
Abstract The chemical signatures on the cuticles of five
common Myrmica ant species were analysed (49 colo-
nies of M. rubra, M. ruginodis, M. sabuleti, M. scabrino-
dis and M. schencki), each ant being the specific host of
one of the five threatened European species of Maculinea
butterfly. The cuticular hydrocarbon profile (based on
the relative abundance of each chemical) of each ant spe-
cies was highly distinctive, even between the morpho-
logically similar species M. sabuleti and M. scabrinodis.
There was no significant difference in the chemical pro-
files of workers and larvae from any colony. Nor was
there much pattern in the intraspecific variation: colonies
from the same populations were significantly, but only
slightly, more similar to each other than to colonies from
distant populations. M. rubra showed remarkably little
variation between populations sampled widely from
northern Russia, Ukraine, Scotland and southern En-
gland. The data were compared with published profiles
of M. rubra and two North American Myrmica species,
and with a quantitative reanalysis of data for Maculinea
rebeli caterpillars. We conclude that the hydrocarbon
profiles of Myrmica species are sufficiently and consis-
tently different for chemical mimicry to explain the pat-
tern of host specificity recorded for the European Macu-
linea butterflies. The optimum strategy for chemical
mimicry in each of the two life-styles of Maculinea lar-
vae is discussed: we suggest that predatory species might
benefit from mimicking the median profile of their mod-
el whereas the “cuckoo” species would benefit when

variation between siblings encompasses a large range of
the variation recorded within a local population of the
model species.
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Introduction

Myrmica ant colonies are particularly prone to invasion
by socially parasitic ants (reviewed by Bourke and
Franks 1995) and by social parasites from disparate in-
sect taxa including Diptera, Coleoptera and Lepidoptera
(e.g. Donisthorpe 1927; Hölldobler and Wilson 1990;
Dettner and Liepert 1994). By any measure, Myrmica
figures among the most abundant of the ant genera of the
northern temperate zone. It contains >100 species 
(Bolton 1995) and its colonies can dominate natural or
semi-natural biotopes, with up to eight species compet-
ing strongly with each other (Elmes 1991). It is not
known why the social cohesion of Myrmica colonies is
sufficiently relaxed to support so many species-specific
social parasites; Elmes (1991) suggested that it might be
related to their population dynamics, particularly the rate
of queen turnover and colony fragmentation and recom-
bination (e.g. Elmes and Petal 1990; Pedersen and
Boomsma 1999). The same factors probably explain the
wide range of mutualistic associations Myrmica ants
have with myrmecophiles from other taxa; for example,
Fiedler (2001) reports that on a global scale Myrmica is
eight in a list of 53 ant genera ranked according to the
number of lycaenid butterfly species recorded in associa-
tion with them.

The best known social parasites of Myrmica are the
five species of the Palaearctic lycaenid butterfly genus
Maculinea living in Europe, because extensive studies of
their ecologies were made to understand why all its spe-
cies were considered to be globally threatened (IUCN
1990). Although the level of threat is high in much of
western Europe (Munguira and Martin 1999; van Swaay
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and Warren 1999) several of the “European” species
have trans-Palaearctic distributions and are probably less
threatened in some eastern parts of their ranges (Sibatini
et al. 1994). All the species have the same basic life-
cycle. Females oviposit on specific foodplants where
their larvae quickly develop to the final fourth instar. At
this stage they expose themselves to the foraging work-
ers of Myrmica ant species. The ants pick them up and
carry them back into the ant nest (adoption, sensu Elmes
et al. 1991a) where they live for 10–23 months, obtain-
ing >98% of their ultimate biomass (Elmes et al. 2001)
either by eating ant brood (Thomas and Wardlaw 1992)
or by being fed by the worker ants (Elmes et al. 1991b).
Although Maculinea larvae are adopted by all the Myr-
mica ant species that encounter them beneath the food-
plant, the majority in a population soon die because each
Maculinea species is host specific to a single and differ-
ent species of Myrmica ant (Thomas et al. 1989; Thomas
and Elmes 2001) (Maculinea alcon switches hosts across
its European range, see below). These Maculinea “com-
munity modules” (comprising a series of closely coupled
interactions between the butterfly, larval foodplants, col-
onies of the host Myrmica species, competing non-host
Myrmica colonies, and species-specific ichneumonid
parasitoids of Maculinea) have proved useful systems
for testing theory in evolutionary, population and com-
munity ecology (Hochberg et al. 1994, 1996; Elmes et al.
1996; Thomas et al. 1997, 1998).

An important constraint on the spread of many social
parasites is the high mortality incurred during the origi-
nal penetration of the host ant’s social system (reviewed
Kistner 1982; Hölldobler and Wilson 1990). This can
lead to extreme local host specificity as in the case of a
Microdon fly (Elmes et al. 1999). Chemical disguise
and/or mimicry are the most common methods employed
in the penetration of and survival in ant societies (re-
viewed Dettner and Liepert 1994). Population models
have shown that mortality associated with the process of
adoption by Myrmica ants is the key factor in the life
histories of Maculinea species (Thomas et al. 1989,
1998; Hochberg et al. 1994). Although signals such as
size and tactility (Elmes et al. 2001), behaviour and
sound (DeVries et al. 1993) apparently play a role in the
initial adoption of Maculinea larvae, the importance of
chemical communication in nest-mate recognition by
ants (e.g. Hölldobler and Wilson 1990) led Elmes et al.
(1991a) to suggest that the main method was chemical
mimicry of ant larvae. This hypothesis was confirmed
for one Maculinea species by Akino et al. (1999). They
painted glass dummy ant larvae with extracts of the cu-
ticular chemicals of Myrmica ant larvae and showed that
these were treated by foraging workers in the same way
as real ant larvae – carried into the nest if conspecific,
and carried but soon dumped by different Myrmica spe-
cies. Dummies with extracts of freshly moulted fourth
instar Maculinea rebeli larvae that had never previously
encountered ants were treated by their host ants, Myrmi-
ca schencki, in the same way as those with M. schencki
larval extracts.

