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Abstract

Kin selection theory has received some of its strongest support from analyses of within-
colony conflicts between workers and queens in social insects. One of these conflicts
involves the timing of queen production. In neotropical wasps, new queens are only
produced by colonies with just one queen while males are produced by colonies with
more queens, a pattern favoured by worker interests. We now show that new colonies, or
swarms, have few queens and variable within-colony relatednesses which means that
their production is not tied to new queen production. The queens in these swarms are
seldom the mothers of the workers in the swarm. Therefore, either colonies producing
swarms have very many queens, or queens joining daughter swarms are reproductive
losers on the original colonies. As new colony production is not linked to queen produc-
tion, it can occur at the ecologically optimum time, i.e. the rainy season. This disassocia-
tion between queen production and new colony production allows worker interests in sex
ratios to prevail without hampering new colony production at the most favourable
season, an uncoupling that may contribute to the ecological success of the Epiponini.
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Introduction

In most social insects, production of new queens is a
prelude to production of daughter colonies; it is the role of
the new queens to independently found new colonies
(Wilson 1971). Where colony reproduction is by fission-
ing, also known as swarming, the same pattern often
holds, for example in honeybees and army ants (Wilson
1971). However, the selective factors operating on the
timing of new queen and new colony production may be
different, and may not be the same for workers and
queens. This is particularly true of the subject of this
study, the Epiponini, a highly successful tribe of neo-
tropical swarm-founding wasps characterized by large,
multiple-queen colonies (Richards 1978; Jeanne 1991).

If new colony production occurs only shortly after new
queen production in epiponine wasps, it may be con-
strained by other pressures operating on queen produc-
tion. In epiponine wasps, new queens are produced in
single-queen colonies while males are produced in
colonies with more queens, a pattern consistent with
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worker sex-ratio interests (West-Eberhard 1978;
Strassmann et al. 1991; Hughes et al. 1993; Queller et al.
1993a). Workers prefer this pattern because they are three
times more closely related to their sisters than to their
brothers on single-queen colonies and equally related to
the nieces and nephews that make up most of the brood
on multiple-queen colonies (Trivers & Hare 1976). When
both single-queen and multiple-queen colonies occur in
the same population, the single-queen colonies should
specialize in queen production while the multiple-queen
colonies should specialize in male production (Grafen
1986, Boomsma & Grafen 1990, 1991; Pamilo 1991;
Boomsma 1993; Queller & Strassmann 1998).

At any given time, most colonies have many queens
(Jeanne 1991; Hughes et al. 1993) and are therefore not at
the stage where they will produce new queens (West-
Eberhard 1978; Strassmann et al. 1991; Queller et al.
1993a,b; Gastreich et al. 1993). They appear to arrive at the
queen-producing stage at haphazard times, whenever all
but one old queen has died. If colonies are constrained to
produce new colonies only after producing new queens,
then many colonies would be unable to produce them at
otherwise optimum times, such as the rainy season
(Jeanne 1991; Strassmann et al. 1997). This limitation in
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new colony production, imposed by the queen cycle,
might be expected to reduce the ecological success of
swarm-founding wasps. In fact, the 200 species in 21
genera comprising the Epiponini are ecologically dominant
and highly successful (Richards 1978; Wilson 1990; Jeanne
1991). A resolution to this conflict could be the uncoupling
of queen and new colony production, something that could
be attained if new colonies were not dependent on large
numbers of queens during their initial periods.

Whether new colony production rapidly follows new
queen production in the Epiponini is uncertain. Forsyth
(1978, 1981) states that swarming occurs after a new cohort
of queens begins ovarian development in Metapolybia
azteca and Polybia occidentalis. If this is the case, then
swarms should contain large numbers of queens, but the
swarms he tabulates have modest queen numbers, averag-
ing eight and 11, respectively. In Metapolybia aztecoides,
West-Eberhard (1982) found that swarming was one con-
sequence of an emergence peak of females and ascribed
swarming to heightened aggression among the many
young potential queens, again implying that swarming is
likely to be preceded by queen production.

The current study characterizes colony size, relatedness
and queen numbers in new colonies in three species of
epiponine wasps, Parachartergus colobopterus, Polybia occi-
dentalis and Protopolybia exigua. We also investigate the
relationship between new colony, queen and male pro-
duction. For one of these species, Pa. colobopterus, we used
DNA microsatellites to get precise estimates of both
genetic relatedness and parentage within the swarms (or
young, pre-emergence colonies) so that we could also
evaluate exactly which queens and workers joined
swarms. It is difficult to observe colonies in the process of
~ producing new colonies or queens, but we can infer some-
thing about these colonies from the characteristics of their
swarms and from genetic relatednesses. From relatedness
among queens, among workers in new pre-emergence
colonies, and among workers in male-producing colonies,
we can infer numbers of reproductively active queens
producing these classes of individuals.

