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MICROSATELLITES REVEAL HIGH POPULATION VISCOSITY AND LIMITED
DISPERSAL IN THE ANT FORMICA PARALUGUBRIS
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Abstract.—We used microsatellites to study the fine-scale genetic structure of a highly polygynous and largely uni-
colonial population of the ant Formica paralugubris. Genetic data indicate that long-distance gene flow between
established nests is limited and new queens are primarily recruited from within their natal nest. Most matings occur
between nestmates and are random at this level. In the center of the study area, budding and permanent connections
between nests result in strong population viscosity, with close nests being more similar genetically than distant nests.
In contrast, nests located outside of this supercolony show no isolation by distance, suggesting that they have been
initiated by queens that participated in mating flights rather than by budding from nearby nests in our sample population.
Recruitment of nestmates as new reproductive individuals and population viscosity in the supercolony increase genetic
differentiation between nests. This in turn inflates relatedness estimates among worker nestmates (r = 0.17) above
what is due to close pedigree links. Local spatial genetic differentiation may favor the maintenance of altruism when
workers raise queens that will disperse on foot and compete with less related queens from neighboring nests or disperse
on the wing and compete with unrelated queens.

Key words.—Ants, dispersal, Formica, genetic differentiation, microsatellite, population viscosity, queen number,
relatedness, social evolution, social insects.
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The existence of sterile individuals in social insect colonies
poses an evolutionary paradox, namely the difficulty of per-
petuating sterility by natural selection when bearers of this
trait leave no offspring. An important contribution to the
resolution of this puzzle has been provided by Hamilton
(1963, 1964a,b), who showed that individuals can pass on
copies of their genes to the next generation not only by pro-
ducing offspring, but also by helping nondescendent kin, such
as siblings.

Colonies of social insects typically consist of related in-
dividuals, a necessary condition for kin selection to operate.
However, nests of some ant and wasp species contain a high
number of queens, which has the effect that nestmates are
only distantly related (e.g., Sturtevant 1938; Queller et al.
1988; Holldobler and Wilson 1990, pp. 186—188; Rosengren
etal. 1993; Ross 1993; Keller 1995; Crozier and Pamilo 1996,
pp. 108-135). Moreover, some polygynous ant species form
unicolonial populations in which individuals move freely be-
tween nests. This absence of distinct colony boundaries may
result in levels of genetic relatedness close to or indistin-
guishable from zero (Ho6lldobler and Wilson 1990, p. 187,
Bourke and Franks 1995, pp. 282-285). Maintenance of re-
productive altruism in colonies with very low relatedness
provides a special difficulty for the theory of kin selection
(Hamilton 1964b, 1972; Nonacs 1988; Keller 1995). There-
fore, persistence and ecological success of unicolonial spe-
cies constitute an important evolutionary problem (Holldob-
ler and Wilson 1977; Crozier 1979; Bourke and Franks 1995,
p. 283; Crozier and Pamilo 1996, p. 143).

Hamilton (1964b) pointed out that limited dispersal of in-
dividuals from their birth place results in population genetic
“viscosity.”” This induces genetic differentiation between
geographically distant groups and consequently increases re-
latedness among neighbors. Therefore, Hamilton proposed
that population viscosity may favor the evolution of altruism.

Since species with many queens per nest frequently produce
new nests through colony budding (Keller 1991), this may
lead to population viscosity and possibly maintain reproduc-
tive altruism if subsequent gene flow between nests is re-
stricted. Population viscosity has indeed been reported in a
number of polygynous social insects species, including wood
ants (Pamilo 1983; Pamilo and Rosengren 1984).

