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Abstract The importance of Eurasian red wood ants

(RWAs) (Formica rufa group) in forest and heath ecosys-

tems has long been recognized. One key function of RWAs

is the role of their nests in supporting an intriguing eco-

system of a highly diverse group of obligate myrmecophiles

and facultative guests. In this review we list 125 obligate

arthropod myrmecophiles that occur in RWA mounds or in

the near vicinity of the mounds. More than 40 % of them are

Coleoptera, but also Hemiptera, Diptera, Hymenoptera,

Acari and Araneae are well represented. RWAs are esti-

mated to be the primary hosts for 49 species. 24 species

were hitherto only recorded to be associated with RWAs, 12

with both RWAs and other mound-building Formica spe-

cies and 9 were found to be associated with both mound-

building and non-mound-building Formica species. The

remaining associates are less specific and can be found with

other ant genera or ant subfamilies. Other mound-building

Formica ants (Coptoformica, F. uralensis and F. trunco-

rum) support fewer species, most of which are known to also

occur with RWAs. We discuss the biology of the different

obligate myrmecophilous groups and give general notes on

the facultative guests found in RWA mounds. We stress the

importance of the conservation of RWAs as hosts of one of

the richest and diverse associations known to date in insects.
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Introduction

Eurasian red wood ants (Formica rufa group belonging to

the subgenus Formica s.str.) are represented by six narrowly

related and morphologically similar species: F. rufa,

F. polyctena, F. pratensis, F. aquilonia, F. lugubris and

F. paralugubris (Goropashnaya et al., 2004; Seifert, 2007).

The mounds of these well-studied species are impressive

markers in temperate and boreal forests and heath land

across Eurasia. Their key roles have been appreciated since

long: they are top predators that have a potential to control

outbreaks of pest insects, they create nutrient heterogeneity

in forests by concentrating food and organic material in their

mounds and structure biotic and abiotic components of

forests outside their nests (Gosswald, 1989; Frouz, 2000;

Frouz et al., 2005; Domisch et al., 2008; Wardle et al.,

2011). In addition, the presence of RWAs is vital for a large

number of associated species living in the mounds or in their

vicinity. The unique aspect of these species is that they have

evolved mechanisms to overcome the aggression of their

hosts and benefit from the resources and ideal nest condi-

tions provided by their ant hosts. Since the nineteenth

century, naturalists have begun to focus on the diversity and

biology of RWA myrmecophiles. In the last decades, more

and more elements of their hidden lifestyle have been

revealed and the list of associated species has been growing

longer and longer.

The striking diversity of RWA myrmecophiles can

mainly be explained by the nest structure of RWAs. Their

huge mounds provide stable and long-lasting habitats with

Electronic supplementary material The online version of this
article (doi:10.1007/s00040-014-0357-3) contains supplementary
material, which is available to authorized users.

T. Parmentier � T. Wenseleers

Laboratory of Socioecology and Socioevolution, KU Leuven,

Naamsestraat 59, box 2466, B-3000 Leuven, Belgium

T. Parmentier (&) � W. Dekoninck

Entomology Department, Royal Belgian Institute of Natural

Sciences, Vautierstraat 29, B-1000 Brussels, Belgium

e-mail: Thomas.Parmentier@bio.kuleuven.be

Insect. Soc.

DOI 10.1007/s00040-014-0357-3 Insectes Sociaux

123

http://dx.doi.org/10.1007/s00040-014-0357-3


controlled temperature and moisture (Rosengren et al.,

1987). The mounds are also heterogenous in temperature,

moisture and material (organic thatch material, inorganic

soil, central stem) which create a large variety of micro-

habitats (Coenen-Stass et al., 1980; Rosengren et al., 1987).

Furthermore, there is a constant supply of food and organic

material which can sustain different trophic groups such as

parasites, predators, scavengers, detritivores and myco-

phages (Skinner, 1980). Additionally, some species are

attracted by the ant-tended aphid colonies that are typically

present in the vicinity of the mounds.

