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Summary. The genetic population structure and the so-
ciogenetic organization of the red wood ant Formica
truncorum were compared in two populations with
monogynous colonies and two populations with polygy-
nous colonies. The genetic population structure was
analysed by measuring allele frequency differences
among local subsets of the main study populations. The
analysis of sociogenetic organisation included estimates
of nestmate queen and nestmate worker relatedness, ef-
fective number of queens, effective number of matings per
queen, relatedness among male mates of nestmate queens
and relatedness between queens and their male mates.
The monogynous populations showed no differentiation
between subpopulations, whereas there were significant
allele frequency differences among the subpopulations in
the polygynous population. Workers, queens and males
showed the same genetical population structure. The re-
latedness among nestmate workers and among nestmate
queens was identical in the polygynous societies. In three
of the four populations there was a significant het-
erozygote excess among queens. The queens were related
to their male mates in the polygynous population
analysed, but not in the monogynous ones. The data sug-
gest limited dispersal and partial intranidal mating in the
populations with polygynous colonies and outbreeding
in the populations having monogynous colonies.
Polyandry was common in both population types; about
50% of the females had mated at least twice. The males
contributed unequally to the progeny, one male fathering
on average 75% of the offspring with double mating and
45-80% with three or more matings.
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Introduction

Hamilton’s (1964) principle of inclusive fitness is a central
concept in explanatory models of the evolution of euso-
ciality among insects. The model incorporates genetic re-
latedness as a key factor in the general cost-benefit for-
mula for helping behaviour and is based on the probabil-
ity that two individuals carry genes that originate from
the same ancestor. The principle has been used most ex-
tensively to understand the evolution of eusociality
among Hymenoptera and in developing theories about
social evolution within this group (Hamilton 1964; Triv-
ers and Hare 1976; Rosengren and Pamilo 1983; Nonacs
1988; Ratnieks 1988; Pamilo 1991b, c). Originally Hamil-
ton (1964) used the eusocial Hymenoptera as an example
of his theory because the haplodiploid sex determining
system of this group can cause higher relatedness be-
tween sisters than between sisters and brothers or mother
and offspring. Females may therefore maximise their in-
clusive fitness by raising female siblings instead of their
own offspring. This asymmetry in relatedness also causes
potential conflicts between workers and queens (Hamil-
ton 1964; Trivers and Hare 1976). This conflict has be-
come important for evaluating kin selection arguments
(Trivers and Hare 1976; Boomsma and Grafen 1990,
1991; Pamilo 1990a, 1991b, c). Genetic relatedness is
therefore a key parameter for understanding the conse-
quences of inclusive fitness for social evolution.

The arguments presented above often assume that so-
cial insect colonies have one singly mated queen. Howev-
er, the social structure and consequently the genetic rela-
tionships among colony members in social insect
colonies may vary both inter- and intraspecifically
(Holldobler and Wilson 1990, pp. 209-211). Ant colonies
may have several reproducing queens (polygyny), the
queens may mate several times (polyandry), the queens
may contribute unequally to the brood and the males
may contribute unequally to the brood produced by their
mates (Elmes 1980; Pamilo 1982a, 1993; Ross 1988; Stille
et al. 1991; Heinze et al. 1992). Changing the genetic rela-
tionships among workers within a colony may change
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the relatedness asymmetries within the colony and hence
the nature of conflict between workers and queens.
Therefore, the social organisation of colonies is a critical
factor when sex allocation under worker control is evalu-
ated (Trivers and Hare 1976; Boomsma and Grafen 1990,
1991; Pamilo 1990a, 1991b,c) and when analysing predic-
tions about the evolution of colony characteristics
(Pamilo 1991c).

Despite the disadvantages decreased nestmate relat-
edness causes to workers, both polygyny and polyandry
can be favoured by colony-level selection if genotypic
diversity enhances efficiency (Crozier and Consul 1976;
Moritz and Southwick 1987; Page et al. 1989). Polygyny
may also be favoured if dispersal risks are high (Pamilo
1991¢) or if queens are shortlived and brood development
takes a long time (Nonacs 1988; Seppa 1993; Rosengren
et al. 1993). Kin selection arguments have been shown to
support the evolution of polygyny both from the work-
ers’ and the queens’ point of view under specific condi-
tions (Pamilo 1991c). The relatedness among coexisting
queens reflects the way colonies become polygynous, by
recruiting daughters or by recruiting randomly from the
population. Holldobler and Wilson (1990, pp. 187-188)
cite only two relatedness records for coexisting queens
and Rosengren et al. (1993) cite eight. The studies avail-
able on nestmate queen relatedness have shown that co-
existing queens in moderately polygynous ants often are
related (Craig and Crozier 1979; Pamilo 1981, 1982b;
Pearson 1982; Pamilo and Rosengren 1984; Douwes et
al. 1987; Seppa 1993). In highly polygynous species, such
as Formica aquilonia and Solenopsis invicta (Pamilo
1982b; Rosengren et al. 1993; Ross 1993) queen related-
ness is close to zero.