The cuticular chemicals that are important in colony
recognition by ants and other social insects are mostly
hydrocarbons (e.g. Bonavita-Cougourdan et al. 1987;
Habersetzer 1993; Dahbi et al. 1996; Lenoir et al. 2001).
Akino et al. (1999) analysed the cuticular extracts used
in their bioassays (above) and compared the chemical
profiles of M. rebeli and their potential Myrmica hosts,
based simply on the presence/absence of hydrocarbons
(Fig. 3 ibid.). They found that the profile of M. schencki
was closer to that of M. rebeli (32% similarity) than to
the cuticular profiles of three other common Myrmica
species (maximum 25% similarity). This was the first
demonstration of a mechanism that explained host speci-
ficity in a Maculinea species; other signals, such as lar-
val sounds, mimic Myrmica ants only at the generic level
(DeVries et al. 1993). After 1 week in the ants’ nest, M.
rebeli caterpillars were much closer chemical mimics of
their hosts (61% similarity). Akino et al. (1999) suggest-
ed that the additional hydrocarbons were acquired by
contact with the host ants (chemical camouflage), al-
though the possibility of synthesis (chemical mimicry
sensu Dettner and Liepert 1994) by the caterpillars was
not excluded.

Although Akino et al. (1999) found prime face evi-
dence for chemical mimicry of Myrmica schencki cuticu-
lar hydrocarbon profiles by Maculinea rebeli, their re-
sults for the ants were based on a few samples drawn
from very few nests. If chemical mimicry did provide the
mechanism for the evolution of host specificity in each
Maculinea species across Europe (Thomas et al. 1989),
intraspecific variation in the chemical profiles of the
Myrmica models should be small in comparison to inter-
specific variation. Alternatively, each Maculinea popula-
tion might be adapted to mimic the chemical profile of a
local population of its host Myrmica, but the host speci-
ficity recorded over the butterfly’s range might be due to
other ecological factors. Either could explain why Macu-
linea alcon is adapted to three different host Myrmica
ants in different parts of its range (Elmes et al. 1994).
Understanding this variation would directly impact on
most species-specific conservation measures applied to
populations of these threatened butterflies, including
proposals to reintroduce populations from core areas in
Europe to nations where a Maculinea species became ex-
tinct (Munguira and Martin 1999). We investigate this
variation by comparing the relative quantities of cuticu-
lar hydrocarbons secreted by different Myrmica species,
rather than the simple presence or absence of chemicals,
and using a much larger number of samples from several
populations of the five host species that are parasitised
by Maculinea.

Materials and methods

Material

In spring 1999 third instar hibernated ant larvae were collected
from wild colonies of Myrmica ruginodis, M. scabrinodis and M.
sabuleti from a range of sites in the UK, whereas M. schencki and
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M. rubra came from stock colonies held in the Centre for Ecology
and Hydrology (Dorset) laboratory (Table 1). Where possible two
samples were taken from each colony. Additionally, the data used
by Akino et al. (1999) were re-examined in more detail to estimate
relative quantities of hydrocarbons, and included with the new da-
ta: some of these extracts were obtained from workers rather than
larvae.

M. ruginodis: three colonies came from Furzebrook (near
Wareham, Dorset), four from Hartland Moor National Nature Re-
serve (Dorset; about 3 km from Furzebrook) and four from Dart-
moor (near Ashburton, Devon; ca. 200 km from Furzebrook). Ad-
ditional material (workers and larvae) came from three laboratory
colonies originally taken from Creech (Dorset; ca. 1 km from Fur-
zebrook).

M. scabrinodis: three colonies came from Furzebrook, four
from Hartland Moor and three from Dartmoor (same sites as
above). Additional material (workers and larvae) came from two
laboratory colonies originally taken from different sites in Dorset,
within 30 km of Furzebrook.

M. sabuleti: three colonies each came from Dannonchapel,
Cornwall, Green Down, Somerset and Dartmoor (same site as
above). Additional material (workers and larvae) came from two
laboratory colonies taken from different sites in Dorset.

M. rubra: all came from colonies taken the previous autumn
from a very wide range of sites and overwintered at 5°C for use in
laboratory experiments; at each site larvae had already been “ho-
mogenised” by pooling those from three separate colonies. Except
where otherwise indicated, two batches of pooled larvae were
analysed from the following sites: Encombe, Kimmeridge and
Chapmans Pool (one sample) all within 2 km of each other in the
Isle of Purbeck (Dorset); two separate sites >3 km apart on the Isle
of Col (Hebrides, Scotland); two sites >20 km apart near Kiev
(Ukraine); two sites (one provided three samples) 2 km apart at
Kolochava (Transcarpathia, Ukraine); Black Sea Nature Reserve
(Ukraine) (one sample); two sites >15 km apart, near St. Peters-
burg; Vladimir (one sample) (near Moscow). Some cuticular hy-
drocarbon data for M. rubra from France has been published pre-
viously (Vienne et al. 1990; Astruc et al. 2001).

M. schencki: two overwintered colonies were taken from Panti-
cosa, near Jaca, Spain, Additional material (workers) came from
two laboratory colonies originally taken from near Gap (Haute Al-
pes, France). The latter had provided material for earlier analyses
(Akino et al. 1999).

