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Survival of persecuted myrmecophiles in laboratoegts of different ant species can
explain patterns of host use in the field (Hymeeoguat Formicidae)

Thomas RRMENTIER, Wouter DEKONINCK & Tom WENSELEERS

Abstract

Myrmecophiles or ant associates are able to peaeatra survive inside the heavily defended nestsuabus ant species.

With the exception of some highly specialized spgcmany of these myrmecophiles elicit a highlyrasgjve response
and are frequently wounded or even killed by thests. Many myrmecophiles also appear to stronglfep particular
host species. The factors that allow the myrmedepkd survive in these hostile environments angeanyrmecophiles
to prefer particular host species are largely umkmorhe aim of the present study was to examinentipact of the

»  presence or absence of either the preferred hastdants of th&ormica rufaLINNAEUS, 1761 group) or one of several
nonpreferred ant species on the long-term surdgf#hree obligate, unspecialized beetle myrmecegtillhiasophila
angulata(ErRicHsON 1837),Lyprocorrhe ancepgERricHsON 1837),andAmidobia talpaHEeR, 1841), and one facultative
myrmecophile, the woodloug®orcellio scaberLATREILLE, 1804. In addition, we tested whether host spatjifivas
driven by the size of the ant host workers, becduest specificity has previously been demonstréadae inversely
related to aggression towards macroparasites.€3ults show that despite regular aggressive hiesaations, survival of
the obligate myrmecophilous beetles over a perfo20odays was not different from a control set-ughaut ants. By
contrast, the facultative ant associRtescabethardly provoked any aggressive host responsétstairvival was lower in
presence of. rufaworkers compared with a control set-up without aRtsthermore, the data on survival in presence of
nine different ant host species show that the thi#igate myrmecophile beetles survived betterrespnce of larger-
bodied ant species, and that their survival wakdsgin presence of their preferred Hostufa, which also has relatively
large workers. The only exception to this trend wrees low survival observed in presence of the ldrgdied ant
Camponotus vagus$coproLl, 1763). Finally, species that were less successkilling the beetles in our tests are also
shown to support more myrmecophilous rove beatlgsature. Overall, our results shed new light anititeraction be-
tween ants and various associated macroparasdemahe factors that drive observed host prefeenc
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Introduction

Parasites have an intricate relationship with thest on
which they can impose substantial costsyBN 2011).
However, hosts have evolved an array of defeneestr
gies at the behavioural, immunological and chemaag|
to counter parasites @#T 1990, CAYTON & M OORE
1997, HMID-HEMPEL 2011). A particularly useful sys-
tem to test host-parasite interactions can be fonrite
nests of social insects. Social insect nests haraagich
diversity of strictly associated symbionts incluglimutu-
alists, commensals, and parasitess{iKer 1979, HOLL-
DOBLER & WILSON 1990, FETTENMEYER & al. 2011). The
parasites can have a dramatic effect on host fitbgson-

suming brood and host resources and inducing qaeén
worker mortality (HOLLDOBLER & WILSON 1990, $IMID-
HEMPEL 1998, GEISELHARDT & al. 2007, BJSCHINGER
2009, HbvESTADT & al. 2012). The main defence response
of social insects to macroparasites is aggressiomhich
they exhibit biting, stinging, spraying defensivemicals
and chasing of the intruders ¢H.DOBLER & WILSON
1990, ArASSE & PAxTON 2002). Some ant associates or
myrmecophiles evolved a specialized biology (syrgshi
or true guests sensuA&MANN 1894) and employ a ple-
thora of strategies, including advanced behaviouis:-
phological adaptations, special defensive or apgraeast



e

Fig. 1: Overview of the three myrmecophile beetlts their red wood ant host: (&8hiasophila angulatavith Formica
polyctena (b) Lyprocorrhe ancepwith Formica rufg and (c)Amidobia talpawith Formica polyctenaThe myrmeco-
philous spideiThyreosthenius biovasican also be observed in the centre of b.

glands and chemical mimicry. Such adaptations nhigtrr
ant aggression and enable the myrmecophiles tessicc
fully integrate in ant colonies. What is more, tlaeg treated

red wood ant colonies are more aggressive and suure
cessful in deterring intranidal myrmecophileagRIEN-
TIER & al. 2015a). Consequently, the hypothesis under

as true colony members as they are fed, groomed aniehvestigation is that ant species with on averagaller

transported by the ants HLDOBLER & WILSON 1990,
AKINO 2008, BOMQUIST & BAGNERES2010, KRONAUER

workers are more efficient in deterring unspecgdimyr-
mecophiles. Interestingly, the mound buildiFgrmicaants