Polyandry may be favourable for workers under a
number of conditions; increased genetic diversity may be
adaptive for colonies (Crozier and Page 1985; Hamilton
1987; Sherman et al. 1988) and it can be facilitated by the
sex allocation conflict (Starr 1984; Moritz 1985; but see
Woyciechowski and Lomnicki 1987; Ratnieks 1990). In
monogynous colonies polyandry may be either favoured
or selected against, depending on the colony life history
pattern and the net effect the production of diploid males
has on colony mortality (Page 1980; Crozier and Page
1985; Ratnieks 1990). The occurrence of diploid males
cause high mortality of monogynous colonies in Solenop-
sis invicta (Ross and Fletcher 1986). If a small proportion
of diploid males in the brood cause a high mortality risk
for a colony, polyandry should be selected against. How-
ever, if the queen-worker conflict is a major component
of selection, and the occurrence of diploid males is not,
then polyandry is expected to evolve in monogynous so-
cieties (Nonacs 1992). In contrast polyandry is not ex-
pected in polygynous societies unless it confers some se-
lective advantage for individual queens.

Estimates of genetic relatedness are also important
when testing kin-selection arguments for the evolution of
polygyny. The effective numbers of coexisting queens and
the effective numbers of matings derived from relatedness
estimates are, however, significantly affected by the ge-
netic relationships among queens, among the male mates
of queens and between a queen and her mate. The term

sociogenetic organization (Seppa 1993) includes the effects
of these factors and is here used to describe the genealog-
ical relationships among nestmates relative to the whole
breeding population.

The genetic structure within ant populations can be
divided into two parts, that due to subdivision of popula-
tions and that due to relatedness among individuals with-
in colonies. The population structure reflects patterns of
gene flow between subpopulations and can be measured
by allele frequency differences. The distribution of indi-
viduals within a subpopulation is reflected by the geno-
type distributions within groups in relation to that be-
tween groups. Population viscosity, as defined by the ten-
dency to reproduce in the natal patch, also affects the
relatedness estimates, increasing them in genetically sub-
divided populations. Genetic subdivision of populations
is often considered favorable for evolutionary change, be-
cause it facilitates genetic change (Wright 1931, 1940).
Social behaviour may thus be a result of selection in vis-
cous populations (Hamilton 1964; Wilson 1980; Good-
night 1992; Taylor 1992). Secondary polygyny, the coex-
istence of several reproductive queens, is frequently
linked to limited dispersal by sexuals and colony repro-
duction by budding (Cherix et al. 1991; Fortelius et al.
1993). Such limited dispersal is expected to be expressed
also in the genetic population structure.

Both the population structure and the mating pattern
among the individuals within that population can be de-
termined by allozyme analysis. In this paper I will focus
on the genetical population structure and its relation-
ships to the sociogenetic organisation of colonies by
comparing monogynous and polygynous societies of a
single species. I will present data on genealogical rela-
tionships among workers, males, queens and their mates,
including the degree of polyandry among queens and the
occurrence of unequal sperm contribution of the queen’s
mates. This procedure allows a comparison of the mating
structure in monogynous and polygynous societies,
hence producing information necessary to analyse factors
affecting the evolution of polyandry and to test the argu-
ments for kin selection in the evolution of polygyny.

Methods

Population and colony samples. Formica truncorum is generally con-
sidered as a species of Formica s.str., although it differs ecologically,
morphologically and genetically from the group of mound-building
red wood-ants of the F. rufa group (Yarrow 1955; Collingwood
1979; Pamilo et al. 1979). The colony structure is very flexible,
ranging from clearly monodomous to highly polydomous (Rosen-
gren et al. 1985, 1986). Moreover, the monodomous colonies are
generally monogynous, whereas the polydomous ones tend to be
polygynous (Sundstrém 1989). The two different colony types are
polymorphic at the same loci and show no systematic allele frequen-
cy differences between major populations.

Ants were collected from four different locations in south-west
Finland and east Jutland (Mols), Denmark (Fig. 1). All of these
main populations except Espoo consisted of several sites separated
by either unsuitable terrain (Denmark) or water (Inkoo, Hanko).
The average distances between sites were much greater in Denmark
than in the Finnish populations. Table 1 gives the number of
colonies sampled in each population and the type of material col-
lected (workers, reproductive queens, males). Sundstrom (1989) has
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Fig. 1. The sampling sites in Denmark
and Finland. The numbers in the insets
correspond to the different sites in each
1km population. Insets show the details of
the Danish population in Mols, the
Hanko population and the Inkoo pop-
ulation

shown that the colonies in Inkoo are polygynous and that the ones
in Hanko are monogynous. The other populations have not previ-
ously been analysed.