Materials and methods
Field collecting

We located swarms in the process of establishing new
nests of Parachartergus colobopterus on buildings of the
Facultad de Agronomia, Universidad Central de
Venezuela, Maracay, Venezuela (10°16' N 67°36' W, 450 m
elevation). Swarms of Pa. colobopterus begin nest construc-
tion within approximately 1 h of landing on a new nest
site. Within the first day or two, the workers build several
combs and cover them with an envelope. Therefore, many
of the swarm nests we collected had eggs. In no case had

any adults hatched from the new nests, so all the adults
we collected came from a parental nest elsewhere
(Table 1).

We collected our 21 study swarms by placing a zip-shut
plastic bag over the nest and coaxing all adults and any
nest material into the bag. We revisited nest sites over the
next 24 h and collected any wasps present. To maximize
the representation of reproductive as opposed to abscond-
ing swarms in our sample, we collected during the rainy
season when reproductive swarms are produced
(Strassmann et al. 1997; our unpublished observations).
We collected one swarm on 13 June 1991 (trip V16), four
on 10 July 1991 (V17), 12 on 8 August 1991 (V18), one on
29 July 1992 (V19) and three on 27 July 1993 (V20, Table 1).

For comparison we used a sample of 20 mature colonies
that had emergences that were collected in August 1988
from the same site (Strassmann et al. 1991). They comprise
previously discussed colonies (Strassmann et al. 1991)
except for the swarms that were included in that study.

In July 1988, we collected seven new and 28 mature
colonies of Polybia occidentalis from trees and bushes on
cattle ranches south of Calabozo, Venezuela (8°30'N,
67°30° W, 75 m elevation). The new colonies had nest
numbers V2-118, V2-126, V2-130, V2-133, V2-134,
V2-136 and V2-146 (Table 1 in Queller ef al. 1993b). In
July. 1989, we collected seven new and 30 mature
colonies of Protopolybia exigua built on orange tree leaves
in Bejuma, Venezuela (10°11'N, 68° W, 500 m elevation).
The new colonies had nest numbers V8-36, V8-38,
V8-40, V841, V844, V846, and V8-54 (Table 1 in
Gastreich ef al. 1993).

Assessment of age and reproductive status

We counted the number of mature and nearly mature
eggs in the ovaries and the length of the longest oocyte in
micrometer units at 25x magnification. We determined
whether the spermatheca contained sperm and, in the
case of Parachartergus colobopterus, extracted the sperm for
paternity analysis. For analysis of young colonies from Pa.
colobopterus, we assigned females to five age and repro-
ductive classes, four of workers and one of queens. (A)
Old females with no ovarian development; (B) young
females with no ovarian development; (C) females of any
age with some ovarian development but no mature eggs
and no sperm in their spermathecae; (D) females of any
age with mature eggs in their ovaries and no sperm in
their spermathecae; (E) females of any age with mature or
nearly mature eggs in their ovaries and sperm in their
spemathecae (queens; Table 1).

We dissected all 1280 individuals from the 21 swarms of
Pa. colobopterus, and dissected randem samples usually
consisting of most of the wasps on the nest from the other
species (Strassmann et al. 1991; Gastreich et al. 1993;
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Queller et al. 1993b). We assigned individuals to one of
four age categories based on degree of darkening of the
sternite (Forsyth 1980; Strassmann 1991). This measure is
less accurate for queens than it is for foragers, as queens of
epiponine wasps do not darken as quickly because
queens remain inside the nest.

Assessment of genetic relatedness

To estimate genetic relatednesses from mature colonies of
P. colobopterus, we used allozyme variation at glyceralde-
hyde-3-phosphate dehydrogenase (two loci), 6-phospho-
gluconate dehydrogenase, isocitrate dehydrogenase,
B-hydroxybutyrate dehydrogenase, phosphoglucose iso-
merase, and peptidase (leucylglycylglycine) as described
previously (Strassmann et al. 1991). For relatedness
among colony members of Po. occidentalis we used
allozyme variation at adenylate kinase, isocitrate dehy-
drogenase, glyceraldehyde-3-phosphate dehydrogenase,
peptidase (leucylglycylglycine) and three phosphogluco-
mutase loci (Queller et al. 1993b). For relatedness among
colony members of Pr. exigua we used allozyme variation

at phosphoglucomutase and peptidase (leucylalanine;
Gastreich et al. 1993).