Chemical analyses

Mostly samples of larvae were analysed, but a few samples of
workers were taken for comparison (unfortunately some of the
worker samples including all those of M. rubra were destroyed in
transit to Japan). Samples comprised five larvae (or workers),
which were immersed in approximately 5 ml hexane for 5 min. To
separate the cuticular hydrocarbons, the hexane extract was chro-
matographed on 1 g silica gel (230–400 mesh, Merck) and eluted

with 3 ml hexane. The fraction was concentrated to 100 µl, and
1 µl was injected into a gas chromatography – mass spectrometer
(GC-MS). Unsaturated hydrocarbons were separated by further
chromatographing the fraction on 1 g silica gel containing 10%
silver nitrate, and successively eluting with 3 ml each of hexane,
1%, 2%, 5%, 10%, and 20% ether in hexane. Each fraction was
derivatised to dimethyldisulphide adducts to determine the posi-
tion of the double bonds by GC-MS (Dunkelblum et al. 1985). All
GC-MS analyses were made using a JEOL SX102 A double
focussing MS interfaced with a Hewlett Packard 6890 GC
equipped with an apolar capillary column, 15 m length, 0.25 mm
internal diameter, and 0.25 m film thickness. Electron-impact ioni-
sation mass spectra were obtained at 70 eV. Injections were made
through a cool-on-column injector controlled at the oven tempera-
ture plus 3°C. The column oven was set at 50°C for 5 min, and
programmed from 50°C to 200°C at 20°/min then from 200°C to
300°C at 5°C/min, then maintained at the final temperature for
10 min. The column head pressure was set at 75 kPa and helium
was used as the carrier gas.

The peaks produced at different retention times on the graphi-
cal output generally represented a single hydrocarbon “chemical
species” (analogous to species in ecology). For each of the 110
samples, their abundances (determined by area under the peak)
were converted to relative abundances by dividing by the total
abundance in each sample (total area under the curve). However,
some peaks could comprise several hydrocarbons of similar mo-
lecular weights (e.g. we could not determine the relative amounts
of 11-methylpentacosane and 13-methylpentacosane). In these
cases we treated the peak as a single chemical species; while M.
rubra for example, might possess a maximum of 29 different hy-
drocarbons (combining all samples) we could only recognise 24
peaks which we analysed as separate chemical species (see Ta-
ble 2).

Statistical analyses

We estimated the similarity in the hydrocarbon species composi-
tion between each of the 5,050 possible pairs of samples using the
Bray-Curtis similarity index (Sij), which is widely used in ecologi-
cal assessments of species composition despite its sensitivity to
sample size and variation in sample diversities. Here this posed
few problems because scores for each chemical peak are relative
abundances which sum to 100%, effectively standardising the
sample size. For any two samples, i and j, Sij is defined by:

(1)

where Xik=relative abundance of species k in sample i and Sij var-
ies between zero (when two samples have no hydrocarbon species
in common) and one (when the compositions in two samples are
identical).

In ecological assessments of species composition, where the
observer determines the emphasis placed on rare species in respect
to abundant species, other indices of similarity can sometimes be

527

Table 1 The total number of hexane washes of third instar larvae
(five individuals combined) analysed by GC-MS. When possible
two independent samples from each colony were taken. For four

species a few additional washes were made of workers. Most spe-
cies were sampled from a range of sites in the UK but Myrmica
rubra was sampled over a very wide geographical range

Total samples No. colonies No. sites Number Geographic range of sites
Worker 
samples

M. scabrinodis 21 10 5 2 Devon, Dorset (UK)
M. sabuleti 21 9 5 3 Cornwall, Devon, Somerset (UK)
M. ruginodis 29 14 4 4 Devon, Dorset (UK)
M. rubra 23 13 8 0 Dorset, Argyle (UK); 

St. Petersburg, Moscow (Russia);
Carpathian, Kiev, Black Sea (Ukraine)

M. schencki 7 3 2 5 France, Spain



more appropriate than the Bray-Curtis index. However, here it is
not known whether the Myrmica ants recognise their larvae only
by the presence or absence of certain of the hydrocarbons, or
whether the absolute or relative amount of some or all of the
chemicals is important. At one extreme, if ants can only recognise
whether a chemical is present or absent, a Bray-Curtis similarity
index obtained by giving equal weight to all chemicals (i.e. Xik=1
if chemical k is present and zero if otherwise) might best represent
an ant’s ability to discriminate between two samples. At the other
extreme, similarities based on absolute relative abundances of
chemicals effectively ignore those which only occur at relatively
low concentrations. Probably, neither extreme reflects the real sit-
uation. Therefore our analyses and results are mostly based on an
intermediate approach, whereby the Bray-Curtis similarity values
were calculated using Xik equal to the fourth root of the relative
abundance of each chemical. This transformation is similar in ef-
fect to taking logarithms but avoids having to add an arbitrary
constant to zero values, and is widely used in the analysis of sam-
ples of biological species composition (Clarke 1993).

The probability that the pairwise similarities within and be-
tween groups of samples are the same was tested using non-para-
metric one-way analysis of ranked similarities, randomisation tests
(ANOSIM) (Clarke 1993; Clarke and Green 1988). We tested the
difference between species and whether, within any one ant spe-
cies, the similarity of samples from the same site was higher than
those from different sites, and whether samples from the same
caste (workers or larvae) were more similar.