Laboratory colonies. To estimate the number of matings by queens
and the allele frequencies of male mates, the progeny of single
queens collected from polygynous colonies in Inkoo were analyzed.
The colonies sampled frequently contained well over 20 wingless,
mated and functional queens. The queens were housed in ceramic
flowerpots (see Pamilo 1982a) with approximately 100 workers and
fed maple syrup and standard diet (Keller et al. 1989) and kept at
low but constant humidity. Of 163 colonies 95 produced worker
progeny and 10 produced both male and female sexuals. The corre-
sponding data were obtained for the monogynous colonies by de-
ducing the genotype of the queen and her mate(s) using both worker
and male genotype information.

Electrophoresis. Generally 10-30 workers or worker pupae, 10
males and 10 old queens collected from the natural colonies (Table
1), and all or a maximum of 30 pupae from the laboratory colonies,
were analysed by horizontal starch gel electrophoresis. If adult
workers were used, the abdomens were removed and the ants rinsed
in water before deep-freezing (-70°C). This procedure was not nec-
essary for males or old queens, but the abdomens of the old queens
were removed for dissections. The electrophoretic procedure is de-
scribed in Seppd (1992). Three loci were studied: isocitrate dehydro-
genase (Idh, two alleles), phosphoglycerate kinase (Pgk, two alleles)
and aconitase (Aco, three alleles). All stainings used buffer system II
described in Seppd (1992).

Genetic relatedness and mating structure. Genotype frequency data
were used to test both the relatedness (r) among nestmates and
subdivision of hierarchical populations. The population structure
was analysed using F-statistics (Wright 1951). A deviation from
panmixis is determined by comparing the observed (H,,,) and ex-
pected (H,,,) amounts of heterozygosity over all loci and is de-
scribed by the inbreeding coefficient F = 1+(H,,/H,,,). Subdivi-
sion of the population is determined as F,, = (H~H,)/H,, where H,
is the mean expected amount of heterozygosity in the subpopula-
tions and H, is total expected amount of heterozygosity in the whole
population (Nei 1987, p. 190). The inbreeding coefficient within a

population (F,) can be decomposed into effects due to inbreeding
within subpopulations (F;;) and due to allele frequency differences
among subpopulations (F,,) where (1-F,) = (1-F )(1-F;) (Wright
1943). All these parameters were calculated weighting the colonies
equally. The reason for this is that sample sizes should not affect the
contribution each colony makes to the population average.
Sample sizes for statistical testing must in the case of social
insects be defined using the effective population size. For worker
data this is the number of reproductive individuals each colony
represents, corrected by the number of colonies sampled. For queen
data the number of individuals sampled can be used, because in
their case every individual potentially contributes to the gene pool.
The test variable and the effective sample sizes for testing the
F-values were thus determined as follows (Li and Horwitz 1953):

Workers  F,, x*> = 3NF N = (0.75/rn), where n = number of
colonies analysed and r = estimated
worker nestmate relatedness

F, %> = NF? N = (0.75/rn)
Queens  F, x> = 2NF N = number of individuals analysed
F is Xz = N F 2

The product NF is multiplied by 3 for workers because they repre-
sent at least three independent haploid genomes (two from the
mother and one from the father) from the previous reproductive
generation (Pamilo 1983).

The relatedness was measured from allele frequency data as a
regression coefficient (Pamilo and Crozier 1982; Pamilo 1989,
1990b; Queller and Goodnight 1989) using the algorithm of Pamilo
(1989) and the weighting scheme of Pamilo (1990b). The standard
errors of the means were obtained by jackknifing over the colonies.
The standard errors obtained correspond to the standard error of
the mean. The relatedness estimates thus obtained were tested for
deviations from zero, 0.75 or 0.25 using Student’s ¢-distribution. The
relatedness estimates are affected by both genetic differentiation of
subpopulations and by local inbreeding (Pamilo 1989). Therefore
the relatedness values used for estimating the effective number of
reproductive females per colony were corrected for inbreeding as
suggested by Pamilo (1990b). In the Inkoo population this correc-
tion yielded negative relatedness estimates both for queens and
workers because the differentiation among sites was considerable.
Therefore the relatedness was estimated separately for each site in



348

Inkoo and the mean of those estimates is used. This is in contrast to
the procedure used by Seppa (1993) where inbreeding within local
sites boosted the relatedness estimates. Diploid males, detected by
heterozygous genotypes in any of the three loci, were found in the
Inkoo population and omitted from all analyses.

