters (detailsese Camponotus ||
characters and their states are provided in Appe88)  gothriomyrmex |
was constructed with 20 species of Spanish Lepinamat Aphaenogaster [
using a xenomyrmecophile species as an outgroup. W
00 01 02 03 04 05 06

decided to include species from the Canary |slasinise
they are well known by the authors and may helgfyiiag
the evolutionary issues of this group in the WeskRalae-
arctic region. Atelurinae were excluded from thislgsis
because this subfamily has an independent evohitjon
origin and is poorly diversified in the studied iceg Mes-
quite (MADDISON & M ADDISON 2014) was the program
used for this aim.

To compare the tolerance of different ant genera; s
eral parameters of the associations were testeats&e
chi-square tests and Bonferroni correction fordbetrast
of the difference of proportions and General Lingadel
with Bonferroni multiple comparisons test to congére
mean number of silverfish per ant nest.

Program R (RCORETEAM 2015) was used to perform
all statistical tests and make related graphics. Gipartite
package in R (DRMANN & al. 2008) was also used to ob-
tain a plot of the bipartite network Zygentoma-Fmidae
in continental Spain and calculate some parametetss
network, as well as some specialisation indexasd¥i-
dual species.

Results

New data of the relationships between Zygentoma and
ants in Spain. Results of the new samplings compate
with existing literature

In our samplings in Spain from 1986 - 1994, 693ra#ts
of 40 species belonging to 15 different generaamik-

cidae (Fig. 2) were found, hosting 22 different@es of
Zygentoma: 2 Atelurinae, 19 Lepismatinae and 1 ftole
inae, approximately 50% of the known taxa of thiden
in Spain (Tab. 2 and S2.1 in Appendix S2). Par&bioas

Fig. 2: Bar chart showing the frequencies of sample
the different genera of Formicidae hosting Zygerdgdm
Spain (these frequencies are relative to total rermath
nests with Zygentoma; nests without silverfish weot
accounted).

tionships that are new (reported for the first finMore-
over, all of the data of the associations that hatebeen
previously published are detailed in Appendix SitHe
Western Palaearctic, at least 51 species of 17rgefe
ants have been detected, hosting at least 26 spEfciyg-
entoma. A total of 193 different associations amgorted,;
overall, 152 were previously known and 41 are cftad
the first time. Moreover, 116 of the previously lmorela-
tionships have been confirmed by our samplingspairs
Table 2 (and S2.1 in Appendix S2) also show that th
greater proportion of associations correspondsefoid-
matinae of the genudeoasterolepismand to ants of the
genusMessor The number of associationsRrioatelurina
is also notable, within the Atelurinae. Table 2)ugping ant
taxa by genus, is used for most of the subsequahises.

Classification of Spanish species of Zygentoma ac-
cording to their fidelity to ants

Genus level

In Table 3, the number of samples of each gen®&pah-
ish Zygentoma that were found with and without Fierm
cidae is detailed. Using binomial tests with Bordar cor-
rection, we conclude that the genbleoasterolepismand
TricholepismaPAcLT, 1967, as well as the two of Atel-
urinae, are strict myrmecophiles; the remainingegemcan

been detected in about 19% of the sampled nesteewhe be considered xenomyrmecophiles.

silverfish were found. The total number of assaoret of
Zygentoma with ants is 834. During these samplingse

Species level

than 1000 samples of Zygentoma were gathered &roth Table 4 includes the classification of most Sparsigé-

habitats, without any relation with ants (and inrenthan
4000 ant colonies, silverfish were not found).

cies in the categories mentioned in the introducdad

justified in Table 1. Some silverfish of the difé@t groups

Table S2.1 (Appendix S2) presents the ant-Zygentomaroposed are illustrated in Figures 3 - 7 and @rdia

associations that were detected in our samplings$,Ta-
bles S1.1 to S1.72 (Appendix S1) compare thesevdtia
those documented in the literature, indicating ¢hada-

with three bar charts of the most representatioeigs of
strict myrmecophiles is presented (Fig. 8) showtimgr
frequencies of occurrence with different ant genéhas
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Figs. 3 - 7: Five species of Spanish silverfistssilged in different categories according with thelationship with ants:
(3) Allacrotelsa kraepelinia xenomyrmecophile. (4)episma baeticaan occasional myrmecophile. (Bjoatelurina
pseudolepismaa generalist. (B)Neoasterolepisma delatoanAphaenogastespecialist. (7)Neoasterolepismhisitana
a Messorspecialist. Body lengths of specimens ranging fEaBrmm in (4) and (5) to 10 mm in (3). Most silfign
species are not distinguishable without microscspidy.

Tab. 3: Data for the classification of Zygentomaeya of the Spanish fauna according to their aggoniwith ants. Re-
sults of the Binomial test with Bonferroni multiptemparison correction for each genus. The thraditzes also detail
the results for each species of the gebegisma NS: number of samples that were studied for emstus of Zyg-
entoma. WF: number of samples that were found Ratmicidae. NF: number of samples without antsrftbin other
habitats). %WF: percentage of samples with ants mspect to the total of samples of Zygentomaaohegenus. %NF:
percentage of samples without ants. z: probahilitye as calculated by the binomial test. Sig: ifitance level asso-
ciated with the z parameter. Explanation of theltesn the text.

