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Abstract Under optimal ecological conditions ant popu-
lations can reach high nest densities, leading to strong com-

petition between colonies and affecting ant behaviour and

sociogenetic structure. Extremely high population densities
are commonly found in invasive ant species in which all

colonies of a population act as a single super-colony with no

behavioural or genetic boundaries between nests. In contrast,
the typical and ancestral ant population structure consists of

discrete genetic units, i.e. colonies with a single or few

queens and highly related workers. The subterranean mound
building ant Lasius flavus, which is native to Central Europe,
reaches nest densities of up to 0.5 colonies per m2 in our

study population in Southern Germany. We investigated the
sociogenetic structure and its temporal stability in this dense

population using genomic microsatellites. Despite close

proximity, neighbouring nests were generally genetically
distinct. Most mounds were inhabited by a single colony, but

we also found a few polydomous colonies spreading over

two or more mounds. About half of all colonies were
monogynous, the others either polygynous and/or polyan-

drous. We re-sampled mounds after 8 months and found
mound occupancy to be predominantly stable over time.

Behavioural experiments revealed low aggression between

workers from different nests, albeit these ants recognised
their nestmates. Our study demonstrates that native ant

species can reach high densities despite a multi-colonial

population structure and that intense competition does not
invariably lead to high aggression between nests.

Keywords Unicoloniality ! Nestmate recognition !
Competition ! Territoriality ! Aggression ! Social insects

Introduction

The densities of populations often vary in time and space
and population growth has been shown to be limited either

by predators or parasites (top-down control) or through

competition for limited resources (bottom-up regulation)
(Carpenter et al., 1987; Center et al., 2005; Sinclair and

Krebs, 2002; Snyder and Ives, 2003; Stadler, 2004). Under

low density conditions, individuals often have the problem
of finding conspecific mates, while at the opposite side of

the density spectrum, conspecifics intensely compete for
resources. Population density affects the behaviour of ani-

mals (Wallin and Raffa, 2002). In particular, high densities

select for exploitative, territorial or aggressive behavioural
phenotypes (Warner and Hoffman, 1980). With increasing

density and competition, the level of aggression towards

conspecifics often grows. Depending on the resource dis-
tribution, animals will establish and maintain territories

to defend resources against competitors (Maher and Lott,

1995). The establishment of territories—areas that are
exclusively occupied and defended by individuals or groups

(Maher and Lott, 1995)—can reduce aggressive conflicts

when territory boundaries are accepted by conspecifics
(Langen et al., 2000; Temeles, 1994). On the other hand,

territoriality can also enhance aggression, because encounters
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with conspecific neighbours are frequent and territorial

owners are more likely to let fights escalate (Brunton et al.,
2008; Cammaerts and Cammaerts, 1998; Mercier et al.,

1997; Mueller and Manser, 2007; Schradin et al., 2010;

Velasquez et al., 2006).
Ant colonies often use the same nest site for many years

and especially the large mound building species or plant

associated ants hardly ever relocate their colonies. These ant
species are typically territorial and fiercely defend their nest

and the surrounding foraging areas against competitors
(Adams, 1994; Franks et al., 2007; Hölldobler and Lumsden,

1980; Levings and Franks, 1982; Tanner, 2009). Encounters

of conspecifics from different colonies or of individuals from
different species can lead to violent fights, also referred to

as ‘‘ant wars’’ (Hölldobler and Wilson, 1990; Pfeiffer and

Linsenmair, 2001; Whitehouse and Jaffe, 1996). A prereq-
uisite for defending a territory against foreigners is the abil-

ity to discriminate between nestmates and non-nestmates.

Nestmate recognition in ants is generally based on a compar-
ison of cuticular hydrocarbon profiles (Martin and Drijfhout,

2009).

Ant colonies are usually family groups and nestmates are
therefore in general closely related (Boomsma and Rat-

nieks, 1996; Bourke and Franks, 1995; Crozier and Pamilo,

1996). Indeed, the evolution of eusociality within the
Hymenoptera appears to be linked to full-sib families, so

that the newly evolved sterile workers would benefit from

altruistic brood care via kin selection. Yet, albeit monogyny
and monandry is thought to be ancestral in social insects

(Hughes et al., 2008), other social organisations and mating

systems are common too, especially in the highly derived
social taxa (Boomsma, 2009).

Many ant species are either obligatory or facultatively

polygynous, that is their colonies can contain several repro-
ducing queens leading to a reduced relatedness among nest-

mates (Bourke and Franks, 1995; Keller, 1993). Despite the

fact that a lower relatedness reduces worker fitness benefits,
polygyny might have evolved due to nest site limitation

or high risks associated with independent nest founding,

as it opens up new nest founding strategies (Bourke and
Franks, 1995; Hölldobler and Wilson, 1977; Keller, 1995;

Pedersen and Boomsma, 1999a). The advantage of multiple

mating—polyandry—is an increased genetic variability that
may improve colony performance and has been shown to do

so in honey bees and harvester ants (Mattila and Seeley,

2007;Wiernasz et al., 2004). In some species, colonies inhabit
several spatially separated nest sites—polydomy (Alloway

et al., 1982), and this strategy can increase the colonies’

foraging range or serve as an anti-predator defence by allow-
ing the ants to abandon attacked nests and to move to another

already occupied nest site (Denis et al., 2006; Droual, 1984;