& PIERCE 2011). However, some myrmecophiles are seemhave on average relatively large workers compangid w

ingly unspecialized (synechthrans, i.e., indifféletoler-
ated guests, and synoeketes, i.e., hostile peeskguests,
sensu VMSMANN 1894): They are very similar to their non-
myrmecophilous counterparts and lack the aforemeet
variety of adaptations (@NISTHORPEL927 ,HOLLDOBLER

other ant species in Europee(&RT2007) and support
many unspecialized myrmecophilesA@MENTIER & al.
2014). The relatively large mean worker size okéhants
compared with other ant species in Europe coulg pla
role in the strict association of many of thés®micaas-

& WILSON 1990).These myrmecophiles might be exposed sociates. For that reason, we also assessed theasf

to frequent ant aggression@NISTHORPEL927 ,PARMEN-
TIER & al. 2015a), which can lead to an elevated stress
sponse in the myrmecophiles, injuries and ultinyadielath
(HOLLDOBLER & al. 1981, NELSON & JACKSON 2009; T.
Parmentier, W. Dekoninck & T. Wenseleers, unpubl.).

the three myrmecophilous beetle species in nestgybt
other ant species spanning a gradient from ornlgeo$mal-
lest to the largest ant species in the study &keahypo-
thesized that the survival rate of the unspecidlizgyr-
mecophiles would be highest in species with reédtiv

It is surprising how these myrmecophiles succeed tdarge workers and would decrease in colonies oflema

live in association with their host in such a hiestind
stressful environment. The long-term effects ofbst's
defence response for those unspecialized myrmelesphi
are unknown. Therefore, the effect of the assaniatith
host ants on the survival of three unspecializedagitic
and myrmecophilous rove beetles associated witlo-Eur
pean red wood ant§&¢rmica rufagroup) was examined.
First, 20-day survival of those myrmecophiles wiitle
preferred host against survival in a control setwithout
host workers was tested. The same tests were also d
for a facultative myrmecophile (a species thaegutarly
found in ant nests, but is mainly found not to bsagi-
ated with ants) to look whether the effect of hasts is

ant species.
M aterials and methods

Study species: We collected adults of three myrmecophil-
ous rove beetles (Staphylinidae, Aleocharinabjasophila
angulata(ERICHSON 1837),Lyprocorrhe ancep$ERICH-

SON, 1837), andAmidobia talpaHEER, 1841) in European
red wood antRormica rufagroup) nests in populations

in Northern Belgium and in Northern France durihg t
summer and autumn of 2014 and spring and summer of
2015 (Fig. 1). Two populations (West-Vleteren, Bibepe)
consisted of~. rufa LINNAEUS, 1761 mounds, three of
Formica polyctend=ORSTER 1850 (Beernem, Roksem,

similar on them compared with unspecialized myrmeco Aartrijke) mounds and both species occur sympdtyica

philes.

in the two remaining populations (De Haan and Beis-

Surprisingly, many unspecialized myrmecophiles arebroek) (map seeARMENTIER & al. 2015b). Beetles were

associated with only a small group of ant®(ETHORPE
1927, ,PAIVINEN & al. 2002,PARMENTIER & al. 2014). The
myrmecophiles of this study are restricted to molouit-

ing Formicaants. It is unclear why these relatively un-

specialized myrmecophiles are only associated méhnd
building Formica species. Hitherto, it is unknown which
mechanisms constrain the distribution of theseispeé
recent study showed that smaller workers in polyhir
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identified following FREUDE & al. (1974). We isolated the
myrmecophiles by spreading nest materiaF ofufa or F.
polyctenanestson a large tray in the field. Ants and their
brood were gently put back in the nests afterwdddslis-
THORPE(1927) categorized the three beetle species follow
ing the classification of Erich Wasmann as synoeket
which means that the beetles are rather unspeeihiiz
morphology and behaviour compared with advanced myr



mecophiles (symphiles) (WeMANN 1894). Synoeketes are
not treated as colony members, but mostly ignosethé
ants due to their small size and behavioun&WwanN
1894). However, we found that the three specieglare
tected by the ants and elicited aggressSiGRKENTIER &
al. 2015a, supplementary videos, Appendix Sltalpa
Appendix S2:.L. ancepsand Appendix S3T. angulata
as digital supplementary material to this artialethe jour-
nal's web pages). Therefore they should ratheategor-
ized in the group of synechtrans (unspecializedaates
which provoke aggression). The complete life cydléhe
beetles probably takes place inside the wood antnae
(DONISTHORPE1927). This was supported by the occur-
rence of the adults in all seasons and the recgrdfn
larvae of different stages of the beetles insideriound
from spring to autumn (and raised in the lab toltador
identification). The larvae are free-living scavergjand
are not nursed or carried by the workers (T. Pati@en
W. Dekoninck & T. Wenseleers, unpubl.) in contrnaih
specialized beetle larvae suchlasnechusandLome-
chusoidegsee HOLLDOBLER & WILSON 1990). The larvae
of T. angulataare very similar to non-myrmecophilous
larvae of the Aleocharinae and can be reared irrafes
of ants (AGAJA & al. 2014; M. Zagaja, unpubl.). The adults
are both brood predators and kleptoparasites gspiiey
on ant brood and food brought to the nesiRIPENTIER