Here, we did an exhaustive literature survey on RWA

arthropod myrmecophiles. Literature search started from

general reviews or studies on myrmecophiles. Then we

scanned all groups for more specific published studies on

RWA myrmecophiles. We aim to highlight the diversity of

arthropods associated with Eurasian red wood ants and

discuss their biology, distribution and host ant preference.

We also give some notes on facultative associates which

depend on RWAs and stress the need for RWA conservation

and its associated myrmecophile community.

RWA myrmecophiles: overview

In our survey, we found reports of 125 arthropod myrme-

cophiles that have been found in association with red wood

ants (Supplementary Table 1). Most of these live in the

nests and are called inquilines. Additionally, some species

live in the neighborhood of the nest or are parasites. Most

species occur in nests of several ant hosts, whether or not

belonging to different genera. Taxonomic information of

the listed host ant species can be found in Supplementary

Table 2. Most studies focused on myrmecophilous beetles.

This sampling bias could contribute to their proportional

high diversity. Other groups such as mites, flies and wasps

are expected to have much more representatives, but studies

on their diversity are hampered by less search effort, taxo-

nomic problems (e.g., cryptic species) and poorly known

distribution. The latter makes it hard to judge whether a

species is strictly associated with ants or also occurs outside

ant nests.

For many myrmecophiles, little is known about the

biology or the actual type of interaction with the host ant,

i.e., whether it is parasitic, commensalist or mutualistic.

What is known about their biology, however, is reviewed

below according to the taxonomic group to which they

belong.

Coleoptera

More than 40 % of RWA myrmecophiles belongs to this

highly diverse group (Fig. 1). Rove beetles and particularly

the subfamily Aleocharinae dominate the list of beetles.

Traditionally, taxonomy, distribution and behavior of

Coleoptera have been best studied (Wassmann, 1894; Janet,

1897; Donisthorpe, 1927; Hölldobler and Wilson, 1990).

Myrmecophilous beetles range from highly integrated

guests that are treated as nestmates (licking, feeding) to

poorly integrated species that are heavily aggressed by the

ants. Lomechusa (former Atemeles) and Lomechusoides

(former Lomechusa) are textbook examples of highly inte-

grated species. Lomechusa pubicollis adults emerge in an

RWA nest in autumn and overwinter in a Myrmica nest.

After hibernation they seek adoption again in an RWA nest

to breed. Lomechusoides adults, in contrast, integrate in a

nest of the same host ant species (Hölldobler and Wilson,

1990). Larvae and adults of Lomechusa and Lomechusoides

have special glands that produce highly attractive sub-

stances. They live among the brood and are fed, licked and

carried by the workers. They also feed on the brood of their

host (Hölldobler, 1967, 1970). Hetaerius ferrugineus is a

histerid beetle which is also highly integrated. It is a scav-

enger, but also solicits for liquid food and occasionally

consumes ant brood. It is suggested that adoption is pro-

moted by special trichome glands opening at the margin of

the thorax. In case of an attack, it feigns death by oppressing

its legs against its body (Hölldobler and Wilson, 1990). The

rove beetle Dinarda is less integrated, but also steals

regurgitated food from its ant host (Fig. 2a). When dis-

covered, the beetle raises its abdomen and offers

appeasement substances. If ant hostility continues, it can

still rely on repellent secretions from the tergal gland

(Hölldobler and Wilson, 1990). ‘‘Poorly’’ integrated rove

beetles avert aggression by swift movements and/or by

emitting repellent substances from their tergal gland

(Hölldobler and Wilson, 1990). Some of them, such as

Quedius brevis and Zyras humeralis, are mostly found in the

winter when ant aggression is lowest (unpubl. data)

(Fig. 2a). Many beetles are hardly noticed by the ants due to

their small size and slow movement (e.g., Monotoma,

Ptiliidae, Scydmaenidae, Pselaphinae) (Fig. 2a). Scydmae-

nidae, like Staphylinidae and Ptiliidae, are predisposed to

a life in ant nests composed of decaying material (RWA,

L. brunneus, L. fuliginosus) based on their preference for

moist forest soils and rotten logs (Freude et al., 1974).