Traniello and Levings, 1986). Polydomy is often associated
with polygyny (Debout et al., 2007), which allows for nest

parts to become independent over time as each can contain one

to several queens (Pedersen and Boomsma, 1999b). Further,
the occurrence of polydomy and polygyny was shown to be

associated with nest site limitation in different species

(Foitzik and Heinze, 1998; Herbers, 1986; Pedersen and
Boomsma, 1999a). Formica truncorum is an example of

such a highly polygynous and polydomous species in which

the lack of local structure and zero relatedness values within
nests in some populations indicate a unicolonial population

structure (Elias et al., 2005).
Grasslands of the temperate zone are often dominated by

ants of the formicine genus Lasius. Especially the yellow

meadow ant L. flavus can occur in unusual dense popula-
tions, which can reach mean densities of more than 1,000

workers per m2 and an average living biomass of 1.36 g/m2

(Odum and Pontin, 1961). Small colonies of this species
contain 2,000–3,000 workers, whereas large ones comprise

up to 10,000 workers (Odum and Pontin, 1961). Albeit

colonies were reported to be generally monogynous and
monandrous, variation in genetic structure has been

observed in one population using allozymes as genetic

markers (Boomsma et al., 1993). L. flavus colonies usually
live and forage underground, where they feed on honeydew

and young instars of root aphids (Pontin, 1978; Seifert,

1996). However, over years they can build very conspicu-
ous, stable mounds with densities as high as 52 mounds per

100 m2 (Dostal et al., 2005) in areas not subjected to mowing

or cultivation. One of these extremely dense accumulations of
L. flavus ant mounds occurs in a nature reserve in southern

Germany, known as ‘‘Ameisenstadt’’ (ant town, Fig. 1) by the

locals (Morrissey and Saur, 2004).
In this study, we addressed the following questions: (1)

Does L. flavus show the typical monogynous and mono-

domous colony structure in this very dense population? Nest
site limitation could be expected to lead to polygyny and

Fig. 1 Dense accumulation of ant mounds of Lasius flavus in our
study area in south Germany, locally known as ‘‘Ameisenstadt’’ (‘‘ant
town’’) in winter. Picture from Robert Saur
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polydomy (Herbers, 1986; Pedersen and Boomsma, 1999a).

We investigated the genetic colony structure of this ant
population and the ability of workers to recognise their

nestmates. Specifically, we analysed microsatellite geno-

types of workers from different mounds to assess whether
one colony can spread over several mounds or a single

mound might be inhabited by multiple colonies. (2) We also

questioned how the extremely high nesting density can be
maintained and how stable colony structure is over time.We

sampled patches between mounds to determine the subter-
raneous expansion of nests and re-sampled the mounds after

about 8 months. This approach allowed us to assess the

structural stability over time.

Methods

Sampling and mound distribution and size

We collected ant workers from L. flavus colonies in October
2005, April and July 2006 from the natural reserve Dellen-

häule (48"48,6440 N, 10"14,4260 E) close to the city of
Aalen, Germany.We chose two different sample sites (plot A

and B) that lay about 700 m apart and had a size of 100 m2

each (10 m 9 10 m). In the absence of regular mowing but
extensive grazing by sheep, L. flavus colonies form pro-

nounced ant mounds in these grasslands. Plot A was situated

in a patch with the highest density of ant mounds (Fig. 1),
whereas plot B was located in an area of lower density, but

still conspicuous accumulation of ant mounds. The mounds

are built from soil and covered with grass. We measured
height, diameter, circumference of each mound and position

within the 100 m2 square. We calculated the volumes of the

measured mounds using the formula V = h (3r2 ? h2)/6
(h = height, r = radius) (King, 1981).

We sampled ants frommounds at three different points in

time. On October 13th 2005, we carefully searched for ant
workers by opening the turf on four different sides (quad-

rants) of all ant mounds in plot A. Ant workers from different

quadrants of one mound were kept separately. In plot B,
we only searched at additional sides of ant mounds, if we

had not found ants on other sides before. On April 19th

2006, shortly after hibernation, we sampled the soil 15 cm
deep between 21 pairs of mounds in plot A at three different

positions (equidistant between the two mounds and at the

rim of each of the neighbouring mound) and searched for L.
flavus workers to determine the expansion of ant colonies

underneath the mounds. If ants were found, we collected

them for genotyping. On June 6th 2006 about 8 months after
the first collection, we re-sampled all mounds in plot A and

B that were occupied before on one side. For genetic anal-

yses, four workers per sample were stored at -20 "C for
DNA extraction.

For nestmate recognition experiments, we collected L.
flavus workers and their brood by taking two shovel loads of
soil including ants from one side of 32 mounds (26 in plot A,

6 in plot B) on April 19th 2006.

Microsatellite analysis

DNA was extracted from four individuals per mound or side
collected in 2005 and three individuals per mound collected

in 2006 by following the CTAB procedure (Doyle and
Doyle, 1987). We removed the gaster of frozen workers

prior to homogenization of the samples in 500 ll CTAB
buffer (1 % hexadecyltrimetyl ammonium bromide, 0.75 M
NaCl, 50 mM Tris–HCl, pH 8.0, 10 mM EDTA) to avoid

formic acid in the samples. We incubated homogenised

samples for 1 h at 65 "C and for another 3–4 h with 2 ll of
proteinase K (600 U/ml) at 55 "C. We then purified DNA

by using an isoamylalcohol-chloroform extraction and

ethanol precipitation. The DNA was suspended in 40 ll of
H2O and stored at -20 "C for further analysis.