The idea that population viscosity promotes reproductive
altruism, however, has been challenged by theoretical studies
that show that the outcome depends critically on population
density regulation and dispersal processes. If density regu-
lation and dispersal operate with similar intensities, and over
the same geographical scale, the effect of increased relat-
edness between neighbors due to viscosity is exactly can-
celled out by the effect of increased competition between
neighboring kin (Pollock 1983; Queller 1992, 1994; Taylor
1992a,b; Wilson et al. 1992). However, if dispersal and den-
sity regulation operate over different spatial scales (Kelly
1992, 1994), if there is stochastic variation in the genetic
composition of groups formed by budding (Goodnight 1992),
or if altruism occurs among offspring before the dispersal
stage (Taylor 1992a), then genetic variation among groups
resulting from population viscosity may still promote the
evolution of altruism. Overall, these theoretical studies con-
cur that the effect of population viscosity on the evolution
and maintenance of altruism depends on the precise rela-
tionship between density regulation and dispersal pattern.

A better understanding of the evolution and maintenance
of insect colonies with high queen number requires data on
dispersal, population regulation, and genetic structure at both
nest and population levels. The aim of the present study was
to provide detailed information on the genetic structure of a
highly polygynous (many queens per nest) and polydomous
(many interconnected nests per colony) population of the
wood ant Formica paralugubris. This taxon has been recently
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Fic. 1. Map of the study area at the ““Chalet a Roch” in the Jura
Mountains, Switzerland. The supercolony is indicated by the shaded
area. Filled circles: sampled nests belonging to the supercolony (n
= 20). Empty circles: sampled nests out of the supercolony (n =
10).

described as a new species (Seifert 1996). It was previously
referred to as Formica lugubris (e.g., Cherix 1980) or F.
lugubris type B (Pamilo et al. 1992; Chapuisat 1996).

In the study population, direct observations revealed that
nests contain about 1000 queens (Cherix 1980, 1983; Chap-
uisat, pers. obs.) and a study using allozyme electrophoresis
showed that many queens actually reproduce (Pamilo et al.
1992). In the center of the study area, nest density is very
high and there is no physical barrier between nests. About
1200 nests are connected by trails to form a supercolony that
extends over 0.7 km?2. The limits of the supercolony had been
determined previously, using trails connecting nests and ag-
gression tests (Gris and Cherix 1977; Cherix 1980; Fig. 1).
Very high queen number and intermixing of individuals be-
tween nests will tend to decrease genetic relatedness among
nestmates.

Young males and females exhibit two alternative dispersal
strategies in F. paralugubris (Cherix et al. 1991). On the one
hand they mate in their natal nest and females either remain
there or disperse on foot to neighboring nests. Such a mating
system tends to restrict gene flow between distant nests and
increase population viscosity. On the other hand, males and
females depart on mating flights and congregate on open
meadows where they mate (Cherix et al. 1993). After mating,
young queens may either parasitize the nest of another ant
species (Kutter 1977, p. 272; Keller and Passera 1989) or
seek adoption in an established conspecific colony (Fortelius
et al. 1993). Successful infiltration of queens into foreign
nests tends to homogenize allele frequencies in the population
and reduce population viscosity.

We used microsatellite polymorphism to assess population
viscosity, dispersal processes, and genetic relatedness among
nestmates. We also tested whether nests within and outside
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of the supercolony differed in their social organization and
genetic structure.

MATERIALS AND METHODS
Sampling

Workers were collected from 30 nests located within and
outside of the supercolony, along two transects of 1.2 and
1.9 km (Fig. 1). This population is located near the Chalet
a Roch in the Swiss Jura Mountains (Cherix 1980). All the
nests included in the present study belong to F. paralugubris
(Seifert 1996) and not to the sympatric sibling species F.
lugubris, which has been occasionally found in the area sur-
rounding the supercolony. The species was unambiguously
identified by the study of morphological characters of work-
ers (B. Seifert, pers. comm., 1995) and by aggression tests
between workers from each sampled nest and workers from
other nests of both species (Le Moli and Mori 1986; Chap-
uisat unpubl. data). Voucher specimens have been deposited
in the Museum of Zoology, Lausanne, Switzerland.