Zygentoma genere | NS | WF | NF | %WF | %NF z Sig Classification
/ Lepisma species
Atelure 9 8 1| 88.8¢| 11.11 Strict myrmecophil
Proatelurine 234|21C| 24| 89.7¢| 10.2¢| 12.1€¢| <1E-1C| Strict myrmecophil
Allacrotelse 38 1) 37 2.6%| 97.37| -5.84| 1.14E-0¢ | Xenomyrmecophil
Ctenolepism 81: 2| 811 0.28| 99.7¢| -28.37| <1E-1C| Xenomyrmecophil
Neoasterolepisn 61z | 58C| 32| 94.77| 5.25| 22.1%t| <1E-1C| Strict myrmecophil
Tricholepismi 7 7 0| 100.0C| o0.0C Strict myrmecophil
Coletinie 5 1 4| 20.0C| 80.0C Xenomyrmecophile or Occasiol myrmecophils
Lepismi 195 | 46| 14¢| 23.5¢| 76.41| -7.3t| <1E-1C| Xenomyrmecophil
L. baetic: 3C| 11| 19| 36.67| 63.37| -1.4¢ 0.3C | Occasional myrmecoph
L. chlorosom 57| 29| 28| 50.8¢| 49.17 0.1: 1.0C | Occasional myrmecoph
L. saccharin 10¢ 6| 10z 5.5€| 94.4¢| -9.24| <1E-1C| Xenomyrmecophil
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Tab. 4: Silverfish species analysed and their aar@nused in this work. The column "myrmecophileegaty” assigns
a classification for each species. Genus degreeisumber of genera of ants linked with each gsethe number in
brackets indicates the number of genera where sbec@tion was observed more than once). SSI: epapiecificity
index; d": weighted specialisation index for indival species. Species where these indexes aralcotated are those
that are not included in the network because theynat Iberian (marked with *), they are xenomyromtles or the
number of available data is very low (? in the sifigation column). Authors of species that are mentioned in the

text are also indicated.

RocA & GAJU-RICART, 199¢

Srecies Acro- | Myrmecophile category Genus| SSI d
nym degree

Allacrotelsa kraepelin(EscHERICH 1905 - Xenomyrmecophil - - -

Atelura valenciandMoOLERO-BALTANAS, GAJU-RICART, BACH | Av Generalist 5(3) 0.3980.086
DERoCA & MENDES 199¢

Lepisma baeticMOLERO-BALTANAS, GAJU-RICART, BACHDE | Lb Occasional 5(4) 0.4040.478
RocA & MENDES 199/

Lepisma chloroson Lucas, 184¢ Lc Occasionz 8 (3 | 0.457| 0.45¢

Lepismasaccharini LINNAEUS, 175§ Ls Xenomyrmecophil - - -

Neoasterolepisma baleariMOLERO, BACH & GAJu, 1997 Nb Messo specialis 1(1 | 1.00C | 0.081

Neoasterolepismcrassipes(ESCHERICH 1905 Ncr Messo specialis 3(1 | 0.961] 0.167

NeoasterolepismcurtisetaMENDES 198¢ Ncu | Generalis 6 (5 | 0.40¢ | 0.31Z

Neoasterolepisma delattoLERO-BALTANAS, BAcH DERocA | Nd Aphaenogastespecialist 3 (1) 0.7500.272
& GAJU-RICART, 199¢

Neoasterolepismforeli (MoNIEZ, 1894 Nf Messo specialis 2 (1 | 0.97%| 0.16¢

Neoasterolepisma gauthieri Ng Messorspecialist 1(1) 1.0000.127
ssp.calve MoOLERO, MENDES, GAJU & BACH, 1994

Neoasterolepisma hesperiboLERO-BALTANAS, BACH DE Nh Aphaenogastespecialist 3 (1) 0.8690.494

*Neoasterolepisma inexpectateENDES MOLERO-BALTANAS,
BACH DERoCA & GAJU-RICART, 199:

Xenomyrmecophile / Occasional? — - -

GAJU-RICART, 199t

Neoasterolepismlusitane (WyGoDzINSKY, 1941 NI Messo specialis 6 (3 | 0.88| 0.131
*Neoasterolepismmyrmecobiz(SILVESTRI, 1908 - Occasional - -
Neoasterolepisma pallidsl OLERO-BALTANAS, GAJU-RICART & | Np Generalist? 5(3) 0.4980.208
BACH DE Roca, 199&
Neoasterolepismsoerensel (SILVESTRI, 1908 Nsc | Messo specialis 1(1 | 1.00C | 0.12C
Neoasterolepismspectabilis(WyGobDzINsSKY, 1945 Nsg | Messo specialis 5(3 | 0.95(| 0.26%
*Neoasterolepisma vulcandENDES BACH DEROCA & GAJU- | — Xenomyrmecophile / Occasional? —
RICART, 1992
Neoasterolepisn wasmanr (MoNIEz, 1894 Nw Messo specialis 5(3 | 0.79Z| 0.07¢
Proatelurina pseudolepisn(GRrAsSI& RoOVELLI, 1890 Pr Generalis 13 (10| 0.307 | 0.241
Tricholepisma aura (DUFOUR, 1831 Ta Messo specialis 2 (1 | 0.81(| 0.05¢
Tricholepisma indalicd1oLERO-BALTANAS, BACH DEROCA& | Ti Camponotuspecialist? - - -

classification is also supported by binomial testsres-
pondence analyses (Fig. 9) and the criterion tindisish
generalist from specialist species agrees witrsfiexies
specificity index (SSI) calculated with the R bititgr pac-
kage (DDRMANN & al. 2008).