O’Keefe (2000) mentions no less than 31 Scydmaenidae

species associated with RWAs. Most of them, however, can

regularly be found in the absence of ants in leaf litter and

rotten logs and are rather facultative associates than obli-

gate myrmecophiles (Freude et al., 1974; Tykarski, 2013).

Here, we limit Supplementary Table 1 to Scydmaenidae

that are classified as myrmecophiles according to Freude

et al. (1974) and Tykarski (2013). Some associated beetles

live (partly) outside the mound. Adults and larvae of the

ladybird Coccinella magnifica are typically found on the
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vegetation and on the trails near RWA mounds (Fig. 2c).

Both feed on the aphid colonies tended by the ants. It was

suggested that the adults can follow the trails of RWAs

(Godeau, 1997). The behavior of the ladybirds is only

slightly modified compared with its non-myrmecophilous

congener C. septempunctata. They overcome ant aggres-

sion by running away and ducking down and possibly

employ chemical adaptation (Sloggett et al., 1998). Clytra

are remarkable leaf beetles with red elytra and black pat-

ches. Adults live on the trees and herbs near the nest and

feed on plant leaves (Fig. 2d). The female drops the eggs

near the nest and covers them with her excreta. The covered

egg is very similar to plant material and is as a result

sometimes carried by the ants and incorporated in the nest.

The emerged larva permanently lives in the nest and builds

a protective case made of its own excreta and earth. It

mainly feeds on organic nest material and detritus (Fig. 2a).

Fully grown larvae attach to the central stem or debris and

pupate in their larval case (pers. obs. TP). Protaetia met-

allica (sometimes considered as a subspecies of Protaetia

cuprea: Protaetia cuprea metallica, but see Renneson et al.,

2012) has a similar alternating life cycle, with free-living

adults and larvae confined to the mounds (Donisthorpe,

1927; Renneson et al., 2012) (Fig. 2b). The larvae, how-

ever, are not protected by a case, but resist attack through

their tough skin and by boring deeper into the nest (Do-

nisthorpe, 1927).

The highly integrated beetle species have special

glandular adaptations to a myrmecophilous lifestyle. The

adaptations of other beetles are less pronounced. They are

morphologically very similar to nonmyrmecophilous rel-

atives. The slender and small size of most beetles

protects them from attacks. Still, the antennae of some

rove beetles associates (Thiasophila, Notothecta, Di-

narda) are relatively compact to better withstand ant

attacks (Freude et al., 1974) (Fig. 2a). Many myrmeco-

philes are known to mimic the cuticular chemical profile

(chemical mimicry) of their ant host or have adaptations

to remain undetected (chemical camouflage) (Dettner and

Liepert, 1994; Akino, 2008; Bagnères and Lorenzi, 2010).

These strategies have hitherto not been demonstrated in

RWA myrmecophilous beetles or in other RWA myr-

mecophilous groups.

Fig. 1 Taxonomic distribution of myrmecophiles associated with

RWAs

Fig. 2 Overview of RWA myrmecophiles. a A myrmecophile besti-

ary found in a Formica rufa nest in northern Belgium: (1) Dinarda

maerkelii, (2) Amidobia talpa, (3) Thyreosthenius biovatus, (4) Clytra

quadripunctata, (5) Leptacinus formicetorum, (6) Platyarthrus hoff-

mannseggii, (7) Thiasophila angulata, (8) Stenus aterrimus, (9)

Monotoma, (10) Quedius brevis, (11) Notothecta flavipes, (12)