When large numbers of samples are involved, non-metric mul-
tidimensional scaling ordination plots (MDS) (see Krzanowski
1987, pp 113–120) usually produce visually and statistically more
informative output than complex dendrograms resulting from clus-
ter analysis of Bray-Curtis pairwise dissimilarities. We summari-
sed the overall pattern of variation in the dissimilarities (Dij=1–Sij)
between the101 samples using the PRIMER package for MDS

analysis (Carr 1996). In essence, MDS places the sample points in
a two (or optionally three) dimensional ordination plot and calcu-
lates the Euclidean distances Aij between each pair of samples in
the ordination plot. An iterative procedure then repeatedly moves
the sample points until the agreement between the ranks of the Aij
and the ranks of the observed Bray-Curtis dissimilarity distances
Dij is maximised. Non-metric MDS (used here) can convey more
information in just two dimensions (Carr 1996) because the over-
dominance of outlier points is avoided by optimising agreement
for the ranked rather than actual dissimilarities and distances. The
extent of any final lack of agreement is measured by a statistic
called the STRESS (STandardised REsidual Sum of Squares), de-
fined in non-metric MDS as:

(2)

the lower the STRESS the better the MDS plot represents the orig-
inal Bray-Curtis dissimilarities (Krzanowski 1987).

Although GC-MS analyses made following the same proce-
dures (especially when using the same machine) can be compared
in detail, direct comparisons between results made by different
laboratories are more problematic. We wished to compare our re-
sults for five species with our earlier study on Maculinea rebeli,
where we made a less detailed summary of the cuticular hydrocar-
bons present on caterpillars before and after exposure to Myrmica
schencki ants, and the M. schencki workers (Akino et al. 1999),
and also with published qualitative data for M. rubra workers
(Vienne et al. 1990), and quantitative data for workers of M. rubra
(Astruc et al. 2001), and two North American species (Myrmica
alaskensis and M. incompleta; Lenoir et al. 1997). Apart from dif-
ferent machines, there were procedural differences between the
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Table 2 Summary of the cuticular hydrocarbons found in the ana-
lyses of larvae of the five Myrmica species. The total number of
chemicals identified are summarised by chemical “family” (the
numbers in parenthesis are the total number of peaks equivalent to
“chemical species” used in the similarity analyses – see Materials
and methods), Astruc et al.’s (2001) and Vienne et al.’s (1990) da-
ta for M. rubra from France (F-A and F-V, respectively), and 

Lenoir et al.’s (1997) data for M. incompleta and M. alaskensis are
summarised in the same way for comparison. Data summarised by
chemical family and by length of C chain (e.g. presence of any of
the C25 monomethyl-alkanes would count as one – see Materials
and methods) including Akino et al.’s (1999) data for M. schencki
(1) and M. rebeli larvae before (pre) and after (post) exposure to
host ants

Alkanes Monoenes Dienes Mono-methyl Di-methyl Tri-methyl Unknown Total
alkanes alkanes alkanes

Types of chemicals recorded
M. scabrinodis 8 14 7 13 8 0 0 50 (43)
M. sabuleti 6 10 1 12 1 0 0 30 (25)
M. ruginodis 7 9 4 19 6 1 2 48 (39)
M. schencki 7 0 0 25 22 3 2 59 (43)
M. rubra 6 3 0 16 3 1 0 29 (24)
M. rubra (F-V) 7 2 0 33 1 0 0 43 (33)
M. rubra (F-A) 8 3 0 41 9 2 0 63 (54)
M. incompleta 11 10 4 66 19 0 0 110 (65)
M. alaskensis 11 10 4 34 14 0 0 73 (62)

Types of chemicals grouped by length of C chain
M. scabrinodis 9 7 6 5 4 0 31
M. sabuleti 6 6 1 4 1 0 18
M. ruginodis 7 7 3 6 4 1 28
M. schencki 7 0 0 7 11 2 27
M. schencki (1) 7 0 0 6 10 1 24
M. rebeli (pre) 7 0 0 3 1 1 12
M. rebeli (post) 8 0 0 5 5 1 19
M. rubra 6 3 0 5 1 1 16
M. rubra (F-V) 7 2 0 9 1 0 19
M. rubra (F-A) 8 3 0 9 5 2 27
M. incompleta 11 6 4 12 10 0 44
M. alaskensis 11 7 5 12 10 0 44



previous work and ours. For example, the two main differences
between Lenoir et al.’s and our techniques were: (1) they used
pentane as a solvent whereas we used hexane, and (2) they ex-
tracted single workers and bulked-up extracts from 50 workers for
analysis whereas we used five larvae (rarely workers) but did not
bulk-up samples. We considered that valid comparisons could be
made by first grouping the species and then simplifying the chem-
ical data. For each group the average proportion of each hydrocar-
bon was calculated: then for each C chain length from C21 to C37
(e.g. C25) we calculated the total amount of alkane (e.g. n-penta-
cosane), monoene (e.g. pentacosene), diene (e.g. pentacosadiene),
monomethyl alkane (e.g. x-methylpentacosane), dimethyl alkane
(e.g. x,y-dimethylpentacosane) and trimethyl alkane (e.g. x,y,z-tri-
methylpentacosane) present (roughly equivalent to taxonomic gen-
era in real species analyses). MDS analysis was made on these
“generic hydrocarbon species” means for the 11 species groups.
We considered this was acceptable because an MDS analysis of
the “average profiles” of just the five Myrmica species studied in
detail produced an MDS ordination similar to that based on the
raw data set.