To determine the genotypes of individual ants we used

polymerase chain reaction (PCR) amplification at the fol-
lowing five polymorphic microsatellite loci: P22 (Trontti

et al., 2003), Fe17 (Gyllenstrand et al., 2002), Ln10–174,

Ln10–282 and Ln1–5 (Fjerdingstad et al., 2003). Forward
primers were end-labelled with the fluorescent dyes FAM

(Ln10–282, Ln1–5), TET (P22, Ln10–174) and HEX

(Fe17). PCRs were carried out separately for each locus in
a final volume of 20 ll containing 1 ll of genomic DNA,

0.7 U Taq DNA polymerase, and a final concentration of

300 lM dNTPs, 0.4 lM of each primer, 1.5 mM MgCl2,
and 1 9 PCR buffer. Samples were processed through one

initial denaturation step of 3 min at 94 "C followed by 30

cycles of 30 s at 94 "C, 30 s at 49 "C for Fe17 and at 55 "C
for the other five primer pairs and 30 s at 72 "C. The cycles
were followed by a final extension of 72 "C for 5 min.

We visualised the amplified fluorescent fragments by
using a MegabaceTM 1000 (Amersham Bioscience) and

used the programme, Fragment Profiler 1.2 (Amersham

Biosciences), to determine allele sizes. In total, we obtained
the multi-locus genotypes of 461 individuals from nests in

plot A and B.

Genetic variation and structure

We created a sub-dataset with only one randomly chosen
individual of each colony from plots A and B to investigate

general patterns of genetic variation. Deviations from

Hardy–Weinberg equilibrium and observed and expected
heterozygosities were calculated with the programme, Cer-

vus Version 3.0.3 (www.fieldgenetics.com). For estimating

FIS and FST values between plots we used Fstat 2.9.3

Multicolonial population structure and nestmate recognition
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(http://www2.unil.ch/popgen/softwares/fstat.htm), because

confidence intervals can be obtained with this programme.

Colony structure

To determine whether the ants collected in different quad-

rants of a mound (only in plot A in 2005) belonged to one

colony we used the R package ‘‘hierfstat’’ (function ‘‘test.-
within’’, which is based on the likelihood ratio G statistic,

see Goudet et al. (1996)). This method tests whether the
observed distribution of genotypes in the quadrants is sig-

nificantly different from the expectation if all quadrants

were part of a single nest. P values were computed by
performing 1,000 randomizations. For most of the quad-

rants, we had 3 or 4 ants. It was therefore unclear, a priori,

whether we would have enough power to detect differenti-
ation if it was there. In order to determine the power of the

test to detect the degree of differentiation which was found

in the actual population with small samples, we created
small datasets with ants from one quadrant taken from one

mound and ants from one (or two) quadrant(s) taken from

another mound. For each of 100 small artificial datasets, we
tested whether we would have been able to detect significant

differentiation. We estimate that the power is approximately

84 % for a mound with two inhabited quadrants, and 87 %
for three inhabited quadrants (both based on 100 random

datasets). The power therefore is quite high to detect dif-

ferentiation between quadrants. If we did not find significant
differentiation between different sides of a mound we

merged samples from quadrants assuming that one colony

occupied this mound.
In a next step we tested for differentiation between

neighbouring mounds to detect polydomous colonies using

the same method as described above. For each mound we
tested for differentiation with the five nearest mounds. We

did this test for mounds in plot A and in plot B. In plot B,

17 % of the pairs of mounds we tested were not significantly
differentiated, which suggests that there may be less genetic

differentiation in plot B than in plot A. But we previously

showed that the power to detect differentiation between two
samples of four individuals is approximately 84 % and

therefore the 17 % undifferentiated pairs may reflect false

negatives. Thus, we created random datasets from plot A
that had the same number of inhabited mounds and the same

number of sampled individuals as plot B and calculated the

fraction of undifferentiated mounds for these randomised
datasets. We found that in 3 out of 20 simulation runs, the

randomised plot A dataset had even more undifferentiated

pairs than the real plot B dataset. We therefore conclude that
the difference between the plots is likely due to lack of

power in plot B caused by the small sample sizes for each

mound. To confirm our results we ran an analysis with the
free software Structure 2.3.3 (http://pritch.bsd.uchicago.

edu/structure.html), in which we included all mounds that

were not differentiated from plot A and plot B separately.
We used burn in 25,000 and then 100,000 steps and set

K = 12 for plot A and K = 9 for plot B (which is the

number of colonies put in the analysis).
In a third step we tested if samples collected from the

same mound in 2006 and in 2005 were differentiated using

again ‘‘hierfstat’’. If we found significant genetic differen-
tiation, we hypothesised that the mound was taken over by a

neighbouring colony and therefore we tested whether the
samples from 2006 were significantly differentiated from

the five nearest neighbouring colonies in 2005. We did these

tests for all mounds in plot A and in plot B.
Finally, we re-grouped the ant genotype samples by

combining non-differentiated nests to single polydomous

colonies and combining corresponding samples from 2005
and 2006 if no differentiation was detected. We calculated

intracolonial relatedness for plot A and B following a

standard formula by Queller and Goodnight (1989) using R.
Samples were then analysed with the free softwareMateSoft

(Moilanen et al., 2004) to identify polygynous colonies and

the number of potential patrilines under the assumption of
monogyny based on the workers’ genotypes.