Microsatellite Typing

Workers were stored in absolute ethanol until DNA ex-
traction by proteinase K/SDS digestion and phenol-chloro-
form purification (Sambrook et al. 1989). Four microsatellites
loci were analyzed using primers and methods described in
Chapuisat (1996). Each locus had between four and 12 alleles
yielding an expected heterozygosity ranging between 0.21
and 0.85, under the assumption of Hardy-Weinberg propor-
tions (Chapuisat 1996). Progeny studies confirmed that the
four loci are unlinked and that alleles are inherited in a Men-
delian fashion (Chapuisat, unpubl.). In total, 264 individuals
were genotyped at loci FL12 and FL21 (eight to 10 workers
from each of the 30 nests) and 226 at loci FL20 and FL29
(six to 10 workers from each of the 30 nests). To check that
genotypes were assessed correctly, 50 individuals were an-
alyzed a second time with 0.02 pL of 33P-dATP per reaction
instead of 0.05 pL of 35S-dATP, because the use of 33P-dATP
results in stronger bands that are easier to score.

Statistical Methods

Genetic differentiation was quantified using Wright’s fix-
ation indices. These indices partition the reduction in het-
erozygosity of individuals relative to the total population
(Frp), within subpopulations (Fis), and between subpopula-
tions (Fst) (e.g., Hartl and Clark 1989, pp. 293-294). Nests
were treated as subpopulations, workers as individuals within
these subpopulations, and the whole sample of nests as the
total population. These hierarchical units of analysis are jus-
tified because many queens reproduce in each nest, and there-
fore nestmate workers constitute subpopulations rather than
simple families. The variance component method developed
by Cockerham (1969, 1973) and Weir and Cockerham (1984)
was used to obtain values of the three F-statistics. Calcula-
tions were carried out using the PC computer program FSTAT
vers. 1.2 (Goudet 1995).

Standard errors of F-statistics were obtained by jackknifing
over nests. Significant deviations from zero were assessed
using permutation tests (Excoffier et al. 1992; Goudet 1995).



TABLE 1.

F-statistics when
Deviation from zero: * P <

(permutation test).

nests are treated as subpopulations.
0.05, ** P < 0.01, *** P < 0.001

LIMITED DISPERSAL IN ANTS 477

Locus Fst = SE Fis = SE Fir = SE
FL12 0.07 £ 0.02***  —0.02 = 0.04 0.05 = 0.04*
FL20 0.08 £ 0.02*** 0.07 = 0.03* 0.14 = 0.03%**
FL21 0.09 = 0.02***  —0.03 = 0.07 0.06 = 0.06
FL29 0.13 £ 0.03***  —0.04 = 0.06 0.10 = 0.05**
All loci:  0.09 = 0.01*** 0.01 =£0.03 0.10 = 0.02%**

The distributions of the null hypotheses (Fyxy = 0) were
obtained from 5000 statistics estimated from permuted da-
tasets and tested against the alternative hypotheses (Fyy >
0). The appropriate permutation unit for Fig was alleles,
which were permuted among individuals within nests. For
Fgr, since alleles within individuals may not be independent,
the appropriate permutation unit was genotypes, which were
permuted among nests. For Fyt, alleles were permuted among
nests.

Population viscosity was investigated by plotting Fgt co-
efficients between pairs of nests against geographic distances
(Slatkin 1993). The significance of the Pearson correlation
coefficient between genetic differentiation and geographic
distance was assessed with Mantel tests when the matrix was
symmetrical (Mantel 1967; Manly 1985, pp. 176-192, 1991,
pp. 112-140). When an asymmetrical matrix precluded the
use of a Mantel test, the significance of the Pearson corre-
lation coefficient was tested with Bartlett chi-square statis-
tics, after checking that variables were normally distributed.