& al. 2015a, in press). The three beetle speciasbhea
found throughout the nest mound (edge and centtieeof
nest).Lyprocorrhe ancepandA. talpahave no nest lo-
cation preference, where@isangulatais attracted to the
densely crowded brood chambersRRENTIER & al. 2016).
Morphological adaptations found in specialized mgrm
cophiles such as appeasement glands with trichamges
lacking in the three beetlesKEUDE& al. 1974). IREUDE

BINSON 2013, RRMENTIER & al. 2014). The widespread
isopodPorcellio scabelLATREILLE, 1804 (adult size: 9 -
13.5 mm, BERG& WIINHOVEN 1997, identified following
BERG& WIINHOVEN 1997) lives in a wide variety of habi-
tats without ants (BRG& WIINHOVEN 1997), but can also
be very abundant in red wood ant mounds througtieut
whole year (RBINSON & ROBINSON 2013, ARMENTIER
& al. 2014). Gravid females and juveniles were tady
observed in the mounds, which indicates thascabelis
able to reproduce in the mounds. Isopods were atelle
in the same way as myrmecophilous beetles in reziwo
ant nests during spring 2015.

Ant aggression towards tested species. First, the in-
teraction ofFormica rufawith the three myrmecophilous
beetle species aritbrcellio scabemwas examined. There-
fore, a small rectangular plastic arena (lengttm@width:
5.5 cm, height: 5 cm) was filled with ca. 1 cm péaisof
Paris and coated with fluon. Foiy rufaworkers (West-
Vleteren population) were acclimatized for one houthe
arena and then a myrmecophile found in the samangol
was added. Ten seconds after the myrmecophile mvas i
troduced, the first twenty interactions with theésawere
scored. In spite of these relatively short setttinges, ants
and myrmecophiles interacted similarly as in cands
where myrmecophiles were already integrated fosdiay
lab nests (T. Parmentier, unpubl.). We also prodd&
of the effect of longer settling time (one hour)ant ag-
gression towards sevériasophila angulatdeetles and
compare these with the 10 s settling times (AppeB&d)).
These data confirm that longer settling times hadig-
nificant effect on the interaction between ants ama-
mecophiles. Following interactions were observedfthe
perspective of the ant: ignoring (a worker's betvavtdid
not change when her antenna crossed the myrmeedphil

& al. (1974)only report that the segments of the antennaeshowing interest (a worker started to antennateetl

of T. angulataare slightly compressed which could make
it more difficult for ants to grab therheir behaviour is
also very similar to non-ant associated rove bsellaey
escape from ant aggression by fleeing, hiding adbey
their abdomen (DNISTHORPE1927, RRMENTIER & al.
2015a; Appendices S1 - S3). They probably exciatene
icals from their bent abdomen, which is a geneeébinice
strategy of rove beetles (HH & DETTNER 1990). The
three beetles have a similar aleocharine morphologyy
differ in size . angulatamean length 10 individuals +
SD = 2.85 mm £ 0.32,.. ancepsmean length 10 indi-
viduals £ SD = 2.16 mm % 0.28,. talpamean length 10
individuals £ SD = 1.53 mm # 0.10, Fig. 1). In spif
their unspecialized myrmecophilous biology, they aery
specialized in their host use. Their distributismainly
restricted to European red wood arisrufa group) (Do-
NISTHORPE1927, REUDE& al. 1974, RRMENTIER & al.
2014). There are also some records for all threeigp in
related mound buildinformicaspecies. The three species
were occasionally observed in nestd.aius fuliginosus
(LATREILLE, 1798) and there is a single recordlofan-
gulatain Lasius brunneu@_ATREILLE, 1798) (see refer-
ences in BRMENTIER & al. 2014), but these are probably
infrequently used hosts (T. Parmentier, W. Dekokific
T. Wenseleers, unpubl.). The three beetles argatdi
myrmecophiles, as they cannot be found away frots. an
However, a large number of species can occasiobally
associated with ants @NISTHORPE1927, FOBINSON & RO-

her head or stopped walking or grooming when her an
tenna crossed the myrmecophile), opening mandilales
worker aggressively opened her mandibles when ter a
tennae crosses the myrmecophile), biting (a waskepped
with its mandibles and tried to grasp a myrmec@plahd
acid spraying (a worker bent her gaster and spragat
after her antenna crossed the myrmecophile). Biimg
acid spraying often followed directly after openimgn-
dibles. In these cases only the last interactiosn iweorded.
Ant aggression was scored by the proportion of eggr
sive interactions (acid spraying, biting, openingndi-
bles) out of the first 20 interactions. From thespective

of the myrmecophiles, the number out of 20 inteoast
that were directly preceded or followed by abdornend-

ing were counted. Trials were performed in darknester
red light and were recorded with a video cameraN30O
HDR-XR550VE). Videos were subsequently analysed in
VirtualDub 1.10.4 (http://www.virtualdub.org) whicl-
lowed to watch videos frame by frame.