If the queens or their mates are related to each other or do not
contribute equally to the brood the relatedness estimates alone will
not give the correct estimate of the number of reproducing individ-
uals within colonies. Therefore, the effective number of queens is
estimated using the formula of Ross (1993)

Ne = (4rs_rq‘2rml)/(4rl‘_rq—2rml) (1)

where r, is the average relatedness of progeny of a single queen, r,
is the average relatedness of nestmate queens, r,is the average relat-
edness of nestmate workers and r,,, is the average relatedness
among the male mates of coexisting queens in single polygynous
colonies (Ross 1993). This estimate corresponds to the harmonic
mean number of queens per nest if all nestmate queens reproduce
equally. The present data allow the estimation of all these parame-
ters.

Similarily, because all males may not contribute equally to the
progeny of their mates and there may be queen-to-queen variation
in the number of matings, the effective number of mates of a single
queen is:

Mc = (2rl"s—0'S_rmz)/(2r5‘0~54rm2) (2)

where r;; is the average relatedness of progeny belonging to the
same patriline (0.75), r, is the average relatedness of single queen
progeny and r,, is the average relatedness among mates of single
queens (Ross 1993). Again all the parameters needed can be estimat-
ed from the current data. This estimate corresponds to the harmon-
ic mean number of mates per queen if these mates always share
equally in paternity (Pamilo 1982a).

The relatedness between nestmate workers and males and the
relatedness between queens and their mates were calculated as the
regression between the two groups (Pamilo 1990b) and expressed as
the regression of workers or queens on males. For the progeny of a
singly mated queen the expected regression of workers on males is
0.25, but 0.5 for the regression of males on workers. Workers thus
have 25% of their genes in common with their brothers, whereas
males have 50% of their genes in common with their sisters. The
genotypes of the male mates of queens were deduced by combining
the information from worker and male and queen genotypes.

The observed number of mates of each queen was determined
from the progeny by combining the genotype information from all
three loci for each individual. In the laboratory colonies the queen
genotype was also available. The proportion of offspring fathered
by each male in double and triple matings was determined using
formulas 1 and 2 from Pamilo (1993). In the formula the proportion
of offspring fathered by the ith male is p; and the relatedness
g = 025 +1/2Zp.% 1 use the parameter g to distinguish this mea-
sure of pedigree relatedness from the estimated average relatedness
r among colonies. The paternity contributions of each male were
corrected for a finite sample size giving £p;> = (N Zp2-1)/(N-1),
where N is the number of individuals analysed within each colony.
In this way relatedness was estimated separately for each colony
with one multiply mated queen. From these data the means and
variances over all colonies were calculated. Corrections for inbreed-
ing and allele frequency differences were not made because there
was no significant inbreeding in the colonies included and no allele
frequency differences between mates. The relatedness for progenies
of singly mated queens was calculated the same way as the average
intracolony relatednesses above (Pamilo 1989, 1990b) using a subset
of colonies determined as having a singly mated queen on the basis
of genotype distributions. Some double (or triple) matings are not
detected by this method because multiple male mates of single
queens may have identical genotypes. This was corrected by calcu-
lating the probability that two males have the same genotype using
the allele frequencies in the local population. Thus, if the proportion
of males with an identical genotype is p and the observed propor-
tion of double matings D, then the corrected proportion of double
matings is: D, = D /(1-p).

Results

Genetic relatedness among nestmate workers,
queens and males

The worker relatedness estimates from natural colonies
and laboratory cultures are shown in Table 1. The varia-
tion in relatedness among populations is very high and
all the populations have a relatedness estimate lower
than 0.75, indicating either multiple mating by queens,
polygyny or both. In the populations with high related-
ness values each colony usually has only one or two off-
spring genotypes at each locus and in the latter case in
roughly equal proportions. If there are more than two
worker genotypes they can all be explained by multiple
mating. This fits the assumption of monogyny and occa-
sional polyandry. In the populations with low relatedness
values single colonies frequently show several or all pos-
sible worker and male genotypes, which can only be ex-
plained by the presence of several matrilines. The related-
ness estimates in the monogynous colonies correspond
well to those from the laboratory cultures, while the esti-
mates from the polygynous colonies are significantly low-
er (t = 9.7, P <0.0001) and hence cannot be explained by
polyandry alone.

The average relatedness estimates for both workers
and queens in the Inkoo population are equal, but boost-
ed by differentiation among islands and give negative
relatednesses when corrected for differentiation among
sites (islands). When each site is analysed separately,
worker, queen and male relatednesses are positive but
lower than the ones in the pooled data (Table 1). The
effective numbers of queens are calculated based on the
latter values and are presented in Table 1. Because the
monogynous populations in Denmark and Hanko do
not show any such subdivision of populations the in-
breeding correction can be applied to the pooled data.
All queens are wingless and most of them are functional,
with filled spermatheca (105 filled, 14 empty) and corpora
lutea scars on the ovaries (108 positive, 11 negative) indi-
cating egg laying.