Occasional myrmecophilesBinomial tests carried out

at the species level gave similar results to tHosesil-
verfish genera, except for the genwepismal INNAEUS,

1758. When species of this genus are studied stepara
(as shown in the three last lines of Tab. 3), logfeneous
trends can be detected: wherkasaccharinalINNAEUS,
1758, shows a low percentage of association wits an
(5.5%), L. baeticaMOLERO-BALTANAS, GAJU-RICART,
BACH DE RoCA & MENDES 1994, and particularly
L. chlorosomd_ucas, 1846, are associated with higher
frequencies (36.7 and 52.5%, respectively). Itlmacon-
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Tap | Fig. 8: Bar chart representing the proportionsssogiation
P of three species of strict myrmecophilégoasterolepisma
Pla | curtiseta(Ncu, a generalist species), N. hesperica (Nh, an
Phe Aphaenogastespecialist), andN. spectabiligNsp, aMessor
ves J B  soccialist), with different genera of ants. Projpoi are rela-
Lin tive to the total number of ant nests where eabterish
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Fig. 9: Left: Plot representing the placement by tlorrespondence analysis of the different Zygeatspecies of the
Spanish mainland (acronyms: see Table 4). Grougtsthie analysis indicates are surrounded with li®up 1:

Messorspecialists (black line). Group Rphaenogastespecialists (yellow line). Group 3: Generalisteeén line). Some
occasional myrmecophiles are placed in the botight-hand corner. The horizontal axe discrimindfessorspecia-

lists from the remaining genera and the vertica discriminates from strict myrmecophiles and otws species.
Right: Plot representing the placement by the spaadence analysis of the different genera andespet ants hosting
silverfish. Numbers in the plot indicate the cod@ice of several species in the same pldlessorants form a group
nearly in the centre of the plot, while the remagniaxa are distributed along the Dimension 2 difthe plot (genera with
wider tolerance are placed in the upper part of line). The axes of both plots can be superimposethow corres-

pondence with the placements of silverfish spe(fmsexample Messorants are placed in a similar region of the plot
asMessorspecialists). The vertical axe discriminates avith higher range and frequences of guests (irtdpeof the
map) from those ant taxa with few guests and laamrge of silverfish.

cluded that although. saccharinais clearly a xenomyr-
mecophileL. chlorosomaandL. baeticacan be classified
as occasional myrmecophiles. Therefore, we havedad
Lepismain the subsequent analyses.

Generalist silverfish. Within strict myrmecophiles, two
species of the Iberian fauna can be clearly consile
generalists: the Atelurina@roatelurina pseudolepisma
(GRAsSI & ROVELLI, 1890) and the Lepismatin&oas-
terolepisma curtisetMENDES 1988 (Fig. 8). The bar chart
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of preferences oP. pseudolepisméFig. 11 in MOLERO-
BALTANAS & al. 1998) shows that it can be found with at
least 13 different genera of ankéeoasterolepisma curti-
setaalso inhabits nests of several genera of ants aith
high frequencyand there is no evident preference for one
ant genus.

We can also includatelura valenciandaMOLERO-BAL -
TANAS, GAJU-RICART, BACH DE ROCA & MENDES 1998
in the group of generalists, but without such arcktatist-
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Fig. 10: Cladogram of Spanish Lepismatinae (incigdipecies from the Canary Islands and Contin&mpain). The mor-
phological characters and their status as congldirethe analysis are presented in Appendix S3xeftomyrmeco-
philes. O: occasional myrmecophiles. G: generafisties. AsAphaenogastespecialists. MsMessorspecialists.

Tab. 5: Data for the comparison of the number efcgpens per nest and of the number of species gétpma that
were found with different genera of Formicidae. Temera that are marked with (**) are those thathaeen statis-
tically compared (results in Table 6). Metrics givia columns are self-explanatory. Abbreviations: Nimber; Zyg.:
Zygentoma; sp. / spp: species. The number givémadaokets in the column of number of species hast&pain corres-
pond to the number of additional species in WedBalaearctic.