Survival experiment: In this experiment, 20-day sur-
vival of the three beetle speciesHarmica rufanests were
compared with their survival in a control set-ughaeiut
ants.Formica rufaworkers were collected in a highly po-
lydomous population in Boeschepe, Northern Frahte.
addition survival of the three beetle species iata@f
other ant species, ranging from one of the smaitetite
largest ant species in the study region, werede3teere-
fore colony fragments dolenopsis fugald ATREILLE,

73



1798) (Eastern bank river Meuse, Dinari@tramorium
caespitun{LINNAEUS, 1758)(Duinbossen, Lombardsijde),
Lasius nigef(LINNAEUS, 1758)(urban region, Oostende),
Myrmica ruginodisNYLANDER, 1846(St-Sixtusbossen,
West-Vleteren) Formica cuniculariaLATREILLE, 1798
(Duinbossen, Lombardsijdegnd Lasius fuliginosugPro-
vinciedomein, Raversijde; Aartrijksesteenweg, Ae)
were collectedn different sites across Belgium during the

addition, between 9 and 13 individuals per begikces
were added to containers described as above, b wti
adding ants. These containers served as contungival

of myrmecophiles was monitored every two days for a
total period of 20 days. Two cut maggots (larva®lode-
nicia sericatg, an Eppendorf tube (1.5 mL) filled with
water and one with honey water were provided. Emes
food sources were offered in the same quantitigten

summer and autumn of 2014 and spring and summer afontrol containers. Eppendorf tubes were sealdud awtot-

2015. Survival was also tested wittonomorium pharaonis
(LINNAEUS, 1758) andCamponotus vagu$scoroLl, 1763)
of which we already had established lab colonitesiomo-

ton plug soaked in either water or honey water. ¢teisg
were replaced every two days, honey water everydays.
Dead ant workers were replaced by new workers ef th

rium pharaonigs an indoor pest in Belgium and does not corresponding stock colonies every two days. Carp$e

occur outside buildings (EXONINCK & al. 2003). Sev-
eral colonies ofC. vagushave only recently established
in Belgium and are able to persist outdoorEKBONINCK

& PAuLY 2002; W. Dekoninck, unpubl.). Ants were iden-
tified using the key provided inEB-ERT(2007).

Within one day after collecting the myrmecophiles,
between 9 and 13 individuals of each rove beeteisg
were placed together in 1 L plastic, cylindricahtainers
(diameter: 8.5 cm, height: 13.5 cm) with a 1.5cn2 bot-
tom of plaster of Paris. The top 5 cm inner walltloé
containers were coated with fluon to prevent antsrayr-
mecophiles from escaping through 20 ventilationhmtes
made in the container's lid. Myrmecophiles werdectéd
in different red wood ant populationsdrmica polyctena
andFormica rufg across West Flanders, Belgium and in
Boeschepe, France to obtain sufficient numberaditi-
duals (Appendix S5: Tab.). The tested myrmecoplutes
not closely resemble the cuticular hydrocarbon e aff
their red wood ant host colony (T. Parmentier, VEk®-
ninck & T. Wenseleers, unpubl.). Moreover, consfieci
beetles associated wikh polyctena or F. rufalo not subs-
tantially differ in their cuticular chemical prodil(T. Par-
mentier, W. Dekoninck & T. Wenseleers, unpubl.)isTh
lack of chemical adaptation to their host is furthen-
firmed by aggression testsAIRMENTIER & al. 2016; Ad-
ditional file: Tab. S3). In these tests, we compaag-
gression ofF. rufa workers of one colony (West-Vlete-
ren, description seeARMENTIER & al. 2015b) towards
myrmecophiles collected in the same colony witir thg-
gression towards myrmecophiles foundrimolyctenacol-
onies. Interestingly, the aggression responseedf thufa
workers was not significantly different towards te® col-
lected inF. rufa or F. polyctenacolonies. Based on these
chemical and behavioural data, we argue that theney
cophile's colony of origin did not significantlyfatt the
results of the survival experiments. Another confting
factor that might influence myrmecophile survivalaur
experiments is intra- and interspecific competitidlow-
ever, no aggression between the beetles was olds@&ye
providing food ad libitum, negative competitionefts on
survival were minimalized. Depending on the treatime
100 workers of eithefF. rufa, F. cunicularig Lasius fuli-
ginosus L. niger, Myrmica ruginodis Tetramorium caes-
pitum, Monomorium pharaonjor Solenopsis fugawere
added. Because of their large size, only 50 worde&am-
ponotus vaguwere used (cf. Fig. 3). For polymorphic spe-
cies workers of all worker subcastes were used. (Big
Workers were randomly picked from nests, hence sve a
sume that all worker subcastes (or size cohorésjepre-
sented in numbers similar to their natural distitru In
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myrmecophiles were also removed to prevent contamin
tion. The containers were kept in constant darkeandom
temperature (20°C * 2°C). Every treatment was cafgd
between eight and ten times (Appendix S5: Tab.h wit
workers of another colony, except ¥rfugaxM. phara-
onisandC. vaguswhere we only had one colony at our
disposal. For these species, different workerggmicate
were used, but from the same (super)colony. Ne&tnna
al of ant nests was not added to the containeraeMer,
myrmecophiles were able to hide under dead angy, pr
Eppendorf tubes and cotton made loose by the ants.