Genetic population structure

Table 2 shows the inbreeding coefficients relative to the
total population (F;) and decomposed into effects due to
inbreeding within subpopulations(F,) and due to genetic
subdivision of populations (F,). where (1-F,) = (1-
F)(1-F,). When population differentiation (F_,) increas-
es the F; value will also increase. An excess of het-
erozygotes (negative F;) may mask the effects of genetic
subdivision of populations. This has consequences for the
relatedness estimates as they are calculated assuming
that populations are in Hardy-Weinberg equilibrium, as
will be explained below.

The negative F;, values indicate a significant excess of
heterozygosity in two of the three loci among queens in
both monogynous populations (Denmark and Hanko)
(x> = 13.6, P<0.001, x> = 3.9, P<0.05). Neither the
queens nor the workers show any genetic subdivision of
either monogynous population. There is also a slight but
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Table 1. Within-caste relatedness estimates of workers, reproductive queens and males and effective number of queens in different populations

of Formica truncorum

Population N r SE r* SE Ng

Monogynous populations

Denmark Workers 91 0.60 *** 0.03 0.60 *** 0.03 1
Males 33 0.37** 0.04

Hanko Workers 23 0.60 *** 0.05 0.59 *** 0.05 1
Males 18 0.36* 0.05

Polygynous populations

Inkoo Workers 89 0.25*** 0.02 0.10*** 0.06 16
Queens 76 0.24 *** 0.02 0.07 *** 0.03
Males 52 0.14*** 0.02 0.07 ** 0.03

Espoo Workers 21 0.11** 0.04 - 5.6
Queens 11 0.00 0.04

Laboratory colony Workers 95 0.60 *** 0.05 0.59 *** 0.05

N =number of colonies analysed, r =relatedness, r * = relatedness corrected for inbreeding (Denmark, Hanko, Espoo, laboratory colony) and

average relatedness on islands (Inkoo)

Ny =effective number of queens, determined using the corrected estimates (r*)
Other asterisks indicate significant deviations from zero (reproductive queens, workers and males from polygynous colonies), 0.75 (workers
from monogynous colonies and laboratory colonies) or 0.5 (males from monogynous colonies): * P<0.05; ** P<0.01; *** P <(.001

Table 2. Genetic population structure and inbreeding coefficients

N Fit Fsl Fis
Monogynous populations
Denmark Workers 91 0.08 0.03 —-0.12
Denmark Queens 85 —0.33***  0.05 —0.40 ***
Hanko Workers 24 0.06 0.03 —0.09
Hanko Queens 23 —0.34 0.05 —-041*
Polygynous populations
Inkoo Workers 89 0.21%*%*%  0.19%** (.02
Inkoo Queens 76 0.08 0.19*** (.13 ***
Espoo Workers 21 0.05
Espoo Queens 11 0.09

N =number of colonies analysed
Asterisks indicate significant deviations from zero * P<0.05,
** P <001, *** P<0.001

significant heterozygote excess among the queens in the
polygynous Inkoo population (x> = 13.2, P<0.001), but
not among the queens in the Espoo population (F,, posi-
tive) (Table 2).

The estimates of relatedness between workers and
nestmate males are lower in the monogynous colonies
than expected for a brother-sister relationship. This may
be caused by the high excess of heterozygotes among
queens in two of the three loci (Denmark: Pgk: F = —
02+0.1, Aco: F = -0.18+0.08, Idh: F = -0.034+0.1;
Hanko: Pgk: F = 0.4440.11, Aco: F = -0.30+0.13,
Idh: F = —0.02 +0.03). The corresponding regression co-
efficients of nestmate workers on males is for the Danish
population 0.1040.06,0.11 +0.05 and 0.25+0.08 and for
the Hanko population 0.1740.1, 020+0.06 and
1.00+ 1.00 respectively. In Hanko Idh is monomorphic
for the colonies that produced males. An excess of het-
erozygotes among queens reduces the between-nest vari-

ance and increases the intracolony diversity causing low-
er relatedness estimates. The genotype distributions in all
loci correspond to those expected for brother-sister pairs,
and also for one female (the queen) producing them. The
worker-male regression is slightly lower in the polygy-
nous colonies, but this estimate is probably boosted by
the allele frequency differences among islands (positive
F;, value).

The F values describing the genetic subdivision of
the Inkoo population are similar for queens and workers
and indicate considerable allele frequency differences
among subpopulations. The F;, value is effectively zero
for the workers and shows that worker allele and geno-
type frequencies are in Hardy-Weinberg equilibrium
within subpopulations. Therefore the positive F,, value
among workers only reflects population subdivision, not
inbreeding. The allele frequencies do not differ between
queens and their mates (y°>< 1.8, P>0.05 for all loci and
all populations). The Espoo population does not show
any inbreeding.