Relatedness (r) is an estimate of the probability of gene
sharing among nestmates beyond the baseline probability set
by the gene’s frequency in the population (e.g., Bourke and
Franks 1995, pp. 14-38; Crozier and Pamilo 1996, pp. 36—
39). Relatedness was assessed by the method of Queller and
Goodnight (1989), which is based on Grafen’s (1985) relat-
edness coefficient. Calculations were performed with the
computer program Relatedness 4.2b (Goodnight 1994),
weighting nests equally. Standard errors of relatedness es-
timates were obtained by jackknifing over nests. Significant
deviation from zero was tested with one-tailed #-tests with
degrees of freedom equal to the number of nests minus one.
Note that relatedness is associated with F-statistics by the
formula r = 2 Fgr/(1 + Fip) (Hamilton 1972; Queller and
Goodnight 1989).

Several studies have shown that estimates of genetic re-
latedness among nestmates are inflated by spatial genetic
differentiation and inbreeding (Pamilo 1984, 1985, 1989).
Therefore, we used Pamilo’s (1984, 1985) “‘imbreeding cor-

rection” to obtain an estimate of genetic relatedness (+*) that
is rid of this effect and reflects the number of reproducing
individuals present in the nest:

r'=1[r—=2Fq/(1 + Fr)l/[1 = 2 Fie/(1 + Frp)l. (D

REsULTS
Nests and Population Genetic Structure

Fgr estimated over all loci was significantly greater than
zero, indicating that nests are genetically differentiated in the
population we studied (30 nests along two transects of 1.2
and 1.9 km; Table 1, Fig. 1). Single-locus estimates of Fgt
were similar for the four loci, all being significantly greater
than zero (Table 1).

Fir was also significantly greater than zero when estimated
over all loci and for three of the individual loci, confirming
nonrandom mating at the population level (Table 1). The
estimate of Fip at locus FL21 was not significantly different
from zero, but the statistical power of this locus is low due
to its low level of genetic diversity (four alleles with one
allele at a frequency of 0.88, expected heterozygosity 0.21;
Chapuisat 1996).

Fis was not significantly different from zero when esti-
mated over all loci, and for three of the individual loci (Table
1). This result is consistent with limited dispersal and random
mating among sexuals within the nest. The Fig value was
positive and marginally significant for FL20, possibly due to
the difficulty in scoring some very long alleles at this locus.

Nests within and outside the supercolony do not differ
significantly in their genetic structure, as shown by F-statis-
tics with largely overlapping confidence intervals when nests
within and outside of the supercolony were considered sep-
arately and together (Table 2). In particular, Fgt was not
greater when calculated over all nests than over separate
groups of nests within or outside of the supercolony. This
indicates that there is no extra-genetic differentiation between
these two groups of nests.

The only detectable difference between nests within and
outside of the supercolony was the degree of isolation by
distance. Strong population viscosity was detected within the
supercolony. Genetic differentiation between pairs of nests
was significantly correlated with geographical distance (Fig.
2A, Mantel test: n = 20, matrices correlation = 0.50, P <
0.0002). Moreover, there was no discontinuity in the distri-
bution of paired Fgr against distance, indicating a continuous
process of isolation by distance (Slatkin 1993).

In sharp contrast, no correlation between genetic differ-
entiation and geographic distance was detected for pairs of

TABLE 2. F-statistics when nests within and outside of the supercolony are analyzed separately or together, treating nests as subpop-

ulations; 95% confidence intervals are given in parentheses.

Fgr + SE Fis * SE Fir = SE

Nests within the supercolony 0.09 = 0.02 0.00 £ 0.04 0.09 £ 0.03
(0.05 to 0.12) (—0.09 to 0.10) (0.03 to 0.15)

Nests outside of the supercolony 0.09 £ 0.02 0.01 = 0.05 0.09 = 0.03
(0.03 to 0.14) (—0.11 to 0.13) (0.02 to 0.17)

All nests 0.09 = 0.01 0.01 = 0.03 0.10 = 0.02

(0.07 to 0.11)

(—0.06 to 0.07)

(0.05 to 0.14)
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nests located out of the supercolony (Fig. 2B, Mantel test: n
= 10, matrices correlation = 0.02, P = 0.43). Moreover, no
viscosity was detected for pairs of nests when one nest was
outside of the supercolony and the other belonged to it (Fig.
2C, Bartlett chi-square: matrices correlation = 0.06, P =
0.41). These results suggest that nests surrounding the su-
percolony are not genetically more similar to close nests than
to distant nests in our sample population.