Similarly, survival of the facultative nest-inhadmitt
Porcellio scabemwas evaluated ifFormica rufanests and
in a control set-up. Thirty specimens were monidia
20 days in the plastic containers described ablowkvi-
duals were counted every four days. The treatmemntpg
with 100F. rufa workers and the control were compared
and replicated eight times (in total 8 x 30 = 2ddividu-
als were tested per treatment). Water and honegrvast
well as two slices of carrot were provided. Théclatvere
replaced every four days. Dead isopods were remandd
dead workers were replaced every four days. Feifdieul-
tative myrmecophile we also compared survival intam-
ers with addition of 25 mL nest material in an aidaial
experiment. We were interested whether we woulérvks
the same effect of the ants on the isopods withhnmoare
hiding places in the nests. Nest material was taifem
deserted-. rufanest and was replaced after 10 days. Here,
we only counted survivors after 20 days in a treatn
with 100F. rufaworkers and a in control treatment with-
out workers (in total 9 x 30 = 270 individuals wéested
with F. rufaand 8 x 30 = 240 were tested in the control
treatment).

Worker size: Maximum head width of the ant species
used in the survival experiment was measured. dllug/s
us to link the mean worker size of ant species withr
efficiency in killing the myrmecophilous beetlemrfeach
ant species, maximum head width from a random fset o
workers was measured. More workers were measured fo
a given species when it showed a high degree of-pol
morphism N = 30 for Solenopsis fugaX etramorium caes-
pitum Monomorium pharaonjsandMyrmica ruginodis
N = 50 for Formica cuniculariaandLasius niger N =
100 forFormica rufaandCamponotus vagiis

Data analysis: All tests were two-tailed and a signifi-
cance level ofr = 0.05 was used. The proportion of ag-
gressive interactions towards the four associages mod-
elled with a quasibinomial GLM (family = quasibin@h
in function glm) to account for overdispersion dested
with a likelihood ratio test. Subsequently, a dequasi-



Tab. 1: Interactions between ant and associatesadegorized in different categories. Mean proposiof a particular
category out of a total of 20 interactions are giv@5% confidence intervals were calculated by immiguasibinomial
models for every interaction and with the functemmfint in R. They are listed in brackets underrieans. Aggressive
interactions are opening mandibles, biting and apidying. Species with a different letter codeieé significant dif-
ferent proportion of aggressive interactions (BordfRei corrected pairwise tests). The category "Alda bending"

refers to the proportions of the 20 interactiora thiere directly preceded or followed by abdomendiey.

N Ignoring Showing Opening Biting Acid Proportion aggres- Abdomen
interest mandibles spraying sive interactions bending

Thiasophila| 35 0.40 0.15 0.32 0.12 0.01 0.45 a 0.13
angulate [0.34-0.467 | [0.11-0.18] | [0.27-0.37 | [0.08- 0.16] | [0.01- 0.02] [0.40-0.51 [0.09-0.18
Lyprocorrhe| 21 0.65 0.10 0.19 0.06 0.00 0.25 b 0.15
ancep [0.58-0.72] | [0.07-0.15] | [0.14- 0.24 | [0.03-0.10] [0.19-0.31 [0.10-0.22
Amidobia | 22 0.79 0.09 0.09 0.03 0.00 0.12 ¢ 0.03
talpa [0.72-0.84 | [0.06-0.13] | [0.06-0.13 | [0.01- 0.06] [0.08-0.17 [0.01-0.06
Porcellio 10 0.84 0.10 0.07 0.00 0.00 0.07 ¢ -
scabe [0.75-0.91 | [0.05-0.16] | [0.03-0.12 [0.03-0.13

binomial GLMs were conducted to compare post hec th
proportion of aggressive interactions between ¢ &s-
sociates. P-values of these six pairwise tests ®erder-
roni corrected.