Ant generg N. of | % nests with| N. of spp.| Total N. of | Mean of N. of| Variance of thg N. of nests % of nests
studied| respect to to{ hosted in| Zyg. specimen] Zyg. speci- | N. of Zyg. spe-| with more thar] with more tharn
nest: | tal N. of nest| Spair found in nest | mens per ne | cimens per ne | 1 sp.of Zyg | 1 sp. of Zyc
Aphaenogaster* 76 10.9% 14 (2 23C 3.0¢ 8.2 5 6.€
Bothriomyrme 2 0.2¢ 2(2 11 5.5C 0.5C 0 -
Camponotus* 87 12.5¢ 12 (3 243 2.7¢ 5.17 7 8.C
Cataglyphi 13 1.8¢ 3(1 59 4.5¢ 45.77 1 8.2
Crematogaste 9 1.3C 3() 20 2.22 2.1¢ 0 -
Formica** 41 5.92 4 (1 121 2.9t 16.6( 2 4.¢
Goniomm: 1 0.1¢ 1¢) 1 1.0C - 0 -
Lasius 19 2.74 1() 56 2.9t 12.72 0 -
Linepithem: 3 0.4z 6 (1) 20 6.67 65.37 0 -
Messor** 331 47.7¢ 16 (3 2941 8.8¢ 105.5¢ 11c 33.2
Pheidole** 53 7.6 4 (4 111 2.0¢ 1.74 3 5.7
Plagiolepis 2 0.2¢ 1(1 3 1.5C 0.5C 0 -
Tapirome 7 1.01 21 11 1.57 1.2¢ 0 -
Temnothora 5 0.7z 4 (1 17 3.4C 11.3( 1 20.C
Tetramorium* 44 6.3 7@ 15¢ 3.52 16.4¢ 3 7.1
Total 693 100.0( 19(7; 399¢ 5.77 64.5¢ 132 19.C
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Tab. 6: Results of the tests for comparing the remalb specimens per nest (grey background) angrthgortion of nests
with more than one species of Zygentoma (white gamknd) that were found with the six most commonega of
Formicidae hosting silverfish. In each cell, théueacorresponds to the comparison between the Eatad genera in
the corresponding row and column. The number ofispens per nest was compared using the GeneraalMedel
(family quasipoisson, link logarithmic, varianceoportional to the square of the mean) and Bonfémmanitiple com-
parison test. The proportion of nests with two @renspecies of silverfish was compared usingxthest (Bonferroni
correction applied). The multiple comparison of meatatistic and its p-value are indicated in éash and significant

differences are marked with asterisks. Abbreviatiosed for ant genera are shown in Table 2.

Aph 0.003: 0.097¢ 321.052! 0.046¢ 0.013: X
1.00(¢ 1.00(¢ <0.01 *** 1.00(¢ 1.00(¢ p-value
-0.080: Cam 0.097¢ 321.052: 0.046: 0.012¢
1.00(¢ 1.00(¢ <0.01 *** 1.00(¢ 1.00(¢
-0.025: 0.055: For 321.146! 0.140¢ 0.107¢
1.00(¢ 1.00(¢ <0.01 *** 1.00(¢ 1.00(¢
1077.04. 1157.23 1102.16t Mes 321.095. 321.062:
<0.01 *** <0.01 *** <0.01 *** <0.01 *** <0.01 ***
-0.368: -0.287¢ -0.343( -1445.14: Phe 0.0561
1.00(¢ 1.00(¢ 1.00(¢ <0.01 *** 1.00(¢
Estimate 0.151¢ 0.232: 0.177( -0.925: 0.520( Tet
p-value 1.00(¢ 1.00(¢ 1.00(¢ <0.01 *** 1.00(¢

ic support because of the low number of samplesaA
chart of preferences was also presented L 0O-BAL-
TANAS & al. (1998).

Moreover, if the preferences of the category ofaecc
sional myrmecophiles (such as those of the geapsma
are considered, it can be observed that they htse gen-
eralist trends. In fact, the correspondence armlyisices
them closer to generalist than to specialist spdéiig. 9).

Specialist silverfish.The remaining strict myrmeco-
philes can be assigned to the group of speciakgiart
from Tricholepisma indalicaMOLERO-BALTANAS, BACH
DE ROCA & GAJU-RICART, 1995 which was found only
on a few occasions witGamponotus sylvaticU©LIVIER,
1792), they can be included in the following sulgions:

» AphaenogastespecialistsNeoasterolepisma delator
MOLERO-BALTANAS, BACH DE ROCA & GAJU-RICART,
1996 andN. hespericaMOLERO-BALTANAS, BACH DE
RocA & GAJU-RICART, 1996 (Fig. 8) are found mostly with
ants of the genuAphaenogasterData in the literature,
especially the numerous samples from Portugalvilea¢
reported by MNDES (1992, 2002), support this. The cor-
respondence analysis pladgshaenogastespecialists far

Evolutionary relationships in Lepismatinae

The cladogram of Figure 10 includes Iberian anda@ian
species in order to understand the origin of myophdy

in Lepismatinae (see Material and methods sectiwh a
Appendix S3). The cladogram shows thessorspecia-
lists are the most apomorphic species of the grang,
that generalist species and mainly the occasioyafe-
cophiles occupy the root of the tree.

Analysing data for detecting different degrees of
tolerance of the Formicidae hosts

While the previous section is focused in the "gifigh
point of view", in this section we centre on thegggtoma-
Formicidae relationship in terms of the ants. Tafland 5
summarise the information of our samplings in Spgion
grouping the data by genus of Formicidae.

Considering the percentage of nests of the difteren
ant genera harbouring Zygentoma, almost 50% ofahe
tal of ant nests correspondedNtessor(Fig. 2). Other
genera with significant percentages &jghaenogaster
(10.5%), Camponotug12.8%),Formica (6.2%), Phei-

from Messorspecialists and closer to generalist speciesdole WESTWOOD 1839 (7.8%) and etramoriumMAYR,

(Fig. 9). Finally, despite the preferencesNf pallida
MOLERO-BALTANAS, GAJU-RICART & BACH DE ROCA,
1995are quite marked, this species carrm#udedin a
group with intermediate characteristics. The cpoadence
analysis places it between generalist species\ahdeno-
gasterspecialists (Fig. 9).

1855 (6.3%).