Number of matings

The results from the laboratory cultures show multiple
mating of the queens (Table 3). The effective number of
matings (M) is 1.43 in all populations assuming that the
male mates of single queens are unrelated. The estimated
relatedness among male mates of single queens (r,,,) is
zero in all cases, whereas the average relatedness of male
mates of nestmate queens is higher than zero in the
polygynous Inkoo population (Table 4). This difference
occurs because relatedness estimates use the background
population as a reference for the degree of similarity
within groups (Pamilo 1990b). The average estimate of
relatedness among male mates of nestmate queens uses
the other colonies in the population as reference, whereas
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Table 3. The number of matings and paternity contribution of males as detected from offspring genotypes

Population N % Number of mates

1 2 Zp? >3 Zp?

Corr Obs Corr Obs Obs
Inkoo 95 12 57 58 13 12 0.7740.05 25 0.42+0.09
Denmark 93 27 70 75 20 15 0.53+0.05 3 0.37+0.15
Hanko 23 19 11 13 10 8 0.56+0.05 2 0.65+0.25

The observed values (obs) are corrected (corr) for undetected matings by males with identical genotypes. The paternity contribution is
expressed as the variance in the proportion of offspring fathered by each male (2 p?) with a correction for sample sizes,
% =percentage of male mates with identical genotypes calculated using the populationwise allele frequencies

Table 4. Relatedness (r + SE) of queens to their male mates, among the male mates of nestmate and single queens and between nestmate

workers and males

Population N n Queen to Among the male mates of Workers to males
male mate
Nestmate queens  Single queens
Inkoo 10 95 0.16+0.04 *** 0.11+0.04* 0.01+0.03 0.08 +0.02 (23) ***
Denmark 5 85 0.02+0.02 0.002+0.02 0.02+0.07 0.1440.03 (33)***
Hanko 5 23 0.10+0.06 0.005+0.11 0.03+0.13 0.18+0.05(18)

The number of male-producing colonies analysed is shown in parentheses

N represents the number of colonies analysed in Inkoo and the number of sites in the monogynous populations from Denmark and Hanko
(the queen genotypes within each site have been pooled), n represents the number of queens

Significance levels (t-tests) are shown for deviations of r from zero (queen to male mate, among male mates of queens) or deviations from

0.25 (workers to males): *** P <0.001

the estimate of male mates of single queens also includes
the male mates the other queens in the same colony. Be-
cause the male mates of nestmate queens on average are
related this will mask any relatedness among male mates
of single queens. Assuming that the relatedness of male
mates of single queens is approximately the same as the
average relatedness among male mates of nestmate
queens in a polygynous colony (r = 0.11, Table 4), the
effective number of mates rises only slightly (M, = 1.5).

The pedigree relatedness (g) was estimated for proge-
nies of multiply mated single queens. The expected relat-
edness among progenies of doubly mated queens is 0.5 if
paternity contribution is equal, but this estimate will be
affected by how males contribute to the offspring. The
variance of paternity contribution (Zp,%) (Table 3) shows
that paternity is unequal, corresponding to one male fa-
thering 60-90% of the offspring with double mating and
40-80% with three or more matings. The g values were
tested separately on the progeny from the laboratory
colonies for 2, 3, 4 and 5 mates using t = (x—1)/s,, where
p is the expected relatedness with equal contribution, x is
the observed mean value and s, is the standard error of
the mean (Fig. 2). Only data from the laboratory colonies
were used for this purpose. They are more reliable both
because the queen genotypes were known and because
the expected proportion of male mates with identical
genotypes was low. The observed values are in the tested
cases significantly higher than the ones expected at equal
contribution (Fig. 2).

The relatedness between queens and their mates is

0.8+

0.67

Relatedness (G)

0.4+

0.2t

Number of mates

Fig. 2. Pedigree relatedness estimates (g) and 95% confidence inter-
vals for progenies from laboratory colonies, with a queen mated
one, two, three, four and over four times. The value of g is estimated
separately for each colony using information on the proportion of
offspring fathered by each male. The relatedness estimate for proge-
nies of singly mated queens corresponds to the average relatedness
(). The number of colonies included in the analyses and significance
levels are shown (* = P<0.05, ** = P<0.01, *** = P<0.001).
The solid line shows the expected relatedness at equal contribution
of males

higher than zero in the polygynous population (t = 4.3,
n = 10, P <0.01), but not in the monogynous ones (Den-
mark: t =2, n =5, P>0.05; Hanko: t =1, n = 5,
P>0.05) (Table 4). The relatedness among the male
mates of nestmate queens also differs from zero in the
polygynous colonies (t = 2.8, n = 10, P <0.05), but not
in the monogynous ones (t = 0.1, n = 5, P>0.05). The



queen to male mate regression is higher than that for
workers to males, but the difference is not significant. The
two means fall within the 95% confidence intervals of the
means (Table 4).