In the survival analyses, survival of the threegsie
myrmecophilous beetles subjected to 10 differeattnents
was evaluated. In particular, the survival per leegtecies
in nests ofFormica rufg in nests of eighdther ant spe-
cies and in a control set-up were tested agaircst ether.
Survival data per myrmecophile species were fitteéth
a mixed-effects Cox proportional-hazards modeisf

Results

Aggression of Formica rufa towar ds beetles and Porcel-

lio scaber: Ants exhibited frequent aggressive behaviour,
such as biting, opening mandibles and acid sprafynoy
portions can be found in Tab. 1; Appendices S1)- B3
proportion of aggressive interactionskdrmica rufato-
wards the four myrmecophiles was significantly eliént
(quasibinomial GLM, LR Chisq = 262.37, df = 4, P <
0.001). Bonferroni corrected pairwise tests carfooed

in Appendix S6: TabThiasophila angulatalicited most

NEAU 2012) by using the coxme function implemented in aggression (proportion aggressive interactions4s,0Cl:

R version 3.2.1 (REVELOPMENTCORETEAM 2012). This
package allows the incorporation of random facfdHER-

0.40 - 0.51), followed byyprocorrhe ancepgproportion
aggressive interactions = 0.25, CI: 0.19 - 0.31) Ami-

NEAU 2012). In the Cox proportional-hazards model, we dobia talpa(proportion aggressive interactions = 0.12, Cl:

test whether the hazard ratio of a treatment isifsigntly
different from 1 (©x 1972). The hazard ratio can be in-
terpreted in our experiment as the mortality rata par-
ticular treatment relative to the mortality rateaofefer-
ence treatment. Treatment (i.e., ant species ambtovas
used as a fixed factor, replicate was modelled random
factor. In a series of pairwise tests, survivairgfrmeco-
philes in treatments with different ant species #nedcon-
trol set-up against survival in nestskafrufa (reference
level) was compared. P-values were estimated wittea
lihood ratio test (Anova function in car package)l &on-
ferroni corrected. Second, survival of myrmecopile
nests of different ant species, includigufa, against the
control set-up without ants (reference level) wested.
P-values were again estimated with a likelihoo@resst
and Bonferroni corrected.

For the facultative associa®orcellio scabersurvival
data of the experiment without nest material (coings.
treatment with 106-ormica rufaworkers), were similarly
fitted with a mixed-effects Cox proportional-hazardodel
and significance tested with a likelihood ratiottés we
did not countP. scabeiindividuals at regular time inter-
vals in the extra experiment with nest material,coald
not do a survival analysis here. In this experimemstonly
compared the proportion of surviving isopods (duB®)
after 20 days in a control set-up versus a tredtmigin 100
F. rufa workers with a quasibinomial GLM. Significance
was tested with a likelihood ratio test.

0.08 - 0.17). When interacting with ants, beetleseter-
ated, turned and avoided contact. They also rdgliant
their abdomen (proportion interactions in whichtlesebent
their abdomenT. angulata= 0.13, CI: 0.09 - 0.18,. an-
ceps= 0.15, CI: 0.10 - 0.22A. talpa= 0.03, CI: 0.01 -
0.06) (Tab. 1). When beetles where clamped betileen
ant mandibles, they always succeeded to escampitin
of its large sizePorcellio scabemwas largely ignored (pro-
portion aggressive interactions = 0.07, Cl: 0.GB13)
and was not bitten or sprayed with formic acid dgrihe
20 interactions of the aggression experiment (Tab.

Survival of beetlesand Porcellio scaber in nests with
Formica rufa versus control: Formica rufaworkers did
not reduce survival in the long term for the thobégately
myrmecophilous beetles compared with the contrbl se
up (Bonferroni corrected pairwise teShiasophila angu-
lata: P = 1.000,Lyprocorrhe anceps: B 0.286,Amidobia
talpa P =1.000, Fig. 2a, b, ¢, Appendix S5: Tab.). Con-
versely,F. rufa workers induced a significant mortality
of the facultative associaRorcellio scabeicompared with
the control set-up (Likelihood ratio test, Chisq.87, P =
0.005, Fig. 2d). In an additional 20-day experimeith
nest material, the proportion of surviving isopqds re-
plicate was also significantly reduced (quasibirarGiLM,
Likelihood ratio test, Chisq = 39.307, P < 0.001pres-
ence ofF. rufa workers (mean = 0.85, Cl: 0.78 - 0.90)
compared with a control set-up without workers (mea
0.51, CI: 0.43 - 0.59).
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Fig. 2: Twenty day survival curves of (@hiasophila angulata(b) Lyprocorrhe anceps(c) Amidobia talpaand(d)
Porcellio scabeiin a treatment with the normal hdsdrmica rufaand a control treatment without ants. Survival esrv
with other ant species are also given in a, b, arsignificances of Bonferroni corrected pairwissts (cf. Appendix
S5: Tab.) of a treatment compared with a treatmatht . rufa (referencelre represented by asterisk$? x 0.05,**

P <0.017** P <0.001, significances of Bonferroni corrected pasmsvtests of a treatment compared with the control
treatment are represented by hollow circle®:<0.05,°° P <0.017°° P < 0.001.