Behavioural experiments

Ants were housed in 20 9 10 9 5.8 cm (length 9 width 9

height) transparent plastic containers with paraffin oil-
coated walls to prevent ants from escaping and a plaster

layer on the ground. An artificial nest chamber of ca.

6 9 7 9 1 cm (length 9 width 9 depth), covered with a
transparent plastic plate and a piece of paperboard on top to

shield the nest from light was engraved in the plaster. Nest

boxes were stored in climate chambers with a 12/12 h light/
dark cycle at 19 and 16 "C respectively. Workers were fed

with honey and crickets ad libitum.

We conducted nestmate recognition trials with ants from
20 nests from plot A, that were kept in the lab as described

above. Artificial nests contained about 410 (212–807;

median and range) workers each. One worker, either from
another nest or from the nest itself, marked with a colour dot

(Edding) was introduced into the nest and ants were

observed for 15 min. The behaviour of the introduced
worker and of the workers in the nest, which were in direct

contact with the marked ant, was recorded every 20 s and

aggressive interactions were also noted when they occurred
in-between. We differentiated between (1) aggression (bit-

ing of the other ant) and (2) antennation (touching the other

ant with the antennae). Each nest was tested three times on
consecutive days with an introduced worker which origi-

nated from the own nest (as controls), from a randomly

chosen nest of plot A (each nest was used only once to take
the worker from) and from a randomly chosen nest of plot B
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(nests were used 3–4 times to take out a worker). One day

after each experiment, we noted whether the colour-marked
worker had survived the introduction into another colony.

Statistical analyses were performed by using Statistica 6.0

(Statsoft).

Results

Density, size and occupation of ant mounds

Plot A contained 67 ant mounds (Fig. 2), with an average of

0.25 m ± 0.07 SD in height, a mean circumference of
1.93 m ± 0.53 SD and a volume of 15.5 l ± 9.9 SD. In plot

B, we found 33 mounds (Fig. 2) with a mean height of

0.17 m ± 0.06 SD, circumference of 1.47 m ± 0.55 SD
and an average volume of 6.8 l ± 5.4 SD.

We found L. flavus workers in 72 of the 100 mounds

(72 %, Fig. 2). We never detected workers in all four
quadrants of the mounds in plot A. Two or three different

quadrants were occupied in 32 mounds and one quadrant in

18 mounds. In plot B we did not attempt to sample from
different quadrants. From one mound in plot A and two

mounds in plot B we were only able to collect one or two

individuals, therefore these mounds were not included in all
further analyses.

General patterns of genetic variation

The five microsatellite loci we used for genetic analyses

were highly variable and revealed between five and 31
alleles per locus with allele frequencies ranging from less

than 0.01–0.6 (Table 1). The following calculations are

based on a subset of the data including 77 individuals, i.e.
only one worker per colony (after re-grouping the ants). All

microsatellite markers were in Hardy–Weinberg equilib-

rium (Table 1). The inbreeding coefficient over all loci and
plots did not differ from zero (FIS = -0.014, CI 95 % =

-0.093–0.038) and was very small in both plots (plot A:

-0.017, plot B:-0.008). The FST value was also small (plot
A and B: 0.012, CI 95 % = 0.002–0.03) but revealed sig-

nificant, albeit low structuring between plot A and B,

indicating limited gene flow between these sites.

Mound occupation

We found significant genetic differentiation between quad-

rants in two mounds (A8 and A44) out of the 32 mounds in

plot A, in which more than one quadrant was occupied. In
one of those mounds (A8) only two quadrants were occupied,

in the other mound (A44) we found three quadrants to be

occupied whereof one was significantly differentiated from

the other two. In all other mounds of plot A, genotypes of

workers were not differentiated between quadrants. In plot
A, we found three times two neighbouring mounds and

twice three neighbouring mounds that were genetically not

differentiated based on the ‘‘hierfstat’’ analyses (Table 2).
All other mounds were found to be significantly differen-

tiated from their neighbouring mounds with most P values

Fig. 2 Position of the centres of mounds within the 100 m2 of (a) plot
A and (b) plot B in our study area. Mounds that were not inhabited are
shown in grey, mounds inhabited in 2005 and 2006 in black and
mounds inhabited only in 2005 in blue. Mounds that belonged to
polydomous colonies are connected by solid lines. Dashed arrows
mark the mounds that were possibly taken over by another colony after
8 months and triangles show the positions of sampling outside of the
mounds
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below 0.02. The analysis with Structure revealed that in four

cases samples from two or three mounds respectively were
grouped together, indicating polydomous colonies (Fig. 3a),

but three mounds that were not differentiated in the previous

‘‘hierfstat’’ analysis were clearly not grouped together in
Structure (A4–A27–A30, Fig. 3a).

In plot B we could test for differentiation between neigh-

bouring mounds for 19 mounds. We found a cluster of seven
neighbouring mounds that were not significantly differenti-

ated from one another (B01, B02, B03, B05, B16, B18, B23;
Table 2) and two other mounds that were not differentiated

from one another (Table 2). The other nine mounds were

significantly differentiated from all their neighbours. The
analysis with Structure showed that in one case the two

mounds were indeed genetically identical but the mounds of

the cluster were clearly separated by Structure (Fig. 3b).

Temporal structure

Worker samples collected from the same mound in both

study seasons, October 2005 and June 2006 were available

for 42 mounds in plot A and 17 mounds in plot B. For two
mounds in plot A in which quadrants were differentiated, we

tested the samples from 2006 against both groups from 2005.