Table 5 shows data of all of these genera. The-para
meters that are compared include the number ofiepec
hosted by the different ant genera, the numbendit/i-
duals that were found per nest (results in Talarg) the
number (and percentage) of nests in which two oremo

« Messorspecialists: This constitutes the largest groupspecies of Zygentoma have been found (results lin a

within the Iberian fauna because eight specieNarfas-
terolepismaand one offricholepismashow strong prefer-
ences (often close to 100%) for ants of the génessor
(see Tab. 2 and an example in Fig. 8). This grewpeiarly
supported by the correspondence map (Fig. 9), vgtades
Messorspecialists very close together and separates all
them from the remaining Zygentoma.
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Moreover, Table 7 shows the percentage of inteasti
of each genus of ants with specialist or generafisties
of Zygentoma.

The three last parameters have been comparedronly i
the genera of Formicidae with a significantly higim-
ber of samples. The GLM quasipoisson option has fme
lowed by comparing the means of the number of dikle



Tab. 7: Percentages of interactions with generafispe-
cialist silverfish in the nests of the most aburidgmera
of ants. The occasional myrmecophiles are considgza-
eralists. Ant genera with fewer than ten interaxtiand the
silverfish specie3richolepismandalica (found only twice)
are discardedMlessoris marked with bold characters to

remark the clearly different tendency of this genus
Interactions with ger- | Interactions with
eralist Zygentoma |specialist Zygentoma

Aphaenogast 62.33% 37.67%
Camponotu 86.96% 13.04¥%
Cataglyphi 92.31% 7.69%
Formice 95.24Y% 4.76%
Lasius 89.47% 10.53¥%
Messor 19.30% 80.7%
Pheidole 98.21% 1.79%
Tetramoriun 96.56% 4.44%

per nest because the variance, as a generalsuiearer
the square mean than the mean.

All of these comparisons show that the gelessor
produces very different results from the othersisTge-
nus harbours a clearly greater number of indivisltladn
the other ant genera, the incidence of parabiesssgni-
ficantly higher inMessorsamples and the majority of ant
genera interact with generalist silverfish, exdggtssor
which interacts mostly with specialists.

Moreover, Tables 2 and 5 show hdWessorharbours
a higher diversity of silverfish. The number of igs that
are hosted iMessomests is 16 (12, if those that were found
just once are not taken into account), and thisbrarman
increase in more than 20 species if the whole Weste
Palaearctic is considered. The only genera showisign-
ilar degree in the Iberian area @phaenogasteandCam-

#Formicidae/(N=#Total Formicidae)

Camponotus (N = 94) Messor (N = 461)
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Fig. 11: Bar chart showing the proportions of agsam
of CamponotusandMessorwith different species of Zyg-
entoma.

Tab. 8: Network metrics calculated for the Zygenaem
Formicidae network, with silverfish and ants coesetl
at species level and pooling ants by genus.

ponotus which host 14 and 12 species, respectively (only
9 and 8 if species which were found only once vekse
carded). NeverthelesSamponotusests, as a whole, have
a lower diversity because only associations with g&n-
eralist species are frequent (the remaining 10ispese
collected rarely). This contrasts withessornests, where
none of the proportions of their guests prevait(Ail);
the differences among hosted species may correspond
their higher or lower abundance or geographic rapge
sented in MOLERO-BALTANAS & al. (2002).

The correspondence analysis (Fig. 9) also cleady s
paratesviessorcolonies from the remaining genera.

The ecological network Formicidae-Zygentoma

A graphic of the bipartite network representing #sso-
ciation of ant genera and silverfish species inifsrar
Spain and the Balearics is presented (Fig. 12)dés
scribed in other ecological bipartite networks tsas those
presented byGRDANO & al. (2003) or RsCOMPTE& al.
(2007), the silverfish-ants symbiotic network igywe-
terogeneous (most species have a few associabiahs,
few species are much more connected than is expbygte
chance), nested (specialists interact with sulodete spe-
cies with which generalists interact), and builtvezak and
asymmetric links among species.

Network metrics Species level net{ Network with
work (Tab. S2.1 | ants pooled by
in Appendix S2) | genera (Tab. 2)
Connectance 0.1915 0.2970
Web-asymmetry 0.4242 -0.1515
Links per species 2.5910 2.3940
H2' 0.3081 0.3568
Modularity C 0.361¢ 0.393:
Nestedness (temperatu 11.222¢ 8.611:

Some metrics of the network at the species level an
the generic level (ants pooled by genus) are pteddn
Table 8. AsMessorfrequencies in the matrix do not re-
flect their relative abundance in the field becatnss are
biased by the strong preferences of their spetsalis and
H2' are not the most relevant indices to take attoount
for a measure of specialisation (of single speaiesof the
network as a whole, respectively). Both metrics rare
placed by species-specificity index (SSI) and bydutar-
ity Q (DORMANN & STRAUSS2014) as defined by R bi-
partite package (BRMANN & al. 2008). The first index
(Tab. 4) gives values for each silverfish spedies agrees
with our classification criterion given in Table Regard-
ing the Q index of modularity, it shows a high \eltom-
pared with most networks where this parameter kas b
calculated. Four modules can be detected by th8i®laa
algorithm included in R bipartite package; fromtbeto
less-defined, these modules areMessorand their spe-
cialists; b)Aphaenogasteand their specialists; ¢) most
ant genera (mainly small ants) associated withgdree-
ralist Atelurinae and occasionlaépisma d) common ant
genera (especially, large ants) with the generbliéstas-
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Fig. 12: Bipartite network Zygentoma species (lefant
genera (right) in continental Spain. The graphis heen
obtained by the R bipartite package from data dfig 2.
The width of each link is proportional to the numbéas-
sociations established between the connected Aexa-
nyms see Table 4.

terolepisma curtisetandN. pallida These modules can
be seen in the plot of the correspondence andbhgjs9).