Survival of beetlesin nests with other ant species: when associated with this ant species comparedttstin
There was a large variation in survival of the ¢hbeetles  preferredr. rufa host.
when associated with other ant species (Fig. 2a, Ap- Relationship of worker size and myr mecophile sur-

pendix S5: Tab.). In general, the survival ratidraf three  vival: In Figure 3, the In(relative mortality rate) withpar-
beetle species was very similar in nests of theeddht  ticular ant species for the three beetle speciethesmax-
ant species. Survival of the beetles was highesinvds- imum head width size of the ant species was plofiaéd
sociated withFormica rufaworkers compared with other In (relative mortality rate) of the three beetlecps initi-
ant species (Bonferroni corrected pairwise testediin  ally decreased linearly with larger ant species raaghes
Appendix S5: Tab.)Monomorium pharaonjsSolenopsis its minimum with the larg&ormica rufaspecies (Fig. 3).
fugax andCamponotus vaguslled all rove beetlesThia- However, the extreme efficiency of the largest g=€am-
sophila angulataLyprocorrhe ancepsAmidobia talpa ponotus vaguso kill the beetles, deviates from the larger
within the first six days, most of which did notrgive worker-higher survival pattern observed in the p#ight
the first hoursTetramorium caespiturandLasius niger  ant species.

also significantly reduced survival of all rove eg com-
pared with survival ir. rufa nests (Bonferroni corrected
pairwise tests listed in Appendix S5: TalMyrmica rugi- Red wood ants acted aggressively towards threeiatesd
nodis Lasius fuliginosusandFormica cuniculariacaused rove beetles. These obligate myrmecophiles resagéed
reduced survival in one or two beetle species coatpa tated, often bent their abdomen and fled away. Nege
with F. rufa. While there are records for the three beetleless, these short-term antagonistic interactiotisidi harm
species with.. fuliginosus(PARMENTIER & al. 2014), sur-  the myrmecophiles over a period of 20 days. Intergly,
vival of L. ancepsandT. angulatawas significantly lower  survival of the common soil-dwelling isop&arcellio sca-

Discussion
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Fig. 3: Relationship between ant species size (maxi
head width) and the In (relative mortality rateY@f Thia-
sophila angulata(b) Lyprocorrhe anceps(c) Amidobia

behavioural adaptations (Donisthorpe 1927; Appasd®l
- S3) compared with more advanced myrmecophiles. We
observed in all three species in varying degreeptnd-
ing of the abdomen, which stopped ants from attagki
Emitting chemicals from glands in their bent abdanse
a general defence strategy of non-ant associatgmin
associated rove beetlesyfH & DETTNER 1990). How-
ever, it cannot be excluded that the beetles hawkved
gland contents specifically adapted to deter wooid.a
Possibly, the beetles have, akin to other parasitiial in-
sect associatesI§HER & SAMPSON 1992, KLNER & L ANG-
MORE 2011), a thicker cuticle to better resist antsbaad
stings. Another possibility is that the rove bestiee dif-
ficult to catch by their small size and agility fibre rela-
tively large wood ants. The negative effects caumednt
aggression could also be compensated by indiresitiye
hygienic effects of the ants on the beetles. Amtsspss
glands which contain fungicidal and antimicrobibemi-
cals and these are important in suppressing patisoige
the moist and warm nests@BLSEN & al. 2002, K &
MUELLER 2011).

In this study, we show that the general traitseffig,
hiding, abdomen bending) of these beetles arefinmguft
for association with most non-host ant species. ifitpact
of different ant species on the myrmecophiles diffedra-
matically and some ant species even immediatelgdil
the beetles. It is rather surprising that red waois, which
are commonly assumed as extremely dominant aneésggr
sive towards other ants and arthropods\gkLis 1979,
SKINNER & WHITTAKER 1981, MABELIS 1984, BATCHE-
LOR & BRIFFA 2010), are unsuccessful in killing or harming
these beetles. Moreover, it is remarkable thautispeci-
alized beetles of this study only have a narrowesred
host range, i.e., mound buildifgrmicaants. The rela-
tively large size of red wood antsgiSERT2007) might
hamper them to successively detect, attack andhamdle

talpa. Dots show the mean of the maximum head widthsmall myrmecophiles and might be more suited tchtt

and grey bars the range of max head widths. Haee, t
reference level of the relative mortality ratehs treat-
ment withF. rufa. Therefore the In (relative mortality rate)
in nests of-. rufais 0 (In (mortality raté-. rufa/ mortality
rateF. rufa=In (1). = 0)).