Lyprorcorrhe anceps, (13) Myrmetes paykulli. b The imago of

Protaetia metallica (photo courtesy of J.-L. Renneson). c A F. prat-

ensis worker inspects a Coccinella magnifica searching for aphids

above a nest mound. d Clytra quadripunctata imago above an F. rufa

nest. e Nymphs of Alydus calcaratus are morphological mimics of

Lasius and Formica ants (photo courtesy of Andreas Haselböck).

f Thyreosthenius biovatus with an F. polyctena worker. g The

myrmecophagous spider Dipoena torva feeds on an F. lugubris

worker (photo courtesy of Gus Jones BSCG). Photo a, c, d, f by

Thomas Parmentier
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Diptera

Syrphid flies of the genus Microdon are the best-studied

myrmecophilous Diptera. Three species with a broad host

range are known to be associated with RWAs. Adult flies

look like typical flies, whereas the larvae have a unique

slug-like appearance and locomotion. Young larvae are

typically found deep in the nest and feed on detritus and ant

brood. Larvae of M. mutabilis are ignored or if attacked by

an ant worker seem unattractive. Nearctic Microdon larvae

seem to be more integrated as they engage in chemical

cuticular mimicry and are transported and licked by their

hosts (Howard et al., 1990a, b). Older Microdon larvae

migrate to the periphery of the nest where they pupate. The

adults only live a few days and hover and mate in the near

proximity of the nest where they emerged. Microdon pop-

ulations are typically localized while potential hosts are

widespread. Elmes et al. (1999) demonstrated that the sur-

vival of the eggs of M. mutabilis in Formica lemani declined

dramatically when introduced in conspecific colonies situ-

ated only a few hundred meters away. The flies display

extreme local adaptation not to one species, but to a local

population of ants. Infiltration of M. mutabilis in the host ant

nest does not involve chemical mimicry as demonstrated in

Nearctic Microdon species (Hovestadt et al., 2012). It is

probably mediated by a mimetic chemical coating on the

egg scale (Elmes et al., 1999).

Information on the other Diptera is scarce. The adults of

Phyllomyza formicae and Forcipomyia myrmecophila hover

over the nests of mound-building Formicas and the larvae

live in the nests, probably as scavengers. Holoplagia

transversalis can be seen running on the trails and nest of its

primary host Lasius fuliginosus, but it can also be collected

with RWAs (Donisthorpe, 1927).

Hemiptera

In this order, we find inquilines that live in the RWA nests

and species outside the nest and on trees in company with

foraging ants. Species living outside the nest are mainly ant

mimics gaining protection against their enemies by their

resemblance to ants. They typically prey upon aphids or

other insects, but also consume plant saps and honeydew

(Wachmann et al., 2007). Pilophorus cinnamopterus and

Pilophorus perplexus are rapid ant-like bugs with transverse

silvery bands on the wings formed by pale hairs (Donis-

thorpe, 1927; Wachmann et al., 2007). Myrmecoris gracilis

is a better mimic, with nymphs resembling dark Lasius

workers and adults Formica workers (Wachmann et al.,

2007). In constrast to Pilophorus, they have a petiolar con-

striction. The behavior and appearance of the early stages of

Alydus calcaratus are also very ant-like. It occurs in heath

land often in association with F. rufa, but also with other

Lasius and Formica species (Fig. 2e). Xylocoris formiceto-

rum and Notochilus limbatus are two bugs occurring in the

nests of mound-building Formicas. Both species are not ant-

like and little is known about their life history (Donisthorpe,

1927; Wachmann et al., 2007). They seem weakly integrated

in the nests and probably hunt for mites and other mound

associates (Wachmann et al., 2007). Eremocoris abietis,

which is also not ant-like, can be found outside the nest and

in the mounds where it most likely lives as a scavenger

(Wachmann et al., 2007). Wasmann (1894) and Donisthorpe

(1927) also report an association of Himacerus mirmicoides,

Megacoelum beckeri, Philomyrmex insignis and Myrmedo-

bia exilis with RWAs, but it is unlikely that this represents an

obligate association (Wachmann et al., 2007).