Dispersal

Gene flow among nests can be mediated by both queens
and males. Below, we consider in turn the two extreme cases
in which gene flow is mediated by either females or males
only.

MICHEL CHAPUISAT ET AL.

Assuming that migration occurs at random among all sam-
pled nests (island model), that nests are at migration/drift
equilibrium, and that migration rate is low, one can estimate
the number of migrants among polygynous nests from the
Fgr value. Wright (1943) showed that Fgp = 1/(4 Nym + 1),
where N, is the effective population size and m the migration
rate. Thus, the number of migrants between nests is equal to
N, m.

With the observed value of 0.09 for Fgp, Wright’s formula
yields an estimate of 2.5 migrants per generation. This value
should of course be considered with caution since it depends
on the above assumptions, which might not hold for all nests.
Especially, migration is certainly not occurring at random
among nests of the supercolony. However, the important point
is that effective gene flow between distant nests is very re-
stricted. For example, if gene flow is mediated through fe-
males only and if nests contain 1000 queens with a mean
longevity of two years (a value typical for queens of polyg-
ynous ant species; Keller and Passera 1990; Keller, unpubl.),
an estimate of 2.5 migrants per generation implies that about
99.5% of the queens are recruited from within the nest.

Pamilo (1985) proposed a method for estimating the pro-
portion of mating that occurs with nestmate versus alien
males when all queens are recruited from within the nest. If
one assumes that queens mate once, the rate of intranidal
mating (o) can be estimated from the relatedness among
workers (r), the inbreeding coefficient (F|t) and the effective
number of queens (n) by using the following equations of
Pamilo (1985):

_4nn2n+ a(n — 1] — a(n = D[4n — 2an + o(n — 1)]
2n2Bn+1) —a(n—1{6n2 — n — [n — a(n— D]}’
2)

where r; is given by:
ri = [0.75(1 = Fip)(1 + Fip)] + [2F/(1 + Fio)l. (3)

With an approximation of 1000 queens per nest and the
observed values of 0.17 for r and 0.10 for Fi, these equations
estimate that 99.5% of the queens mate with nestmate males.
This estimate is robust to variations in effective queen num-
ber. For instance, if one assumes that nests contain 500 or
100 reproductive queens, o decreases only to 99% and 95%,
respectively.

Genetic Relatedness among Nestmate Workers

Mean genetic relatedness among nestmate workers esti-
mated over all loci was 0.17 = 0.02, when measured with
respect to the whole population (Table 3, Fig. 1). Each of the
four microsatellite loci gave similar estimates, all of them
being significantly greater than zero (Table 3).

Due to population viscosity within the supercolony, relat-
edness and Fip values were highly dependent on the geo-
graphical size of the population of reference (Fig. 3). If only
a small population of reference with closely located nests
within the supercolony was considered, r and Fp were both
very close to zero. When the population of reference was
larger and included nests that were more distantly located,
both r and Fit increased. Interestingly, the estimate of re-
latedness ‘‘corrected for inbreeding” r* remained constant
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TABLE 3. Genetic relatedness among nestmate workers (r) and
“inbreeding corrected”’ relatedness (r*). Deviation from zero: * P
< 0.05, ** P < 0.01, *** P < 0.001 (one-tailed r-test); 95% con-
fidence intervals are given in parentheses.

r* SE r* + SE
All nests:
FL12 0.13 + 0.04*** 0.03 £ 0.08
FL20 0.15 = 0.03*%** —-0.13 £ 0.08
FL21 0.16 £ 0.04*** 0.06 £ 0.14
FL29 0.24 * 0.04*** 0.07 £ 0.11
All loci: 0.17 £ 0.02%** —-0.01 £0.03

(0.12 to 0.21)

Nests within the supercolony:

All loci: 0.16 = 0.03***
(0.09 to 0.23)