larger species, including conspecific competitSraall ani-
mals are harder to detect and are more agileNBKEN-
HORN 2000) and size constraints can be important in ex-
plaining interactions between species. For exaniatge
aerial insectivorous bats either cannot detectldnsscts,

or they detect them too late to allow manoeuvromgchp-
ture (BARCLAY & BRIGHAM 1991). Therefore their diet is

ber, which can be highly abundant in red wood ant moundsconstrained to large and less agile insects, wkhesemll

did decrease due to red wood ant association. rAosdly
ignored these isopods and were not observed toobite
chase them. However, isopods are reported to hage a
duced life time or a lowered reproductive investhwemen
exposed to both abiotic and biotic stres®RNUNG &
WARBURG 1994, KGHT & NEVO 2004, @STILLO & KIGHT
2005). The numerous interactions with ants in ttyged-
ments might indeed represent an elevated biotsstevel
which ultimately led to lower survival ratios. Reaod
ant mounds can still be sources rather than siok® f
scaberas well as for other facultative myrmecophiles, mwhe
the benefits of a thermoregulated, moist envirortrétin
ample of food sources (BRENGREN& al. 1987, KRON-

bats effectively detect and hunt small insectaRB.AY

& BRIGHAM 1991). Small workers in a polymorphic ant
colony could have more antennal glomeruli to preads
factory cues as shown in some carpenter antSGOHE &

al. 2009, 2010). Small workers could also be ergocally
more efficient in catching, stinging and biting mgco-
philes that match their size. Moreover, we reporézent-

ly that within a red wood ant colony, smaller warkerere
more aggressive than large workers towards myrniidesp
(PARMENTIER & al. 2015a). Therefore, we hypothesized
that the same size-based aggression responsecpmikate
at the species level, whereby species with smatkers
detect and / or attack these myrmecophiles moiily easl

AUER & PIERCE 2011) outweigh the stress costs associateckfficiently. Interestingly, survival of all threebtles indeed

with the ants.

gradually increased with larger ant species ancheghits

The three beetles have no specialized morphologicataximum in the relatively large red wood ants (HJ.

(DONISTHORPE1927, IREUDE & al. 1974), chemical (T.
Parmentier, W. Dekoninck & T. Wenseleers, unputnl.)

However, a linear association was violated withetkeeeme
low survival in nests o€amponotus vaguthe largest ant
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species known for the study region. Other factbemnt
worker size could affect the efficiency of antskitb myr-
mecophiles. For example, polymorphic ant speciesdco
have size classes which are more efficient in detge(Par-
MENTIER & al. 2015a) and killing myrmecophiles. In addi-
tion, the defence mechanism (acid spraying vsgsitir),
the composition of defence chemicals and behawdur
ant taxa (KOLLDOBLER & WILSON 1990)could affect the
mortality rate of myrmecophiles. The observed dftat
myrmecophile survival of different ant species i tests
are in line with the known diversity of rove beathgrme-
cophiles associated with those ant species / teXmithern

Europe (RIVINEN & al. 2002). Red wood ants have most

associated myrmecophilous rove beeti¢s(26) followed
by Lasius fuliginosugN = 21). The subgenuServiformica
(includesFormica cunicularig (N = 10), Lasius(except
L. fuliginosu3 (N = 16), andviyrmicaspecies have a mo-
derate numbeN = 6). Finally,Tetramorium(N = 2),Cam-
ponotus(N = 1), Solenopsi¢N = 0) and Monomorium(N

BLANCKENHORN, W.U. 2000: The evolution of body size: what
keeps organisms small? — The Quarterly Review ofdgjy
75: 385-407.

BLomQuisT, G.J.& BAGNERES A.-G. 2010: Insect hydrocarbons
biology, biochemistry and chemical ecology. — Cadd® Uni-
versity Press, Cambridge, UK, 492 pp.

BUSCHINGER A. 2009:Social parasitism among ants: a review (Hy-
menoptera: Formicidae). — Myrmecological News 11B-235.

CasTILLO, M. & KIGHT, S. 2005: Response of terrestrial iso-
pods,Armadillidium vulgareandPorcellio laevis(Isopoda:
Oniscidea) to the arftetramorium caespitummorphology,
behavior and reproductive success. — Invertebrapeddac-
tion & Development 3: 183-190.

CLAYTON, D.H. & MoorEg J. (Eds.) 1997: Host-parasite evolu-
tion: general principles and avian models. — Ox{draversity
Press, Oxford, UK, xi + 473 pp.

Cox, D.R. 1972: Regression models and life-tables.um#o of
the Royal Statistical Society, Series B (Methodolal)i&4:
187-220.

= 0) have a very small or no records of associated rove?EKONINCK, W. & PAULY, A. 2002:Camponotus vaguScoPoL|,

beetles in Northern Europe (humbers based ZvifEN
& al. 2002: tab. 1). There are also no records pfme-
cophilous rove beetles associated witblenopsisand
Monomoriumin the European myrmecophile list ofA#/
MANN 1894 and in the British list of @NISTHORPE(1927).
It is postulated that colony size of ants (andesponding
number of niches in nests) is an important faatoprie-
dicting myrmecophile diversity (KONAUER & PIERCE
2011). In addition to this rule, we suggest thaheant
species are more successful in expelling or kilimgme-
cophiles, which could constrain myrmecophile disttion
and host range patterns.
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