Therefore we did 44 tests in total for plot A. In six tests we
found significant differentiation (Table 3). In one case, the

sample from 2006 differed from one group in 2005, but not

from the other in a mound in which we had found differen-
tiation between quadrants before. In a second case, the

sample from 2006 differed from both groups in 2005.

Therefore, we found four samples from 2006 that did not
match any of the samples from the same mound in 2005. In

these cases, we tested whether we find evidence that the

mounds were taken over by neighbouring colonies and found
this to be probable for one mound (Fig. 2; Table 3). For this

one mound (A11) the sample from 2006 was not signifi-

cantly differentiated from two neighbouring mounds (A4 and
A30).

In plot B we found genetic differentiation between

samples from 2006 and 2005 for two mounds (B17 and B22,
Table 3). In one case we found that the sample from 2006

Table 1 Number of alleles, size range, observed (HObs) and expected
(HExp) heterozygosity and results of Hardy–Weinberg probability tests
for the five microsatellite markers used in this study (N = 77 indi-
viduals)

Locus No. of
alleles

Size
range
(bp)

Allele frequency HObs/
HExp

v2 P

Rarest Most
common

P22 5 140–148 0.04 0.45 0.78/0.69 1.9 0.2

Fe17 8 114–161 \0.01 0.36 0.78/0.78 0.04 0.8

Ln10–174 9 188–212 \0.01 0.60 0.62/0.61 0.04 0.8

Ln10–282 12 238–272 \0.01 0.41 0.70/0.71 5.8 0.1

Ln1–5 30 290–355 \0.01 0.12 0.90/0.95 0.4 0.5

Table 2 Results from pairwise differentiation tests with P values
[0.05 between neighbouring mounds with ‘‘hierfstat’’

Mound1 Mound2 N (Mound1) N (Mound2) P

A9 A56 3 4 0.45

A14 A20 4 8 0.13

A18 A25 8 8 0.99

A27 A30 4 4 0.07

A30 A4 4 3 0.06

A35 A37 8 7 0.56

A35 A49 8 8 0.95

A37 A49 7 8 0.34

B1 B5 4 4 0.12

B1 B23 4 3 0.05

B2 B18 4 6 0.21

B2 B23 4 3 0.11

B2 B16 4 4 0.15

B3 B1 4 4 0.13

B3 B5 4 4 0.58

B3 B23 4 3 0.11

B5 B23 4 3 0.12

B10 B12 6 4 0.26

In plot A three colonies comprised two mounds (A9–A56, A14–A20,
A18–A25) and two colonies three mounds (A4–A27–A30, A35–A37–
A49). In plot B we found a cluster of seven mounds (B1–B2–B3–B5–
B16–B18–B23) and another polydomous colony (B10–B12), which is
probably caused by the small sample sizes

N number of workers included in the analyses

Fig. 3 Results from Structure analysis for undifferentiated mounds in
plot A (a) and in plot B (b). In plot A two mounds are grouped together
in three cases (A9–56, A14–20 and A18–25) and three mounds

(A35–37–49) in one case, indicating polydomous colonies. In plot B
two mounds are grouped together in one case (B10–12). Numbers
underneath the bars indicate mound number and year of sampling
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was not differentiated from 2005 samples of two neigh-

bouring mounds (Table 3), but one P value was just above
significance level. We concluded that B22 was probably

taken over by B11. In the other case, none of the neigh-

bouring mounds is a likely candidate to have taken over the
mound.

Sampling sites outside of mounds

In April 2006 we sampled sites in-between mounds at depth
of 15 cm in the soil. We took samples between 21 pairs of

mounds, close to each of the mounds and between the two

mounds. At 13 sampling sites we found L. flavus workers
outside of the mounds (Fig. 2). The ants were located
directly at the edge of mounds, but never in-between

mounds. Differentiation analyses in ‘‘hierfstat’’ showed that

workers originated from the closest mound to the sample
site, with a single exception, in which genotypes matched

those of individuals in the neighbouring mound.

Colony structure

The mean worker relatedness within colonies of plot A and B

was r = 0.63 (SE = 0.02, N = 71) which deviates signifi-

cantly from the expected value of 0.75 (t = -5.52, df = 70,
P\0.0001). The average worker relatedness within poly-

domous colonies was r = 0.55 (SE = 0.12, N = 5) and of all

monodomous colonies r = 0.64 (SE = 0.02, N = 66).
MateSoft analyses with genotypes of all available

workers (3–12) of each colony revealed six polygynous

colonies (all from plot A, Table 4). From the remaining
colonies, 34 (24 from plot A and 10 from plot B) appeared to

be monogynous and monandrous (Table 4). The average

relatedness within these colonies was r = 0.73 which did
not differ from r = 0.75 (t = -1.19, df = 33, P = 0.24).

We found 14 (8 from plot A and 6 from plot B) colonies of

which worker genotypes could be explained with a single
queen and two patrilines. The remaining 17 colonies (13

from plot A and 4 from plot B) were consistent with mul-

tiple (minimum 3–9) patrilines under the assumption of
monogyny (Table 4). However, as we did not collect and

genotype queens, we could not distinguish between poly-

gynous colonies (with queens sharing some alleles) and
polyandrous/monogynous colonies. The calculated number

of patrilines therefore overestimates mating frequency as

some of the genetic diversity within nests is likely to be due
to polygyny.