Hymenoptera

The best-known representative of this order is the inquiline

ant Formicoxenus nitidulus which lives in the nests of

mound-building Formicas. Interestingly, the males are

wingless and mating occurs on the mound surface. Formi-

coxenus is a genus of small social parasites with a

xenobiotic lifestyle, i.e., they nest in the mound of RWAs,

move freely among the hosts and obtain food from them, but

their brood is kept separated (Hölldobler and Wilson, 1990).

F. nitidulus are less associated with their hosts than the

highly specialized congeneric species F. quebecensis and F.

provancheri which are associated with a single Myrmica

host and constantly lick their host to acquire cuticular

hydrocarbons. In contrast, F. nitidulus have 11 hosts

(Martin et al., 2007) and do not interact with their host. They

are largely ignored and when seized dropped immediately

because of an unattractive cuticular odor. They use a gen-

eralist chemical deterrent strategy which can be applied to

several hosts, as opposed to chemical mimicry directed to

one host species (Martin et al., 2007). Solenopsis fugax is

another ant which can be found in RWA mounds, but also in

nests of many other species. This tiny ant gets access to food

and brood of their host by small galleries which are too

narrow for their host (Janet, 1897; Donisthorpe, 1927).

Several wasps belonging to different families have been

found hovering above RWA mounds. Trichopria fuliginosa

and Conostigmus formiceti even live in ant mounds seem-

ingly unharassed. For most species, little is known about

their biology. They probably parasitize on the ant workers in

or outside the nest, ant brood or other arthropods found in

the nests. The oviposition behavior of some ant parasitoids

has been recently recorded in detail (Gómez Durán and van

Achterberg, 2011). Elasmosoma, Kollasmosoma and Neo-

neurus hover patiently over ant nests, then swiftly strike at

an ant worker and finally oviposit with a hook-shaped ovi-

positor in the ant’s gaster. They parasitize mostly Formica

and it has been hypothesized that formic acid exuded by
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those ants could be a powerful attractant (Gómez Durán and

van Achterberg, 2011). Hybrizon buccatus was observed

while hovering over a Lasius grandis trail. Here, no ovi-

position was found on adult ants. Surprisingly, the wasp

grasped a larva being transported on the trail and inserted an

egg. The grasping of the ant or larva by the legs and the

insertion of the ovipositor are species specific for the ant

parasitoids.

Lepidoptera

From this order, only the moth Myrmecozela ochraceella

lives in strict association with red wood ants (Wasmann,

1894; Donisthorpe, 1927). The larvae crawl through the nest

and feed on the nest material. Similar to the case-building

Clytra larvae, they spin tubes of silk and nest material in

which they live and pupate. The yellowish adults reside in

the vicinity of the mounds, but can also be found on and in

the nest mounds (Donisthorpe, 1927). The well-studied

Maculinea butterflies are confined to Myrmica nests and do

not associate with RWAs.

Acari

Mites are the most diverse group found in red wood ant

mounds, both in terms of abundance and number of species

(Kielczewski and Wisniewski, 1962). The presented list of

mites associated with RWAs probably reveals only the tip of

the iceberg. Hypoaspis oophila is the most conspicuous mite

as it exclusively lives in a large number on ant eggs. It

appears that this mite does not puncture the eggs, but rather

feeds on secretions coating the eggs (Donisthorpe, 1927).

Most species are likely scavengers and some are known to

be phoretic (Donisthorpe, 1927).

Araneae

The associated spiders can be divided into three groups:

species that permanently live inside the mounds (= inqui-

lines), myrmecomorphic species and myrmecophages.