Results

The cuticular hydrocarbon profiles of larvae and worker
samples appeared qualitatively very similar in the four
species where both were analysed. For example, in the
case of M. sabuleti, every sample of both workers and
larvae were identical in terms of the hydrocarbon “spe-
cies” or peaks present. There was more variability within
and between samples of larvae and workers in the other
three species, especially in the hydrocarbons recorded in
small amounts. For example, most of the variation in the
M. scabrinodis samples was due to differences in the
small amounts of hydrocarbons >C30. However, when
the hydrocarbon profiles of the worker samples were
combined and compared with the combined samples of
larvae for each species (species average profiles) there
were no differences between workers and larvae of M.
scabrinodis, only one difference in the case of M.
schencki (a peak comprising a combination of 11-, 13-
and 15-methylhentriacontane was found on larvae but
not on workers) and four differences in M. ruginodis (n-
docosane and n-hentriacontane was found on larvae but
not on workers whereas 5-methyltritriacontane and pen-
atriacontadiene was recorded on workers but not on lar-
vae). An ANOSIM analysis confirmed that the differ-
ences between our samples of workers and larvae could
be due to chance (P>0.10, Table 3); in other words, the

samples of workers fall well within the range of varia-
tion shown by larvae samples of the same species (see
Fig. 1C for the example of M. sabuleti). Therefore work-
er and larvae samples were not distinguished between in
subsequent analyses (see Discussion). 

Myrmica sabuleti and M. rubra had considerably few-
er hydrocarbons on their cuticles (a maximum of 30
which produced 25 peaks – see Materials and methods)
compared to M. schencki, M. scabrinodis and M. rugino-
dis (ca. 50 hydrocarbons, 40 peaks). M. schencki had no
monoenes or dienes, and M. rubra had only three mono-
enes compared to the other three species which were rel-
atively rich in these chemicals (Table 2). On the other
hand, M. schencki had more hydrocarbons with chain
length >C30 and were richer in methylated alkanes com-
pared to the other four species. Bearing in mind the diffi-
culties in making direct comparisons between data from
different laboratories, Vienne et al.’s (1990) and Astruc
et al.’s (2001) results for M. rubra from France, showed
a similar lack of monoenes and dienes to our data for M.
rubra (Table 2). The qualitative data of Vienne and co-
workers was intermediate between ours and Astruc’s,
though both found evidence of many more methylated
alkanes; a trend repeated in the results for M. incompleta
and M. alaskensis made by the same research group 
(Lenoir et al. 1997).

MDS ordinations of the 101 samples based on the un-
transformed relative abundances of each of the hydrocar-
bon “species” recorded produced a very good discrimina-
tion between the five ant species (Fig. 1A) despite a rather
high STRESS value (0.21). M. schencki was well separated
from the other four species which all “met” at the centre of
the MDS ordination. In particular, M. rubra largely over-
lapped with some M. ruginodis colonies, although the ma-
jority of M. ruginodis colonies were quite distinct from
those of M. rubra. When the MDS analysis was repeated
using fourth root transformation of the relative abundances
(Fig. 1B), the two-dimensional plot gave a better represen-
tation of all the measured dissimilarities (STRESS=0.10),
the clustering within species became much tighter and the
discrimination between groups much clearer: this was fur-
ther amplified when MDS was based only on presence/ab-
sence of chemicals (data not illustrated).

Averages of Bray-Curtis pairwise similarities showed
that samples from the same species were clearly much
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Table 3 Average % similarities±SDs to indicate the variability
(number of pairs in parenthesis), based on similarity matrix be-
tween the 5,050 pairs of samples calculated from the non-metric
multidimensional scaling ordinance (MDS) analysis of the 101
samples for five species of Myrmica. The probabilities of obtain-

ing a difference by chance is calculated using an analysis of simi-
larities (ANOSIM; see Materials and methods). Average similari-
ties within and between samples of larvae and workers for the four
species where workers were analysed, with results of an ANOSIM
between worker and larvae castes

Between-larvae Between-worker Between-worker and ANOSIM caste
samples samples larvae samples

M. scabrinodis 69.8±12.2 (171) 65.1 (1) 69.5±6.5 (38) 0.106
M. sabuleti 81.0±7.3 (153) 81.8±1.50 (3) 79.8±5.3 (54) 0.163
M. ruginodis 72.2±13.6 (300) 77.5±16.0 (6) 70.5±8.7 (100) 0.148
M. rubra 83.0±8.7 (253)
M. schencki 83.3 (1) 83.1±8.3 (10) 84.0±4.4 (5) 0.571



more similar to each other, i.e. ca. 75% similarity, than
they were to samples from the other species, i.e. ca. 25%
similarity (Table 4). ANOSIM showed that all five spe-
cies were significantly dissimilar from each other
(P<0.01). As illustrated by Fig. 1B, M. schencki samples
were the least similar to those of any other species, and
M. rubra and M. ruginodis were most similar to each
other. Pairwise within-species comparisons showed M.
scabrinodis and M. ruginodis had the lowest within-spe-
cies similarities (ca. 70%), despite their samples being
taken from a relatively restricted geographical range.
Whereas M. rubra had high within-species similarities
(ca. 83%) despite being sampled over a relatively huge
geographic range (Russia, Ukraine, W. Scotland, S. En-
gland).

Generally, in the four species sampled from sufficient
sites, samples taken from the same site were slightly
more similar to each other than to samples from different
sites: ANOSIM showed this difference was statistically
significant for three of the species (M. sabuleti, M. ru-
ginodis and M. rubra; Tables 3, 4). In the case of M. ru-
ginodis the result was mainly due to one nest at one site
which was different to most others. In the other two spe-
cies the differences were more general but very small:
for example, in the case of Myrmica sabuleti, the specif-
ic host of Maculinea arion, the average pairwise within-
site similarity was 82.0% and between different sites was
80.5%. (ANOSIM, P=0.022). This is illustrated in more
detail for just one species, (Fig. 1C, the scale of the
MDS ordination in Fig. 1B has been expanded) where it
is visually obvious that there are no differences between
larval and worker samples, only negligible differences
between sites, and no differences including sites that cur-
rently support M. arion and those which do not.