Nestmate recognition

Aggressive behaviour, i.e. biting was very rare in all trials

and fights were of short duration. We therefore analysed
aggression as the total number of bites (including those in-

between scans). Ants were hardly ever aggressive against

nestmates (mean 1.4 ± 1.79 SD per trial), but they reacted
with more aggression towards workers from other colonies

(mean 9.7 ± 10.8 SD; Friedman ANOVA: N = 20, df = 2,

v2 = 11.14, P\ 0.004). There was no difference in aggres-
sion level towards foreigners from nests in plot A and plot B

(Wilcoxon matched pairs, t = 97, Z = 0.3, N = 20,

P = 0.77). Since nests from plot B were used repeatedly to
take out workers the results from these behavioural tests are

not entirely independent. A similar pattern was found when

comparing the frequency of antennation of the introduced

Table 3 Results from differentiation tests between samples collected
in 2006 and in the same mound in 2005 or in the five nearest neigh-
bouring mounds in 2005 respectively

Sample 2006 Sample 2005 P Nearest
neighbours
2005

P

A11 A11 0.02 A1 0.004

A4 0.09

A6 0.03

A29 0.01

A30 0.06

A26 A26 0.004 A21 0.004

A27 0.03

A28 0.01

A32 0.01

A38 0.02

A44 A44quadrant1 0.01 A28 0.003

A44quadrant2 0.03 A38 0.01

A39 0.02

A41 0.01

A63 0.03

A8 A8quadrant1 0.37

A8quadrant2 0.05

A63 A63 0.05 A38 0.01

A39 0.02

A41 0.002

A44quadrant1 0.04

A44quadrant2 0.03

B17 B17 0.03 B11 0.03

B12 0.05

B13 0.04

B16 0.06

B18 0.02

B22 B22 0.03 B11 0.39

B12 0.07

B13 0.04

B16 0.05

B18 0.04

Significant P values are shown in bold
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ant by workers from the test nest. Nestmates were inspected

by antennation on average 17 ± 8.4 SD times, introduced
workers from a foreign nest 23.3 ± 9.6 SD times, but the

difference between nestmates and non-nestmates was not

significant (Friedman ANOVA: N = 20, df = 2, v2 = 5.09,
P = 0.079). Behavioural tests never included pairs of nests

belonging to the same polydomous colony.

Aggression, i.e. the frequency of biting did not signifi-
cantly correlate with relatedness between test nests and the

original nest of the introduced worker (Spearman rank
correlation, rS = -0.27, N = 40, P = 0.09). Neither could

we find an effect of the spatial distance between nests and

behaviour in nestmate recognition tests (Spearman rank
correlations, all P[ 0.10).

One day after introduction, we found 12 control workers

still alive (60 %), four were dead (20 %) and four were not
detectable (20 %), presumably due to the removal of colour

Table 4 Results from MateSoft analysis for plot A and B showing
polygynous (p) and monogynous (m) colonies with different numbers
of patrilines and relatedness (r) values

Colony Matrilines #Possible
queens

#Mates r N

A1 m 4 1 0.90 12

A2 m 8 9–13 0.45 15

A3 p 0.52 5

A4 m 2 2 0.57 6

A6 m 2 1 0.63 7

A7 m 2 1 0.85 7

A8_A m 8 5 0.59 7

A8_B m 4 1 0.86 4

A9–56 m 2 1–2 0.60 14

A10 m 32 3–5 0.29 7

A11_05 m 4 2 0.78 11

A11_06 m 8 2 0.79 3

A12 p 0.48 11

A14–20 m 4 5 0.75 15

A16 m 8 1 0.87 7

A17 m 1 1 0.77 11

A18–25 p 0.24 22

A21 m 2 2 0.54 15

A22 m 1 1 0.72 11

A24 m 1 1 0.66 7

A26_05 m 2 3–5 0.74 12

A26_06 m 4 1 0.84 3

A27 m 4 1 0.80 7

A28 m 8 8–13 0.41 15

A29 m 2 1 0.63 12

A30 m 1 1 0.65 7

A31 m 2 2 0.59 11

A32 m 2 4 0.67 11

A34 m 1 1 0.76 11

A35–37–49 p 0.30 29

A38 m 2 1 0.84 5

A39 m 2 1 0.64 5

A40 m 1 3 0.73 15

A41 m 4 2 0.77 11

A42 m 4 3 0.73 15

A43 m 2 2 0.57 7

A44_A m 1 1 0.73 8

A44_B m 4 1 0.83 4

A44_06 m 4 1 0.88 3

A45 m 1 1 0.71 11

A46 m 2 1 0.83 11

A48 m 32 2–7 0.52 7

A52 m 1 1 0.75 11

A53 p 0.72 11

A54 p 0.36 15

A55 m 4 6–7 0.43 11

Table 4 continued

Colony Matrilines #Possible
queens

#Mates r N

A58 m 1 1 0.49 8

A60 m 24 3–11 0.32 15

A63_05 m 8 3 0.47 5

A63_06 m 2 1 0.64 3

A65 m 8 3–4 0.38 5

B1 m 2 1 0.75 7

B2 m 2 2 0.49 7

B3 m 2 4 0.33 7

B5 m 4 2 0.67 7

B7 m 16 4–5 0.76 7

B8 m 2 1 0.64 6

B10–12 m 8 2 0.83 9

B11 m 1 1 0.47 7

B13 m 1 1 0.65 7

B16 m 8 5 0.16 6

B17_05 m 2 1 0.59 4

B17_06 m 3 2 0.50 3

B18 m 4 4 0.36 6

B21 m 2 2 0.66 7

B22_05 m 4 1 0.85 4

B22_06 m 2 1 0.49 3

B23 m 4 1 0.72 3

B25 m 4 2 0.69 7

B28 m 2 1 0.81 7

B32 m 2 1 0.89 7

In most colonies there are several options for the queen genotypes
(2–32) with different probabilities based on the allele frequencies. The
minimum numbers of patrilines that are necessary to explain the
observed worker genotypes under the assumption of monogyny are
also given
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marks. Of the introduced workers from another nest 19