Thyreosthenius biovatus is a representative of the first group

and only occurs in RWA mounds, but is probably abundant

and widespread in RWA populations (Fig. 2a, f). This spider

was found in 80 % of RWA mounds in northern Flanders,

Belgium (unpubl. data). The spider hardly elicits aggression

and can walk freely among its ant host. Nymphs and females

can be found throughout the year. Males are less abundant

than females and probably occur only in spring and summer

(pers. obs. TP). The heads of the males are raised in a con-

spicuous large lobe. Mastigusa arietina has a larger host

range but is regularly associated with RWAs (unpubl. data).

The white egg packets attached to wood pieces in the nest

reveal their presence. Those spiders are mostly killed when

placed together with RWAs in a cup, suggesting that this

species is less integrated than T. biovatus (pers. obs. TP). The

male palps are remarkably long and whip-like. Sometimes

another morphologically similar species, Mastigusa mac-

rophthalma is distinguished, but this is likely a subspecies

(Heimer and Nentwig, 1991).The primary host of the

inquiline spider Acartauchenius scurrilis is the small ant

Tetramorium caespitum, but association with RWAs is also

recorded (Donisthorpe, 1927). The second group comprises

spiders that imitate their ant host morphologically and

behaviorally, the so-called myrmecomorphic spiders. Three

ant-mimicking spiders have been found in the vicinity of

RWAs: Myrmarachne formicaria, Phrurolithus festivus and

Micaria fulgens (Donisthorpe, 1927). Myrmarachne formi-

caria waves its forelegs to imitate antennation and walks

very ant-like (Shamble et al., 2013). The chelicerae of the

male of this spider are very pronounced. There is little

information on the biology of those species, but most

myrmecomorphic spiders are considered Batesian mimics

(Cushing, 1997). Many animals do not prey on ants due to

their toxicity, distastefulness and aggressive nature. By

mimicking ants, myrmecomorphic spiders deceive potential

predators and are avoided (Cushing, 1997). Recently,

Davidson reported on the myrmecophagous behavior of

Dipoena torva. This spider feeds exclusively on red wood

ants (F. aquilonia) in Scotland. It lives high on the tree stems

and spins silk threads between the bark. RWA foragers get

tangled with their antennae in the threads and are pierced by

the spider in the soft membrane at the base of the antennae.

The spider then manipulates the subdued ant away from the

bark surface. Finally, the ant corpse hangs freely and is only

attached to the stem with a small silk thread. This allows the

spider to devour the ant without being attacked by other

foragers (Fig. 2g). Simon (1997) reported the occurrence of

this spider with RWAs (F. polyctena) in Germany, but its

dietary preferences and the behavior of this spider remain

unknown. Dipoena tristis has a similar hunting strategy and

has been found mostly on grass halms near the nest of For-

mica species (Wasmann, 1899).

Panmyrmecophilous species

Some obligate myrmecophiles do not show host preference

and are associated with almost all ants in their habitat.

Cyphoderus albinus, Atelura formicaria, Platyarthrus

hoffmannseggii and Myrmecophilus acervorum are four

typical panmyrmecophilous species that also co-occur with

RWAs. They are the only representatives of the orders

Collembola, Zygentoma, Isopoda and Orthoptera. They are

all well adapted to a life underground: they lack or have

greatly reduced eyes, C. albinus and P. hoffmannseggii are

white in color and M. acervorum has lost wings (Donis-

thorpe, 1927; Junker, 1997). C. albinus is very characteristic
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by its erratic movements and P. hoffmannseggii by its thick,

vibrating antennae (Fig. 2a). A major part of M. acervo-

rum’s diet consists of fluids regurgitated (trophallaxis) by

the ant host (Junker, 1997). Both C. albinus and P. hoff-

mannseggii can reach high population densities in RWA

mounds (unpubl. data).