Discussion

Classification of Zygentoma based on their prefer-
ences and their evolutionary trends

If we consider the data in the literature aboutettgma-
ant interactions over the entire Western Palaearetjion,
several species can be added to the groups of negrme
philes that have been distinguished.
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Occasional myrmecophilesThere are some species of
Neoasterolepismin the Macaronesian region and North
Africa that have been found only without ants on t&
considered occasional myrmecophiles. This is tise od
the Canarian speci@¢eoasterolepisma myrmecolfaL -
VESTRI, 1908),N. vulcanaMENDES BACH DE ROCA &
GAJU-RICART, 1993 andN. inexpectatdMENDES MOLERO-
BALTANAS, BACH DE ROCA & GAJU-RICART, 1993, which
have been included in the cladogram of Lepismatarak
are near the base of the tree (Fig. 10). This ast#rwith
our analysis omNeoasterolepismbased on Iberian spe-
cies (Tab. 3), which classifies this genus, as aleytas a
Strict Myrmecophile. It seems that primitive spsaid the
genusNeoasterolepismaere not myrmecophilous and
that the relationship with ants developed afteratigin of
this clade.

Occasional myrmecophiles, such as these primitae
asterolepismandLepisma chlorosomare generalists (SSI
index lower than 0.5). Our data suggest that tleeyrsto
prefer small-sized Myrmicinad étramorium Pheidole and
Crematogastet UND, 1831).

Generalist speciesThe myrmecophilous relationships
of the two Iberian Atelurinae have been discusaddao-
LERO-BALTANAS & al. (1998).Proatelurina pseudolepisma
stands out from the rest of European myrmecopliiles
to the width of its preferences (Tabs. 2, S2.1 pipéndix
S2 and the histogram of Fig. 11 irOMERO-BALTANAS &
al. 1998). The literature indicates tigelura formicaria
which is widespread in Europe, is also a genersfisties
(PACLT 1963). Although the wide preferences of these
species, we do not believe it appropriate to desegthem
as "panmyrmecophiles" because they are most likety
admitted throughout the Formicidae that have been r
ported in the area. A certain preference for Foighaie of
small size a®heidole pallidula(NYLANDER, 1849) has
been observed, but large ants of the gebasmponotus
are also frequent hosts of Spanish Atelurinae. fume-
ber of specimens per nest is usually low (1 - 8),9ome
Pheidolecolonies host a higher number.

The bar chart of preferenceséoasterolepisma cur-
tiseta(Fig. 8) and the low SSI index are also typicahof
generalist species: This silverfish has been fawuitid high
frequencies in the nests of several genera of(Messor
Formica andCamponotusiests are the more visited). Al-
though it represents a high percentagBainicaguests,
this does not mean thhit curtisetaprefersFormica; this
genus seems to be little attractive for silverfstd it is
only visited occasionally by some generalist specie

Specialist myrmecophilesin Spain, all species classi-
fied in this group belong to the subfamily Lepisinae:
They exhibit a limuloid shape, with a wide thoraxedo
the extension of lateral areas of nota (most likelgvoid
the biting of the ants); most of them show goldealess,
elongated tenth urotergite (particularly in female®st
likely to protect the ovipositor) and shortenedriral fi-
laments. Host-specific species also exhibit diffietgpes
of apomorphic characters, such as a trend to sekual
morphism concerning the shape and chaetotaxy dfitite
tibiae of males, whose function is not clearly bbthed
(this setation is lacking in most generalists).

These characteristics can also be observed inegpeci
outside the Spanish fauna, suctrasholepismagyrinifor-
mis (LucaAs, 1846) from the South and East Mediterranean



region (a specialist iAphaenogastéy the Messorspecia-
list Neoasterolepisma balcani€¢®TAcH, 1922) from the

ally exclusive Neoasterolepisma delatd. hespericaand
evenN. pallidado not overlap in their geographical dis-

Eastern Mediterranean and some North African sgecietributions but seem to be vicariants).

such adN. imitans(MENDES 1988). TheMessorspecia-
lists group seems to be more diverse thanAhleaeno-

gasterspecialists, and also more widely distributedaPar

biosis is frequent in this group of specialists drderves
further study.

Evolutionary relationships among groups of Lepis-
matinae

The cladogram of Spanish Lepismatinae (Fig. 10yssis
that in the Western Palaearctic, silverfish of thibfamily
began as occasional myrmecophiles with wide prete®
(generalists) and then evolved to strict myrmeclgshi
Specialists require a higher degree of morpholdgioeci-
alisation than generalists, and the cladogram plapec-
ialists as the more apomorphic clade. Inside thgsegies

Finally, a third group of ants with a Low and Na&ro
Tolerance includes the remaining genera of Forraiid
which harbour Zygentoma in their nesEsmponotusFor-
mica, Pheidole CataglyphisFORSTER 1850, Tetramorium
etc. These ants permit the presence of few spedies
Zygentoma. AlthougiCamponotusnts show more species,
two generalist guests amount to more than the hivds
of the total associations. The number of admitigecs
mens per nest is very low and, on rare occasiwt ot
more species of Zygentoma are found cohabitingnén t
same colony. Specialist Zygentoma have not beeatieet,
unlessTricholepisma indalicacould be allied witltCam-
ponotus

The aforementioned differences among the different
groups of ant genera could be related to diffenendali-

that are linked tdvlessorants seem to be those that have ties of symbiotic relationship. At least two moadsasso-

acquired the most specialised condition.