Nests outside of the supercolony:

All loci: 0.17 = 0.04**
(0.07 to 0.26)

(—0.08 to 0.06)

—0.01 = 0.05
(—0.11 to 0.09)

—0.01 = 0.07
(—0.17 to 0.16)

and close to zero, whatever the population of reference (Fig.
3, Table 3). When measured for all nests and over all loci,
r* was significantly smaller than r, as shown by nonoverlap-
ping confidence intervals (Table 3; Weir 1996, p. 164).
When considered separately, nests located within and out-
side of the supercolony had very similar relatedness estimates
with largely overlapping confidence intervals (Table 3).

DISCUSSION

Experimental studies have shown that in the highly po-
lygynous ant F. paralugubris new queens can mate and stay
in their natal nest or seek adoption in a foreign nest after a
mating flight (Cherix et al. 1991). If queens were frequently
successful in entering foreign nests after the mating flight,
this would induce a rapid genetic homogenization of the pop-
ulation (Slatkin 1987). This is not the case in our study pop-
ulation, as indicated by the significant genetic differentiation
among nests. Wright’s island model suggests that there are
relatively few migrants among nests compared to the large
number of queens that are replaced yearly. Thus, most new
reproductive individuals are recruited from within the nest.
Accordingly, Pamilo’s (1985) formulae estimate that about
99.5% of the queens mate with nestmate males. Lack of het-
erozygous deficit within nests suggests that nestmates mate
together at random.

Two mechanisms might restrain successful infiltration of
queens into foreign nests. First, workers may recognize for-
eign queens and selectively exclude them. Experimental in-
troduction of young queens into nests does not support this
hypothesis. Fortelius et al. (1993) found no significant dif-
ference in the acceptance rate of alien versus native queens
that were introduced into nests in our study population. How-
ever, it should be noted that the survival rate of queens was
determined two hours after introduction, and, therefore, ex-
ecutions of alien queens that may have occurred later (e.g.,
at the onset of oogenesis; Keller and Ross 1993) would not
be detected. Second, mortality of queens attempting to join
foreign nests may occur before they have a chance to enter
the nest. Hence, high mortality of dispersing queens together
with elevated number of queens that mate and stay in the
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mate workers, r, fixation index, Fip, and “‘inbreeding corrected”
relatedness, r*, when measured with respect to a population of ref-
erence of variable size. The smallest population of reference in-
cludes five nests at the intersection of the transects. It is progres-
sively enlarged until it covers the total studied area (see Fig. 1).

nest are probably the main factors responsible for the re-
stricted gene flow between nests.

Pronounced population viscosity was detected within the
supercolony. The continuous isolation by distance in the su-
percolony may be due to nest budding, dispersal of sexual
individuals to closely located nests, or permanent connections
between neighboring nests with ongoing exchange of work-
ers. Due to the high nest density and intense competition with
established nests, reproduction by budding is likely to be the
main or even sole mode of formation of new nests in the
supercolony. Newly founded nests will therefore tend to be
genetically similar to the nest from which they originate.
Workers of the study population have sometimes been ob-
served transporting queens between neighboring nests, sug-
gesting that gene flow between close nests might also be
mediated by this means.

Significant microgeographic genetic differentiation has
been reported in at least 11 other ant species (Halliday 1983;
Pamilo 1983; Crozier et al. 1984; Pamilo and Rosengren
1984; Boomsma et al. 1990; Stille and Stille 1993; Herbers
and Grieco 1994; Seppéd and Pamilo 1995; Banschbach and
Herbers 1996; Ross et al., unpubl. data cited in Ross and
Keller 1995). Interestingly, all these species form polygynous
colonies and most probably reproduce at least occasionally
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by nest budding. Among polygynous species in which mi-
crogeographic genetic differentiation was specifically inves-
tigated, it was not detected in only three of 14 species (Pamilo
1982, 1983). Two of these are weakly polygynous and prob-
ably monodomous (without connections between nests), and
the third is highly polygynous but was studied over a very
small area. By contrast, significant microstructuring seems
to be rare in monogynous ant species, where it has never
been reported. Significant microgeographic genetic structure
has been detected in several independent colony-founding
wasp or bee species that tend to be philopatric (Metcalf 1980;
Crozier et al. 1987; Ross and Matthews 1989; Davis et al.
1990; Blows and Schwarz 1991; Ross and Carpenter 1991;
Queller et al. 1992).