Facultative guests

A vast array of species that are well known from outside ant

nests were recorded in RWA mounds (Kielczewski and

Wisniewski, 1962; Hlavac and Lackner, 1998; Laakso and

Setälä, 1998; Stoev and Lapeva-Gjonova, 2005; Lapeva-

Gjonova and Lieff, 2012; Robinson and Robinson, 2013;

Boer, 2014; Härkönen and Sorvari, 2014). Those species

normally complete their life cycle without ants, but can

facultatively be associated with RWAs. Some of the

recorded species simply landed coincidentally in the

mounds. However, many species across diverse taxa thrive

in large numbers in the nests. Those species are attracted by

the enrichment of organic material, ideal climatic condi-

tions and constant supply of nutrients in the mounds. A

study in Finland showed that the biomass of earthworms

was about seven times higher in RWA mounds than in the

surrounding soil. Their biomass exceeded the biomass of all

other associates (Laakso and Setälä, 1997). Earthworms are

much rarer in RWA mounds in northern Belgium. Instead,

they are dominated by the common woodlouse Porcellio

scaber (pers. obs. TP, WD). Some species, such as Xan-

tholinus linearis and Drusilla caniculata, are designated as

myrmecophiles because they often co-occur with ants. They

can, however, also live away from ants and are therefore not

myrmecophiles in the strict sense. The facultative myrme-

cophile fauna of RWAs consists mainly of animals

associated with decaying vegetable material and bark. This

includes Collembola, Acari, Pseudoscorpionida, Chilopoda,

Diplopoda, Isopoda, Nematoda, Ptiliidae, Scydmaenidae,

Staphylinidae and Psocoptera (Robinson and Robinson,

2013; Boer, 2014; pers. obs. TP, WD). Those species are

mostly ignored by their size (Collembola, Acari, Psocop-

tera) or can avert ant aggression by swift movements

(Staphylinidae, Chilopoda). Other ants, such as Leptothorax

acervorum, have also been recorded in wood ant mounds

(Donisthorpe, 1927). Isopods and diplopods have a strong

exoskeleton, but are rarely attacked. The concentration of

cuticular hydrocarbons, which ants use as kin recognition

keys, is probably low in those species as suggested in

Kärcher and Ratnieks (2010). When there are few records of

a species, it can be troublesome to determine its status as an

obligate or facultative associate. For example, Henderickx

(2011) described a new myrmecophilous pseudoscorpion

species Allochernes struyvei based on individuals found in

one F. paralugubris mound. More records, however, are

needed to confirm its status of true myrmecophile.

Distribution

Eurasian RWAs have a very broad distribution covering

boreal and temperate Europe and large parts of Russia

(Goropashnaya et al., 2004). The distribution of many

associated RWA myrmecophiles is concordant with their

host ant species. For example, the beetles Thiasophila an-

gulata, Amidobia talpa and Monotoma conicollis are

recorded with RWAs in Great Britain, Scandinavia, conti-

nental Europe and Siberia. In contrast, some of the listed

species have a narrower distribution. Clytra laeviscula for

example is restricted in Europe to the southern and central

part, while the related Clytra quadripunctata can be found

throughout Europe with RWAs. Atelura formicaria and

Myrmecophilus acervorum are also thermophilous species

that do not live in northern Europe. The hidden life of the

associates makes it hard to estimate their abundance. Some

species are fairly common in RWA populations and can

attain high local densities (Päivinen et al., 2004; unpubl.

data), but wasps, flies and true bugs are much rarer and some

of them are hardly recorded. This difference however can be

partly attributed to a focus on the study of myrmecophilous

beetles while other groups are often neglected.