Discussion
Genetic population structure and intracolony relatedness

The results show considerable variation in estimates of
genetic relatedness among populations. This variation in
relatedness patterns correspond to differences in the ge-
netic structure of the populations. Low intracolony relat-
edness due to polygyny correlates with considerable ge-
netic differentiation between subsets of main popula-
tions, whereas no such differentiation was detected in
those showing high intracolony relatedness. This sug-
gests limited dispersal and partial intranidal mating of
sexuals in the polygynous population and outbreeding in
the monogynous populations.

The small variation in the relatedness estimates within
each population moreover indicates sociogenetically rel-
atively uniform colonies within populations. The de-
crease of relatedness below 0.75 can be explained by
polyandry in the populations from Denmark and Hanko,
which is confirmed by the genotype distributions among
known worker and male offspring of single queens. This
is in correspondance with earlier results for this species
(Sundstrém 1989). The Inkoo and Espoo populations
show a clearly lower within-nest relatedness estimate and
the worker and male genotypes can in most cases not be
explained as being produced by a single multiply mated
queen. The expected relatedness among nestmate work-
ers decreases to 0.25 with increased polyandry. All the
empirical estimates for polygynous nests are well below
this value, when corrected for genetic differentiation
among subpopulations. Therefore two different colony
types, monogynous and polygynous, can be distin-
guished. The effective number of queens per nest in the
Inkoo population varies between 2 and 16, assuming ei-
ther zero or the observed (0.1) relatedness among queens.
However, most colonies sampled for old queens con-
tained more than 20 wingless queens, most of which were
inseminated and egg-laying. The effective number of
queens is very sensitive to small differences in the related-
ness estimate among queens when the worker relatedness
is close to zero. Therefore estimates of the effective num-
ber of queens should be treated with caution when work-
er relatedness is low. The relatedness estimates may be
further decreased by queens being superseded and re-
placed. Queens of monogynous Formica species appear
to live on average 20 years (Pamilo 1991a), but no esti-
mates on average life span of polygynous Formica queens
are available.

The relatedness estimates for nestmate males in the
monogynous populations are significantly lower than
0.5. Similarily the worker-male regression coefficients are
lower than 0.25. This is largely due to the excess het-
erozygosity among the queens in these populations, as
the expectations of 0.5 and 0.25 assume that the popula-
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tions are in Hardy-Weinberg equilibrium. Excess het-
erozygosity will decrease the intercolony genetic variance
and increase the intracolony variance, resulting in lower
relatedness estimates. Males are particularily affected by
this, because they inherit their entire genome from the
queen. On the basis of worker and male genotype distri-
bution the males are likely to be produced by the queen.
Worker reproduction cannot be completely ruled out,
but is not likely to occur as this would, rather, increase
the relatedness between workers and males.

The parameter F includes all factors that reflect genet-
ic subdivision of populations — both increased ho-
mozygosity due to inbreeding and the Wahlund effect
(Wahlund 1928) resulting from allele frequency differ-
ences among subpopulations. There was a significantly
positive F; value only for workers in the polygynous
Inkoo population consisting of several subpopulations.
Because the effective population size is very large the
polygynous populations, inbreeding is expected to be low
and therefore the decline in heterozygosity is expected to
be slow. Decomposing the F,, value into its components
shows that it consists almost entirely of allele frequency
differences among subpopulations. This suggests limited
dispersal in the polygynous population. In the monogy-
nous populations the lack of allele frequency differences
between subpopulations suggests either continuous gene
flow between them, or that those populations are young
and represent several independent colonizations.

Similar correlations between sociogenetic organisa-
tion and population structure have been shown in Formi-
ca exsecta (Pamilo and Rosengren 1984) and Formica
sanguinea (Pamilo 1981; Pamilo and Varvio-Aho 1979),
although the pattern is different. F. exsecta shows signs of
inbreeding in monogynous populations. In F. sanguinea
the variation in queen number is continuous and higher
numbers of queens correlate with higher population vis-
cosity (Pamilo and Varvio-Aho 1979).