Lack of population viscosity for nests surrounding the su-
percolony indicates that budding and exchange of individuals
between nests is limited at the scale at which we sampled.
Such a genetic structure is consistent with the idea that nests
located outside of the supercolony originated from queens
parasitizing the nest of another Formica species after a mating
flight (Kutter 1977), rather than from buds of nearby nests
in our sample population.

Apart from the occurrence of population viscosity, no dif-
ference in genetic structure between nests within and outside
of the supercolony was detected. This suggests that the pro-
cess of queen recruitment is similar in these two types of
nests, with most new queens being recruited from within the
nest after having mated with nestmate males.

Across the study population, limited dispersal of individ-
uals increases genetic differentiation among nests. This in
turn tends to boost relatedness among nestmates above what
is due to close pedigree links. The relatedness among nest-
mate workers was 0.17 if all sampled nests were included in
the population of reference. In sharp contrast, the relatedness
between workers (") was close to zero when Pamilo’s cor-
rection for inbreeding was used, a value reflecting the high
number of queens coexisting in each nest. Interestingly, nests
within and outside of the supercolony had similarly low levels
of genetic relatedness, which indicates that both types of nests
contain many queens.

As a result of viscosity within the supercolony, estimated
relatedness among nestmate workers was strongly influenced
by the size of the population of reference. Relatedness among
workers decreased when smaller populations of reference
were used, leading to an estimate of relatedness not signif-
icantly different from zero when only closely located nests
within the supercolony were considered.

In a study of F. paralugubris that was conducted over a
much larger scale than ours, Pamilo et al. (1992) obtained a
relatively high relatedness estimate associated with a positive
fixation index. Consequently, the ““‘inbreeding corrected” re-
latedness was close to zero. These results are in close agree-
ment with ours. The present study shows that marked genetic
differentiation occurs at a much smaller geographic scale.

Together these results call for some caution when inter-
preting data on genetic relatedness in polygynous species.
When microgeographic genetic differentiation occurs, esti-
mates of relatedness are highly dependent on the scale of
sampling, and relatedness measured within a neighborhood
differs from that measured within the whole population (Cro-
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zier et al. 1984). For instance, values of inbreeding and re-
latedness will tend toward zero if the population of reference
is small and includes only neighbor nests that have been
formed by budding or are interconnected by gene flow. This
might be the reason why very low values of genetic relat-
edness have been reported in some polygynous populations
(Pamilo 1982; Pearson 1982, 1983; Kaufmann et al. 1992;
Pamilo et al. 1992; Pearson and Raybould 1993; Seppid and
Walin 1996).

Overall the dispersal strategies suggested by the present
study have important implications with regard to the role of
kin selection in highly polygynous insect societies. Taylor
(1992a) suggested that viscosity may promote kin selection
if altruism occurs among offspring before the dispersal stage.
This almost certainly is the case in our population. Viscosity
indicates that a fraction of queens successfully disperse to
neighboring nests. These queens will tend to compete with
less related individuals, thus providing kin-selected benefits
to workers that have raised these queens. Moreover, our data
also provide evidence of low frequency long-distance dis-
persal mediated by queens parasitizing the nest of other For-
mica species after a nuptial flight. Since these queens will
generally compete with unrelated individuals this, again, will
increase the inclusive fitness of workers that have contributed
to the production of these queens. Because the patterns of
dispersal and colony genetic structure that we report here are
probably typical of many other highly polygynous ant spe-
cies, our results suggest that kin selection may still be a
significant selective force promoting altruistic behavior in
highly polygynous insect societies.
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