Host preference

RWAs are believed to be the primary host of about 40 % of

the species in our survey (Supplementary Table 1: indicated

with *). Moreover, 24 species have hitherto only been

recorded with RWAs (Fig. 3) (Note that some poorly known

species, especially mites, could have a broader host distri-

bution than hitherto recorded). Additionally, there are

indications that some RWA myrmecophiles prefer a partic-

ular RWA species, e.g., Oxypoda pratensicola and

Thiasophila lohsei typically live in association with F.

pratensis. Some species are restricted to mound-building

Formicas, which includes RWAs, F. truncorum (Formica s.

str.), Coptoformica and F. uralensis (Supplementary

Table 3). Mound-building Formica species that do not

belong to the F. rufa group have a less diverse myrmecophile

association: 46 associates (species listed in Supplementary

Table 1 ? two panmyrmecophilous species ? species in

Supplementary Table 3) have been found with Coptoformi-

ca, F. truncorum and F. uralensis so far, from which only

five species have not been recorded with RWAs (Supple-

mentary Table 3). Conversely, there are 84 RWA

myrmecophiles not found with other mound-building For-

micas. Some species such as Dinarda hagensii and
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Thiasophila canaliculata have F. exsecta (Coptoformica) as

primary host. The lower diversity of myrmecophiles associ-

ated with non-RWA mound-building Formicas can be

explained by a smaller geographic range, smaller nests and

possibly also by a sampling bias. A few species can be found

with several species of the genus Formica, including both

mound-building Formica ants as well as Raptiformica

(F. sanguinea sometimes builds small mounds, but is here

not considered as mound building because its nests can

regularly be found under stones, in the ground or in tree

trumps) and Serviformica ants. RWA queens found new

colonies by parasitizing Serviformica colonies (Hölldobler

and Wilson, 1990). This takeover behavior could promote the

association of myrmecophiles, both with Serviformica and

mound-building Formicas. A large part of the species has

also been found with Camponotus and/or Lasius: two other

genera of the subfamily Formicinae. RWAs share many

myrmecophiles especially with L. fuliginosus and L. brunn-

eus, probably because they all construct nests with decaying

organic material. About a quarter of the myrmecophiles have

also been found with other subfamilies of the Formicidae.

These include the panmyrmecophilous species and also other

species with more restricted host range across non-related

taxa (e.g., Lomechusa species that switch host in winter).

Many myrmecophiles succeeded to integrate in the wood ant

mounds, but few are host specific (24 species exclusively

found in RWAs). It can be expected that most species

associated with RWAs rather apply general strategies, such

as swift movements, defense chemicals (Staphylinidae: ter-

gal gland), small compact size, hard exoskeleton, chemical

insignificance, death feigning, ducking and avoidance. These

general strategies facilitate easy host switching.

Conservation

RWA populations are under increasing pressure by inten-

sive agriculture, habitat fragmentation, deforestation,

urbanization, habitat deterioration (e.g., overgrowing

shrubs) and recreation (Sorvari and Hakkarainen, 2005,

2007; Dekoninck et al., 2010, Gyllenstrand and Seppä,

2003; Mäki-Petäys et al., 2005). The six species of the

F. rufa group are listed on the IUCN Red List of Threatened

species (IUCN 2013) and are protected in most European

countries. Initially, the awareness of the role of RWAs in

controlling pest insects stimulated conservationists (Goss-

wald, 1989). Later their importance for nutrient soil cycles

and their complex social organization has encouraged

conservation measures. However, the importance of their

nests for myrmecophiles and other associated species has

often been overlooked. Population sizes and prevalences of

myrmecophiles decrease when RWA mounds become more

isolated (Päivinen et al., 2004, Härkönen and Sorvari, 2014;

unpubl. data). It can be expected that myrmecophiles

strictly bound to RWAs are affected the most by the dete-

rioration of population densities of their host. However,

myrmecophiles that also occur with other ant hosts likely

suffer from a decline in wood ant nests as well. For those

species, the rich organic, thermoregulated and stable

mounds are likely source habitats in which they can attain

high population densities (unpubl. data). Dispersal from

those patches to surrounding nests of other ant hosts, which

are often of lower quality and short-lived, can be vital in the

population dynamics of those species. RWAs can thus be

considered as typical flagship species and their protection

should be primordial to conserve a highly diverse group of

associated species.
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