Finally, we repeated the MDS based on the fourth
root transformation of the simplified mean chemical
spectra (see Materials and methods) of the five ant spe-
cies, together with the mean spectra of each of six other
groups from published results (Fig. 1D), which gives a
very good representation of the Bray-Curtis dissimilari-
ties (STRESS=0.07). The visual differences in MDS or-
dinations between analyses based on raw scores or pres-
ence/absence data were relatively small except that the
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Fig. 1 (A) The two-dimensional non-metric multidimensional
scaling (MDS) ordination of 101 samples, derived from the Bray-
Curtis similarities of the untransformed relative abundance of cu-
ticular hydrocarbons, for Myrmica sabuleti (a), M. scabrinodis (c),
M. ruginodis (g), M. rubra (r) and M. schencki (k). The worker
samples are indicated by an asterisk (e.g. c*). (B) The MDS ordi-
nation based upon fourth root transformations of the same relative
abundance data as in the previous panel. (C) The fourth root trans-
formed data for M. sabuleti from plotted on an expanded scale.
Sites either supported M. arion populations (l) or did not
(m);Somerset site (G), Cornish site (D), Dartmoor site (X), miscel-
laneous sites (M); sample of workers (w), otherwise all were lar-
vae. (D) The MDS ordination, based on fourth root transformed
means of the simplified hydrocarbon profiles of 11 “species”



latter tended to pull the Maculinea rebeli samples closer
to the Myrmica schencki samples and pull the French re-
sults for Myrmica rubra closer to our result for M. rubra.

Inspection of the Bray-Curtis similarity matrix for
these 11 “species” groups (Table 5) shows that the most
similar pair are our earlier results for M. schencki and the
later ones analysed here (this is to be expected because
the earlier results were included as a subset of the later
ones, but this serves to confirm the robustness of the
method). The two North American species, M. incompl-
eta and M. alaskensis are equally similar (or dissimilar)
to the other Myrmica species, very dissimilar from pre-
adoption M. rebeli larvae, but surprisingly similar to
each other. The French M. rubra were most similar to
British M. rubra (68%), but quite similar to both the
British M. ruginodis and M. schencki (56%): thus if the
hydrocarbon profiles of two French M. rubra samples
had been obtained by us and included in Fig. 1A, we
would expect them fall to in the region of coordinates
1,0 of that ordination plot. Pre-adoption Maculinea reb-
eli larvae (i.e. those never exposed to a host ant) were
quite dissimilar to all Myrmica species although they
were most similar to M. schencki (45%) but post-adop-
tion they were clearly most similar to their M. schencki
hosts (72%). This is represented in ordination plot
Fig. 1D by them converging towards the M. schencki or-
dinates.

Discussion

These results show that there is sufficient interspecific
variation between the cuticular hydrocarbon profiles of
the common European Myrmica species for chemical
mimicry to be the basis of the evolution of host-specific-
ity by the different Maculinea species. It is worth noting
the clear difference between M. scabrinodis and M.
sabuleti even when sampled from the same sites. It is on-
ly 30 years since these ants were fully accepted as good
species, and at the Devon study site where Maculinea ar-
ion L. was introduced, inexperienced scientists find that
the workers of these two species are particularly hard to
discriminate between by morphology; however, the
chemistry (Fig. 1B) entirely reflected our morphological
discrimination.

Intraspecific variation in hydrocarbon profiles within
the five species tested was also quite large. We found
that the variation between workers and larvae of four
species tested were not significant, and was contained
within the intraspecific variation (Fig. 1A). This appears
contrary to a trend in most other ant genera for workers
to have more complex cuticular hydrocarbon profiles,
with more methylated alkanes, than their larvae, which
often have simple profiles of mostly n-alkanes (e.g.
Camponotus vagus, Bonavita-Cougourdan et al. 1989;
Lasius sakagamii, Akino and Yamaoka 1998). Our result
does not preclude the probability that given large enough
samples, larvae and workers from the same nest might be
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Table 4 Average % similarities±SDs to indicate the variability
(number of pairs in parenthesis), based on similarity matrix be-
tween the 5,050 pairs of samples calculated from the MDS analy-
sis of the 101 samples for five species of Myrmica. The probabili-

ties of obtaining a difference by chance is calculated using an AN-
OSIM. Overall average within- and between-species similarities,
with a result of an ANOSIM between samples from different sites
within species

ANOSIM sites M. scabrinodis M. sabuleti M. ruginodis M. rubra schencki

M. scabrinodis 0.413 69.7±11.7 (210)
M. sabuleti 0.022 28.9±4.1 (441) 80.7±7.3 (210)
M. ruginodis <0.001 27.3±4.7 (609) 23.0±3.4 (609) 71.8±13.4 (406)
M. rubra 0.028 28.3±5.3 (483) 34.0±4.8 (812) 35.3±5.0 (667) 83.0±8.7 (253)
M. schencki 11.1±2.0 (147) 8.3±1.4 (147) 17.7±2.9 (203) 21.8±1.8 (161) 83.6±7.0 (21)

Table 5 Bray-Curtis similarity matrix between means of 11 “species” groups using fourth root transformation of chemical abundance.
For abbreviations, see Table 2

M. M. M. M. M. M. M. M. M. M. 
scabrinodis sabuleti ruginodis rubra rubra schencki schencki rebeli rebeli incompleta

(Fr) (1) (pre) (post)

M. sabuleti 76
M. ruginodis 60 49
M. rubra 54 57 60
M. rubra (Fr) 54 52 56 68
M. schencki 28 20 45 36 56
M. schencki (1) 26 18 40 28 49 83
M. rebeli (pre) 19 20 27 33 40 45 38
M. rebeli (post) 29 24 42 35 52 69 72 54
M. incompleta 63 55 55 50 64 57 52 27 47
M. alaskensis 60 49 57 55 67 55 47 32 47 81



chemically discriminated between, but it does suggests
that differences are small in comparison to differences
between the Myrmica species, (and in comparison to
workers and larvae from other genera) and are mostly
due to qualitative differences in methylated alkanes. We
found some evidence that nests from the same popula-
tion (site) were slightly more similar to each other than
to nests from other sites (Table 4) but between-site dif-
ferences were small compared to the overall variability
within species.