(47.5 %) were found alive, 13 (32.5 %) were dead and eight
(20 %) were not detectable on the day after the trial. There

was no significant difference in survival probability to the

following day between nestmates and non-nestmates (Fish-
er’s exact test: odd ratio = 2.02, CI 95 % = 0.47–10.56,

P = 0.35).

Discussion

This sociogenetic and behavioural analysis of a very dense

population of Lasius flavus revealed a multi-colonial colony
structure with high relatedness among nestmates, the ability

to reliably recognise nestmates, but also low aggression

between workers from different nests. In addition, our study
population showed polydomy, an unusual feature for L.
flavus, which could be a consequence of high density and

habitat saturation. We also found genetic changes in mound
occupation over time. Ant mounds are long-lasting physical

features, which can be occupied by different owners over

their life time. The dense accumulation of ant mounds in
Dellenhäule ‘‘Ameisenstadt’’ has been known for over

100 years by locals, so that probably several generations of

ant colonies occupied these mounds over years with one
queen taking over from another (King, 1981). Vegetation

covers the mounds and prevents the soil from being eroded

so that even empty mounds persist for long periods (King,
1981).

In the study population, we found 67 ant mounds in Plot

A within an area of 100 m2 which is higher than densities
reported elsewhere. About 300 ant hills within 600 m2 were

found in the Czech Republic, 52 mounds per 100 m2 in

mountain grassland in Slovakia and about 26 mounds per
100 m2 were found during different years in a population of

L. flavus in England (Dostal, 2007; Dostal et al., 2005;

Waloff and Blackith, 1962). Our study shows that the
number of mounds does not reflect colony density. For

example, we could not detect L. flavus ants in 28 % of

the studied mounds because either the ants were deeply
burrowed in preparation for winter in October and we

underestimated nest density or these mounds were indeed

unoccupied. They could thus provide empty nest sites for
expanding colonies or founding queens. Still, the high

density of occupied mounds points to a high productivity to

this temperate grassland habitat.
In contrast to invasive ants, that form similar dense, but

unicolonial populations (Giraud et al., 2002; Tsutsui et al.,

2000), mounds in our study population were generally
inhabited by genetically distinct colonies. We sampled 2–3

different sides of a set of mounds, but detected differenti-

ation between quadrants of the mound only in two cases.
Although we sampled not more than four individuals per

side of a mound, we could show that the power of the tests to

detect differentiation between quadrants found in the pop-
ulation was high (84–87 %). Our analyses revealed that in

both cases in which two colonies inhabited a single mound,

all neighbouring colonies were genetically dissimilar indi-
cating that a mound was not invaded by a neighbour, but that

a founding queen started a new nest in an unoccupied part of

the ant mound. It might be possible that after some time
when both colonies continue to grow they start to fight or

mix. We found that in general L. flavus colonies defend an
entire mound as their territory, for example to have access to

root aphids, whose honeydew is their main food source

(Pontin, 1978) and to take advantage of the climatic optimal
areas of a mound. Therefore, it is quite astonishing that

colonies can exist in such close proximity. Possibly the

productivity within the area of a mound is high enough to
feed a colony consisting of up to 10,000 workers (Odum and

Pontin, 1961). Digging between mounds in our study area

showed that colonies spread to the rim of a mound at the
most but did not occupy the area in-between the two

mounds. Therefore, neighbouring colonies will rarely get

into direct contact.
As a second exception to the general ‘‘one-mound one-

colony’’ situation, we found five polydomous colonies,

occupying two or three neighbouring mounds which is
uncommon for other populations of L. flavus. It has been

suggested that polydomy can be advantageous to reduce the

costs of foraging by redistributing workers among nests in
response to spatiotemporal heterogeneity of food resources

(Buczkowski and Bennett, 2006; Holway and Case, 2000).

In the case of L. flavus colonies, this probably does not
explain the occurrence of polydomy, since root aphids are

distributed rather homogenously below the turf. However,

since the number of root aphids increases with the subter-
ranean area of roots it might be advantageous for a growing

colony to expand into a neighbouring mound if this is not

inhabited by another colony and thereby enlarge its terri-
tory. Following the definition, polydomy requires nests to be

socially connected, i.e. individuals are interchanged among

nests (Pedersen and Boomsma, 1999b). As soon as this
connection between nests breaks off, new separated colonies

can arise, if both nests contain a queen. Our sociogenetic

analyses indicated that two of the five polydomous colonies
were also polygynous and exhibited lower worker related-

ness than monodomous colonies. Therefore, it might be

possible that these polydomous colonies eventually split and
become two separated colonies, inhabiting one mound each.