Lepismatinae is an ancient group (the outgroughef t

cladogramAllacrotelsaSLVESTRI, 1935, is a xenomyr-
mecophile genus that occurs on both sides of thenid
Ocean), but it is not known exactly when Lepisnasibe-
gan to enter ant nests. It is likely that the beigig of this
association befell more than 40 myr ago (afteriteak-

ciation can be found inside West Palaearctic disleand
ants; one of these modes can be interpreted aphidr
parasitism called "kleptoparasitism" and the othanost
likely a case of commensalism, and can be designate
"kleptobiosis". The difference between both ternas pre-
sented, for example, byyENGAR (2008) or \OLLRATH
(1984); kleptobionts steal items that have not beien

up of Gondwanaland, since myrmecophile Lepismatinaegested or used by the hosts or items that are wodaimt

are absent from the New World). As the gehlessoror-
iginated about 10 myr prior tAphaenogasteraccording
the phylogeny of ant genera provided bpREAu & al.
(2006), we think that Lepismatinae living withessorhad

more time to develop morphologic and ethologic &pec

lisations to integrate with their hosts thaphaenogaster
specialists, which are most likely less integréfedViolero-
Baltanas & M. Gaju-Ricart, unpubl.).

Are Zygentoma-Formicidae associations homogen-
eous? Analyses of data from associations in Spain
suggest different levels of integration

As a consequence of the comparison of ant generarsh

in Tables 5 - 7 (and also the data of the litemattlmat
confirm the same conclusions for the whole WesRan
laearctic, see Appendix S1), three groups of Fadaie
can be established according to their tolerancesaedi-
ficity for the Zygentoma guests:

The first group includes ants with High and Broad-T

that the consumption of a few of them by the gudetss
not incur an energetic cost to the host.

To understand and discuss the differences thahare
dicated by our results, it is necessary to compaxeral
factors. The first one is the colony size. In relgtr this,
we could come to think that large colonies providere
abundant resources for silverfish (food and refugép
available information about the colony sizeMéssorin
Spain (B\LLESTA & al. 1995) and France EBDAN 1989)
agrees with the classification byaABoNI-URBANI (1977)
in a group of ants with a moderately high coloraesex-
cept large nests défl. barbarus with up to 23,000 work-
ers, which can be classified in the high colong giroup;
this could explain our resultlessor and especiallv.
barbarus host a lot of species and individuals in the same
nest). However, colonies of other genera in Speénaa
large adviessornests or larger, as indicated, for example,
by data provided by BuLAy & al. (2007) onAphaeno-
gasteror by HIAN & DORNHAUS (2008) onFormica; sil-

erance: genullessor These ants harbour a great numberverfish inhabit them significantly less. Thus, vk that

of species, several of which often cohabit in #ee nest.
The higher percentages of interactions corresposgédci-
alist guests. Most of the Lepismatinae speciatistsas-

the colony size is not the key factor that expldhes dif-
ferences betweedessorand the remaining common gen-
era. This factor can be used only to justify tieateya such as

sociated withMessor The number of specimens found in TemnothoraMAYR, 1861, classified by BRONI-URBANI

each nest is comparatively high (and the actualbmuris

(1977) in a group with small nests and low bionmassm-

much greater than the mean data shown in Table 5 beber or workers, show a lower number and diversity o

cause all of the specimens present could not Hectedl
in many cases).
The second group of ants includgshaenogastemith

silverfish.
If we focus on the different levels of aggressivane
as a factor to explain our differences, it coulddo®-

Low and Broad Tolerance. This genus harbours a higltluded that the most aggressive ants should be thitk

number of species, although the number of specipens

nest is usually low. The percentage of specialfsis are
lodged is not as high as thathfessornests. Therefore, it
is rare for two or more silverfish species to cahaip
Aphaenogastenests. In contrast to what happens \Mits-

less diversity and fewer guests, which could imghigt
Messorare the less aggressive ants of the Iberian fauna.
However, if they were less aggressive, the fregiesnaf
generalist silverfish could be higher Messorthan in
other ants, but this is not what happens, as shinwine

sor specialistsAphaenogastespecialists seem to be mutu- bar charts of Atelurinae arldeoasterolepisma curtiseta
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(Fig. 8). The available information to grade thtatiee
levels of aggressiveness of the different taxard$ as
based on "ant against ant" aggression testSARA &
CERDA 1995, ERDA & al. 1997, etc.); from these data, it

is clear thatMessorare far from being the least aggres-

sive ants. However, no data are available regarthng
against silverfish” tests.