If most of the intraspecific variation in hydrocarbon
profiles is at the individual level, whereby larvae and
workers signal their age, sex, health and physiological
state etc. by producing a variation in their cocktail of hy-
drocarbons, then there might be considerable variability
between small samples of five individuals taken at ran-
dom, even if the samples were drawn from the same col-
ony. In our data, pairs of samples from the same nest
were no more similar to each other than they were to
samples from different nests from the same site. On the
other hand, the gestalt odour hypothesis (Breed and Ben-
net 1987; Dahbi and Lenoir 1998; Lenoir et al. 2001),
which proposes that a colony odour results from all the
individual contributions that are mixed and recycled by
the post pharyngeal gland (e.g. Meskali et al. 1995; 
Oldham et al. 1999), is considered particularly appropri-
ate for polygynous species, such as Myrmica, that usual-
ly contain a variety of genotypes. If correct, this hypoth-
esis should lead to most individuals possessing some
quantity of most of the cuticular hydrocarbons present in
the colony. However, it does not imply that every indi-
vidual should have the same relative quantities. For ex-
ample, if a certain methylated alkane indicates a queen-
potential larva, only a small proportion of larvae might
produce this hydrocarbon at any time; thus, while those
individuals will have relatively large amounts of that hy-
drocarbon, other workers and larvae might be contami-
nated with much smaller amounts (even none). Perhaps
five larvae are too few to provide an accurate estimate of
the overall colony gestalt odour; had we sampled a great-
er proportion of each colony (as Lenoir et al. 1997) we
might have detected more consistent differences between
colonies at the same site.

Despite this reservation, our data suggest that hydro-
carbon profiles are sufficiently different to enable Myr-
mica colonies to maintain high levels of social exclusion
at the species level. If Myrmica ants recognise alien spe-
cies by taking the full profile into account (Fig. 1B is a
good representation of this) then all the species appear
very different and would be easily recognised as such.
On the other hand, if relative quantities of the most
abundant hydrocarbons are in some way assessed
(Fig. 1A represents this) then all the species are well sep-
arated except for M. ruginodis and M. rubra. However,
M. rubra workers quickly recognise and act equally ag-
gressively towards M. scabrinodis and M. sabuleti
(Winterbottom 1980) and M. ruginodis (our own obser-
vations), which suggests that they probably recognise
alien species more by a qualitative rather than quantita-

tive assessment of their hydrocarbon profile. However,
M. rubra workers (and the other Myrmica species) can
recognise workers from other colonies of the same spe-
cies quite readily (Winterbottom 1980) which would
suggest a more detailed quantitative judgement of their
hydrocarbon profiles. It would seem to us that there is
probably a hierarchy from qualitative to quantitative as-
sessment involved in maintaining the social exclusion of
foreign workers, with perhaps a very detailed quantita-
tive and qualitative assessment of nestmates (queens,
workers or brood) with which a worker might indulge in
some sort of social behaviour (feeding, trophallaxes,
grooming etc.). It is against this background of chemical
recognition that Maculinea larvae have evolved host
specificity and chemical mimicry.

Both quantitative and qualitative similarities in hydro-
carbon profiles are sufficient to explain the relatively
high survival of Maculinea rebeli caterpillars with their
M. schencki hosts (Fig. 1D), and M. rebeli’s poor surviv-
al with alternative hosts (Elmes et al. 1991b; Thomas
and Elmes 1998). The profile of fourth instar larvae that
had never been exposed to ants is relatively simple and
is dominated by n-alkanes that are also present in the
profiles of most of the Myrmica species. Callow worker
ants and other social insects have a similar simple or ab-
sence of chemical profiles, and are readily accepted by
foreign workers (“cuticular chemical insignificance” see
Lenoir et al. 2001). Indeed, Viana et al. (2001) hypothe-
sised that it is the n-alkanes on ant larvae that stimulate
the retrieving behaviour of foragers of any species.
Whether the more volatile chemical identified by Akino
et al. (1999) for M. rebeli larvae has a role in adoption
remains unclear. Akino and co-workers (1999) hypothe-
sised that the caterpillars acquired the full colony gestalt
odour after adoption, but if this is so it is hard to under-
stand why so few caterpillars survive to maturity with
species other than M. schencki in either the field or the
laboratory. Instead, our results provide some evidence to
support the alternative hypothesis of Akino et al. (1999)
that caterpillars synthesise additional mimetic hydrocar-
bons after adoption. Small amounts of n-tetracosane and
4-methyltetracosane were found on post-adoption larvae
when none were found on either the pre-adoption cater-
pillars or on the M. schencki hosts. Presumably these
chemicals were made by the caterpillars, in which case
they may also have synthesised most of the hydrocar-
bons found on them after adoption. Under this hypothe-
sis they would behave like callow workers which synthe-
sise methyl-branched cuticular hydrocarbons and con-
tribute to the colony gestalt odour, as they mature 
(Lenoir et al. 2001).