An alternative scenario explaining the occurrence of poly-

gynous and polydomous colonies, is that colonies of two
different mounds merge and workers produced by various

queens mixed within nests. This would be an unusual fea-

ture for ants, which however has been reported for other
dense populations (Foitzik and Heinze, 1998; Pedersen and
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Boomsma, 1999a). In most ant species, nestmate recognition

prevents colonies frommixing and leads to the cohesiveness
of a colony and adherence of colony boundaries. In the

Dellenhäule population of L. flavus the proximity of mounds

might lead to polydomy and colony mixing.
The behavioural experiments revealed that aggression

against alien workers was low in this dense population of L.
flavus compared to other ant species. We never observed an
escalation of fights with prolonged aggression and mandibles

getting locked onto each other’s body parts, leading to the
immediate death of the fighting ants as it is commonly

observed inother specieswhenworkers are introduced to alien

nests (Martin et al., 2012). Indeed, only 20 % of the intro-
duced non-nestmate conspecifics died within 24 h in the alien

colony and nestmates did not survive more often than non-

nestmates. Pontin (1961) also did not find evidence for
fighting between free-living L. flavus colonies. This stands in
great contrast to unicolonial invasive ants, in which super-

colonies behave extremely aggressive towards each other,
leading to worker death in 98 % (Giraud et al., 2002; Jaquiery

et al., 2005) and also L. niger workers of neighbouring colo-
nies were observed to fight severely against each other
(Pontin, 1961). Only nests within a supercolony are not

aggressive towards each other but simply because they cannot

differentiate nestmates from supercolony members of a dif-
ferent nestsite. In contrast, in our multicolonial, but dense L.
flavus population colonies clearly showed nestmate recogni-

tion with higher aggression towards non-nestmates. In
addition, nestmates were inspected less often by antennation

than alien workers in our trials. Similarly, antennation bouts

were significantly longer towards non-nestmates than towards
nestmates in Formica paralugubris and in L. austiacus
(Holzer et al., 2006; Steiner et al., 2007). By contrast, in L.
austriacus intraspecific aggression was completely absent,
although workers were able to discriminate between self and

non-self and colony structure with a high proportion of

monogyny was maintained.
Comparison of genotypes between the study years 2005

and 2006 revealed that in general mounds seemed to be

occupied by the same colony over the course of 8 months.
Two of the six mounds, in which we found a different

colony in the 2nd year, were possibly taken over by another

colony from a neighbouring mound. Colony takeover in the
field as a consequence of nest site limitation has already

been reported for other ants as well (Foitzik and Heinze,

1998). Possibly the worker lineages detected in the second
year might have been present already in the first year, but we

did not detect them due to our low sample sizes (3–12

workers). Even fewer workers (3 individuals) were analysed
from our 2006 samples, so that we might have missed some

take-over events.

Our sociogenetic analysis revealed that only about half of
the colonies were clearly monogynous with a singly-mated

queen, although L. flavus is considered to be a monogynous

species (Seifert, 1996). However, already Boomsma and
Ratnieks (1996) described L. flavus as being moderately

polygynous. The other half of the colonies contained either

multiple matri- or patrilines (polygynous and/or polyan-
drous). This was also reflected in the average intra-colony

relatedness of 0.63, which is below the expected value of

0.75 for full sisters in Hymenoptera. Since we did not collect
and genotype queens, we cannot distinguish between colo-

nies with multiple mated queens and colonies with several
queens that share common alleles. Under the assumption of

monogyny, worker genotypes of about 44 % of the studied

colonies could theoretically be explained by multiple mat-
ings. However, in some cases, we would have to assume up

to 13 mating partners of the queen and such a high mating

frequency is unlikely. Polyandry occurs in several ant
genera, but more than four matings per queen are rare in the

genus Lasius (Boomsma et al., 2009). Instead, we can

conclude that at minimum 8.5 % (6 of 71), but more likely
24 % (17 of 71) of the genetically diverse colonies actually

contained more than a single reproducing queen.

The occurrence of polygyny might also be a consequence
of the high density in this population. Typically, new L.
flavus colonies are founded pleometrotically by several

(unrelated) queens, but generally only one of them survives
or they separate into different monogynous nests later as the

queens do not tolerate each other after the emergence of

workers (Hölldobler and Wilson, 1977; Seifert, 1996). In
the Dellenhäule population, queens may stay within the

founding nest, when all surrounding nest sites are occupied.

New reproductive individuals may also be recruited from
within the nest, as observed in Formica paralugubris
(Chapuisat et al., 1997). Few other studies also reported

multiply-queen L. flavus nests (Boomsma et al., 1993;
Waloff, 1957), but in some populations, these polygynous

nests were interpreted as dense aggregations of monogy-

nous societies instead of truly polygynous colonies. It would
be interesting to find out if individual colonies share one

mound, and workers accept each other and mix during

foraging activity due to their low aggression level, but only
raise offspring of their own mother.

Our study shows that ant populations can reach extre-

mely high population densities and maintain distinct genetic
colony structure and low levels of aggression between nests.

The relatively friendly interactions between non-nestmates

might be due to few intercolonial contacts caused by the
spatial separation of colonies and a stable resource basis of

root aphids, as has also been suggested for the related ant L.
austriacus (Steiner et al., 2007). In addition, the detection of
polydomous colonies showed that albeit mounds are the

most prominent features of ant occupation in this area, they

do not entirely correspond to the underlying structure of this
ant population.
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