Environmental factors such as habitat structure have
been proposed as agents affecting the evolution of polyg-
yny (Holldobler and Wilson 1977; Rosengren et al. 1985,
1986). In the present case the archipelago islands repre-
sent a very uniform habitat structure both in size,
longevity and quality, but still contain both monogynous
and polygynous populations. Such differences in colony
structure may reflect different ages of the populations
studied. Monogyny is likely to preceed polygyny in
Formica ants (Rosengren and Pamilo 1983) and the
polygynous colonies may originally be founded by sever-
al independent colonizations. Thus the now polygynous
populations may have had much the same population
structure as the monogynous ones have now. This is part-
ly supported by the results for the Espoo population,
where the relatedness among queens is lower than that
among queens in the Inkoo population. The Espoo pop-
ulation may represent a transition period when young
females disperse, but join existing colonies yielding non-
related queens, but related workers if the number of
queens is relatively low. Subsequent intranidal mating
and adoption of daughter queens will increase the relat-
edness among queens, as is observed in the Inkoo popu-
lation.
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The similarity in genetic population structure and ge-
netic relatedness estimates between workers and queens
in polygynous colonies suggest that daughter queens are
recruited back to the colony. Queens were related to their
mates in the polygynous societies, but not in the mono-
gynous ones. This also suggests intranidal mating and
limited dispersal in the polygynous populations, whereas
nuptial flights and outbreeding is the rule in the monogy-
nous populations. This connection between polygyny
and intranidal mating and monogyny and dispersal has
been suggested by behavioural studies on the present
populations and several other Formica species (Fortelius
1987; Fortelius et al. 1993; Rosengren et al. 1993). How-
ever, the slightly lower relatedness estimates among
queens than among workers in the Espoo populations
indicate relatively few but unrelated queens or reproduc-
tive competition among queens.

Although there were no consistent allele frequency
differences among workers, queens and males within sub-
sets of the polygynous societies or among monogynous
populations there was an excess of heterozygotes among
queens, but not among workers. Such a pattern has earli-
er been observed in Formica exsecta (Pamilo and Rosen-
gren 1984). High levels of heterozygosity may be associat-
ed with heterosis effects and may give a selective advan-
tage during the nestfounding stage or yield faster larval
development rates selecting highly heterozygous females
to develop into queens.

Mating structure

Polyandry is common, with about 50% of the females
being at least twice mated both in monogynous and
polygynous colonies. The frequency of triple matings is
higher in the polygynous societies than in the monogy-
nous ones. This may be due to a higher availability of
males because of the male-biased sex ratio (Rosengren et
al. 1986; own observations). It may also be a methodo-
logical artifact because the queen genotypes in the
monogynous colonies were only indirectly inferred from
the worker and male genotypes and are therefore not as
reliable as for the laboratory colonies. The number of
matings is variable in other Formica ants; some are
polyandrous while others are largely monandrous irre-
spective of the number of queens (Pamilo 1993 ; Pamilo et
al. submitted). In general, earlier genetical studies have
shown monandry or low levels of polyandry in ants (Page
1986; Ross et al. 1988; van der Have et al. 1987; Seppi
1993), although high numbers of matings have been ob-
served in behavioural studies (Page 1986).

Multiple matings caused a smaller decrease in the re-
latedness estimates of single queen progenies, than ex-
pected if all males contribute equally to the progeny. The
data show that the males contribute unequally. This is
the rule also among other polyandrous Formica ants
(Pamilo 1993). A problem here is that seemingly unequal
contributions of the males may in fact be due to two
males having the same genotype. This number is likely to
be quite small because the expected proportion of males
having identical genotypes is less than 12% in the labora-

tory colonies. However, with three or more matings the
proportion of undetected matings increases. Therefore
the estimates of proportion of offspring fathered by each
male are less reliable when the number of matings is high.
The proportion of offspring fathered by each male is,
however, clearly unequal also when there are only two
mates. The relatedness estimates obtained for two species
of social wasps (Vespula squamosa and Paravespula mac-
ulifrons) were considerably lower than the ones obtained
in this study. The females had mated with two to seven
males and relatedness among the progenies were 0.40 and
0.32, sperm being used randomly for fertilizations (Ross
1986).

Polyandry is considered a key factor in increasing ge-
netic diversity in monogynous societies (Crozier and
Page 1985) emphasizing the adaptive significance of di-
versity. It may also be selected against if multiple mating
leads to a larger fraction of colonies producing diploid
males and any proportion of diploid males causes a load
to the colony (Page 1980; Crozier and Page 1985). This
prediction thus depends on the effect diploid males have
on monogynous colonies, while polygynous ones should
not show any distinction. In Solenopsis invicta the occur-
rence of diploid males caused high mortality of incipient
monogynous monandrous colonies (Ross and Fletcher
1986). The monogynous and polygynous colonies of F.
truncorum are equally polyandrous so neither scenario is
unequivocally supported. With the evolution of polygy-
ny, mating frequencies may also be expected to decline
(Nonacs 1992), but this is not supported by the present
results. However, if the average mating frequency is less
than two, as is the case in this species, the population is
expected to share more characteristics with a monan-
drous society than with a polyandrous society (Nonacs
1992).

Although polyandry has a minor effect on increasing
diversity in polygynous societies, it may be advantageous
for individual queens. If the frequency of diploid males in
the population is high, females may benefit by mating
multiply to ensure reception of viable sperm. A larger
genetic heterogeneity among the offspring may in itself be
adaptive and may also increase the chance of having
some highly heterozygous individuals among the off-
spring. Considering the observed excess of heterozygotes
among queens this may have important fitness conse-
quences for the reproducing individuals.
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