In the case of M. rebeli, a “chemically insignificant”
signal at adoption followed by active synthesis of spe-
cies-specific hydrocarbons would explain why: (1) de-
spite apparently successful adoption by other species so
few caterpillars survive to maturity in non-host ant spe-
cies’ nests (Elmes et al. 1991b; Thomas and Elmes
1998); (2) why certain individuals are preferred by host
ants to others when too many caterpillars are adopted
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(Thomas et al. 1993) – by chance some are better
“matched” to a particular host colony; (3) why some cat-
erpillars take a “first meal” of ant larvae before being
fully accepted by the host ants (Wardlaw et al. 2000) –
perhaps a quick source of energy “kick-starts” the chem-
ical activity; (4) why in the laboratory, M. rubra and
some M. ruginodis colonies generally integrate with cat-
erpillars more readily than M. sabuleti and M. scabrino-
dis (Elmes et al. 1991b) – the profiles of M. rubra and
M. ruginodis are closer to those of M. schencki
(Fig. 1B); and (5) why in the wild, very small numbers
of Maculinea rebeli survive with non-host species but
never with Myrmica sabuleti, even though M. sabuleti
adopts the majority of M. rebeli larvae (Elmes et al.
1996; Thomas et al. 1997) – M. sabuleti is the most
chemically distinct species from M. schencki (Fig. 1B,
Table 2).

Although shown only for M. rebeli, we hypothesise
that newly moulted fourth instar larvae of all five Macu-
linea species will eventually be shown to have some
simple combination of n-alkanes which induces carrying
behaviour (adoption) by foraging Myrmica ants. Even in
the predatory species, the high host-specificity after
adoption (e.g. as shown for Maculinea arion by Thomas
et al. 1989) is strongly suggestive of chemical mimicry
rather than camouflage. However, demonstrating that
caterpillars synthesise some or all of the methyl-
branched alkanes, which make them more similar to
their hosts, will be hard to demonstrate. Previously this
has been done for some myrmecophiles and ants by us-
ing radioactive isotopes (Akre et al. 1973; Vienne et al.
1995). If a method can be found, we hypothesise that the
cuckoo species (M. rebeli and M. alcon), which often ex-
perience high contest competition (Thomas et al. 1993)
within and between groups of siblings (Thomas and 
Elmes 2001; Elmes et al. 2001), will have variable indi-
vidual chemical profiles. We hypothesise that selection
should favour females that bet-hedge by producing off-
spring whose chemical profiles collectively encompass
the whole chemical footprint of their host species. In
contrast, predatory caterpillars (M. arion and M. teleius)
rarely survive when more than one caterpillar is adopted
into a nest, usually due to their inefficient method of
feeding and to the scramble-type competition between
caterpillars (Thomas and Wardlaw 1992; Thomas and 
Elmes 1998). In this case we hypothesise that selection
would favour females whose offspring all produced a
similar “mean signature” of the ant host species, to
maximise the chances of their acceptance by any host
colony. Although Maculinea nausithous is a predatory
species (Elfferich 1998) it is probably more similar to
the cuckoo species in the context of its chemical vari-
ability, because the larger Myrmica rubra host colonies
often support more than three caterpillars (an observa-
tion which led some to assume at least, a partial cuckoo
behaviour – e.g. Bink 1992).

When the relative similarities of the various ant spe-
cies (Fig. 1A, B) are examined in the light of the known
host preferences of the various Maculinea species some

interesting patterns emerge. The presumed phylogenetic
grouping of the Maculinea species places M. arion with
M. teleius, and M. rebeli with M. alcon; M. nausithous
being intermediate to these two groups. To date, 94% of
all recorded adult emergences of Maculinea arion are
from Myrmica sabuleti nests and the remainder from M.
scabrinodis nests (Elmes et al. 1998). Conversely
Maculinea teleius specialises on Myrmica scabrinodis
(85% recorded emergences) with M. sabuleti (5%), M.
rubra (8%) and Myrmica vandeli (2%) recorded as mi-
nor hosts (Elmes et al. 1998). These observations are
consistent with the degree of overlap between M. sabu-
leti and M. scabrinodis (Fig. 1A). Maculinea alcon has
a distinct race in southern Europe that has only been
found with Myrmica scabrinodis, whereas the northern
European race has been found equally with M. rubra
and M. ruginodis (Elmes et al. 1998); this is entirely
consistent with the pattern of similarities in hydrocarbon
profiles between the three host species (Fig. 1A). M.
rebeli is sometimes considered a subspecies of M. al-
con. Its host, M. schencki (96% recorded emergences),
is chemically quite distinct from the other Myrmica with
a profile closest to those of M. rubra and M. ruginodis
(Fig. 1A). These two ant species seldom coincide with
M. rebeli populations in the wild but they make good
surrogate hosts in the laboratory (Wardlaw et al. 1998).
Thus the pattern of chemical variability between the
host Myrmica species is concordant with the concept of
a complex of Maculinea alcon/M. rebeli species and
subspecies that are adapted chemically to different
hosts. Only M. nausithous is inconsistent with this gen-
eral pattern. It has been recorded only from M. rubra
nests by Elmes et al. (1998) in west Europe and uncon-
firmed reports suggest that, apart from one isolated pop-
ulation from Spain, M. rubra is its host over its entire
range. However, Myrmica ruginodis is a good laborato-
ry host for Maculinea nausithous (Elfferich 1998), and
given the overlap in the chemical profiles of Myrmica
rubra and M. ruginodis (Fig. 1A), it is surprising that
there are no records for M. ruginodis, but this could be
due to the infrequent occurrence of M. ruginodis on the
wet meadows used by M. nausithous. The absence of a
competing good alternative host combined with the re-
sult that M. rubra colonies, sampled over a very wide
geographic range, are chemically very similar to each
other (above) might have led to M. nausithous evolving
a greater fidelity to its host than that observed for the
other Maculinea species.
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