Network interpretation

A detailed interpretation of the Zygentoma-Forméeichet-
work represented in Figure 12 is not the aim of thork,
but some aspects of the association and the sagniplin
which it is based should be taken into accounfdaher
in-depth analysis:

Zygentoma are preadapted to run, so the quick escap As it has been proved (BRMANN & STRAUSS 2014),

is the more plesiomorphic of their strategies wigaggres-
sion. A second strategy of myrmecophile speciehén-
ical mimicry: The available studies on this topW®I{TE

& al. 2009, LENOIR & al. 2012) indicate that silverfish ac-
quire the odour of the ants by contact. This behavinas

been probably developed only by the more specihlise

species. Most Zygentoma that are considered oatalsio
or generalist myrmecophiles probably use only theea-
tral escape strategy and often prefer small arith Gmall
mandibles), as supported by our ddt@ssorspecialists
and perhaps some generalists can live with lartg (ao-
tentially more harmful for silverfish) because thegve

developed the behaviour of approaching workerscto a

quire their odour, managing to scrape the ventaal pf
the body of the host; this strategy is favouredheylarge
size of the ant.

The more relevant factor that explains our regofin-
ly the differences betwedviessorand the remaining ant
genera) is surely the diet of the ants. Most WesRa-
laearctic ant genera of Formicidae generate a sroéll
ume of residues that are available to the Zygentoma
these colonies, silverfish probably develop a nmimi-
tive strategy of trophic parasitism (kleptoparasiij, steal-
ing the food that has been pre-digested by the amds
attempting to go unnoticed. In this case, the presef a
reduced number of parasites in the nest (showrubyes
sults) could be advantageous. Converselyl@ssorcol-
onies, the abundant nutritional resources thatetlaeds
generate attract a lot of guests and favour théuéeo
of numerous specialists that have adapted to fivtaése
nests. Although a wide range of silverfish guestalso
observed witltCamponotusndAphaenogasteithese gen-
era of ants host few specialists. We think tiaissoris
different because it seems to have establisheda 'finend-
ly relationship" with Lepismatinae specialists. §hisso-
ciation is most likely related to the seed-based di the
ants and the possibility of a cleaning symbiosisit{ra-
listic association) or at least of a "welcome" ltédpotic

commensalism. As ENDES(1987) had already suggested,

the relationship betwedviessorand their guests is based
on a nutritional complementarity: Ants are unalolalt-
gest the husks of the gathered seeds (these hustdm
expelled from the nest) and Lepismatinae silver{isit
probably not Atelurinae) are capable of feedinglmase
and other residues. The capacity to digest cekubrsd
other carbohydrates without the need for endosytithio
microbiota is very uncommon among insects, butiesn
demonstrated in some species of LepismatidasKER

& GIESE 1956). If this feeding complementarity ldessor
and their specialists exists, the high densityhefpopu-
lation of silverfish in the nest is not an impottanoblem
for the ants. As the cladogram of Figure 10 denrates,

a high value of modularity Q is correlated with tnig2'
levels, implying high levels of specialisation. Acding to
BLUTHGEN & al. (2006), it can be interpreted that the low
values of H2' calculated are due to an overestomadf
Messorabundance and not to low levels of specialisation.

The geographic area from where the data are olotaine
is very large, about 400,000 knand some different types
of ecosystems are included.

Some silverfish species are not widespread ovegrihe
tire study area (some of them are endemic of divelg
reduced area and even some of them can be congidere
as vicariants), but treated as genera, the digtabof
most ants covers the whole area.

As argued before, this is not a homogeneous network
in terms of the type of association. It is likehat a good
number of the relationships between occasionaboe@-
list Zygentoma and ants are antagonistic, but atthas
are presented that associations betwdessorspecialists
and their hosts tend to be of commensalism or even
tualistic. The best way to represent these assonmis
probably a merged tripartite network, such as thase
sented by 8UvE & al. (2014). Ant genera can be placed
in a central column, parasite silverfish in a secoolumn
on one side and commensals or mutualistic guestbea
included in a third column on the contrary sideSkain,
exclusively allMessorspecialists can be included in this
column. Nevertheless, this positive relationshipascom-
parable to typical mutualistic plants-pollinatoesworks,
where there is an important (nearly symmetric) raltu
dependenceMessorants probably do not depend signifi-
cantly on silverfish, because the benefit they iob&not
indispensable. The relationship is very asymmeinit co-
evolution processes are not clearly developedeS8ish
have not significantly conditioned the evolutionastts,
but Lepismatinae silverfish have experienced ingrarad-
aptive modifications (morphological, biological aatho-
logical) to live inside ant colonies, and the metgking
modifications seem to be developedessorspecialists,
meaning that this group deserves further investigat

Conclusions

Here, 157 associations between Zygentoma and Fermic
idae species are reported in Spain, with 41 of tdem
scribed for the first time. Adding our data to taas the
literature, 193 different associations are knowthéWest-
ern Palaearctic region.

Spanish silverfish species are classified accortting
their preferences for ants into four groups: Xenoner
cophiles, Occasional Myrmecophiles, Strict Gensriyr-
mecophiles and Strict Specialist Myrmecophiles. filgger
number of species is inside this last group andtrabs
them (9 species) aldessorspecialists. This classification

Messorspecialists are the more evolved inside myrmeco-has a statistical and phylogenetic support.

philous Lepismatinae, developing strategies toeachia
higher level of integration with their hosts.
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Messorants host a higher number of species and spe-
cimens per nest than the remaining genera of &undged,



suggesting that the association with their spestiphrtners
is different (probably, commensalism or even mustia)

from those associations established between adtgem
eralist silverfish (antagonistic). The seed-badetiaf these
ants could be the main factor influencing the etrotuof

a group of silverfish species with a higher levelrde-

gration.
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