We assayed genetic relatedness in the young colonies of
Pa. colobopterus using DNA microsatellites as our poly-
morphic genetic markers (Strassmann et al. 1996a,b). We
used 10 polymorphic trinucleotide microsatellite loci for
assessing relatedness and parentage (Queller et al. 1993b).
They were Paco41TAG, Paco3304CAT, Paco3155TAG,
Paco3436AAT, Paco3457AAT, and Paco3417AAT,
Paco3434AAT, Paco3107TAG, Paco3117TAG, and
Paco3305CAT (Strassmann et al. 1996a). The last four loci
were only used for swarm V19-42 from which all individ-
uals were genotyped. In this study, these loci had between
three and 17 alleles each and the most common allele
varied in frequency from 0.20 to 0.75 (Table 2). Methods
were standard for our laboratory (Strassmann et al.
1996b). They involved extracting the DNA from genomic
samples, conducting a separate polymerase chain reaction
(PCR) reaction for each primer pair in a 10 pL reaction,
using *S as a label, running the PCR product on a dena-
turing sequencing gel with an M13 sequencing reaction as
a size standard, exposing the gel to autoradiographic film,

Table 2 Allele lengths and representation in the sample for the 10 microsatellites in Parachartergus colobopterus. Frequency is calculated
from a sample of 57 colonies including the 21 swarms and is weighted by colony. When frequencies do not add up to 1 it is because of

rounding
Allele Allele Allele

Locus length  Frequency Locus length  Frequency Locus length Frequency

PACO41TAG 139 0.22 PACO3117TAG 197 0.04 PACO3434AAT 106 <0.01
142 0.01 200 <0.01 109 0.64
145 0.23 203 0.43 112 0.36
148 0.01 206 0.04 PACO3436AAT 114 0.05
151 0.10 209 0.47 117 <0.01
154 <0.01 212 0.02 120 0.22
157 0.40 PACO3155TAG 136 0.48 123 0.03
160 0.01 139 0.03 126 0.33
163 0.02 164 <0.01 129 0.34

PACO3107TAG 119 <0.01 167 0.02 132 0.03
131 <0.01 170 <0.01 PACO3417AAT 119 0.39
134 0.12 173 0.33 122 0.04
137 <0.01 176 0.10 128 0.05
140 0.06 179 0.04 134 0.06
143 0.20 182 <0.01 137 0.13
146 0.03 PACO3304CAT 199 0.58 140 0.27
149 <0.01 202 0.15 143 0.05
152 0.18 205 0.26 146 0.01
155 0.05 208 0.02 170 <0.01
158 0.14 214 <0.01 PACO3457AAT 171 0.03
161 0.01 PACO3305CAT 248 0.18 183 0.21
164 0.11 251 <0.01 192 0.22
167 0.03 260 0.75 195 0.01
170 0.03 263 0.05 198 0.10
173 0.01 266 0.02 201 0.41
176 <0.01 272 <0.01 204 0.02
179 0.01 287 <0.01 207 0.01
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and scoring the size polymorphisms (specific protocols
are in Strassmann et al. 1996b).

We genotyped all individuals from one swarm of Pa.
colobopterus. From the other 20 swarms we chose a subset
which included all females with mature eggs in their
ovaries, whether inseminated or not, and a sample of five
individuals from as many of the other four categories as
were available. In all, we performed DNA microsatellite
analyses on 405 individuals and 38 sperm samples from
inseminated females” spermathecae, plus one wasp each
from 36 additional colonies to improve background allele
frequency estimates.

For estimating relatednesses we used the Macintosh
computer program RELATEDNESS 4.2b (Queller &
Goodnight 1989; Goodnight & Queller 1995). We
weighted colonies equally, estimating standard errors by
jackknifing over colonies when reporting average related-
nesses and over loci for relatednesses within specific
swarms. For determining whether a given queen could
have been the mother of any of the workers from the
microsatellite data we used the Macintosh computer pro-
gram KINSHIP 1.0 (Goodnight & Queller 1996), which
estimates the likelihood ratio for two relatedness
hypotheses; this program was also used to indicate which
pairs of individuals cannot be full sisters. We also evalu-
ated the genotypes of full sister groups obtained from
these likelihood tests to verify that they fitted pedigree
requirements for full sister groups. Full sisters had to
share at least one allele at any given locus (from the
shared haploid father), and the sistership could have only
two other alleles at that locus (from the mother). Queens
mate only once (Goodnight et al. 1996).

Effective queen number

We used worker relatedness as a common currency to
compare queen numbers in colonies producing males,
queens and swarms. We estimated effective numbers of
queens on colonies producing queens, males and new
swarms from relatednesses as follows (Queller 1993).

3- rqueen

Effective no. of queens = (eqn1)

Tworker ~ rqueen

In this equation rgeey, is relatedness among queens and
yorker 18 Telatedness among workers. We assume that it is
differences in numbers of queens reproducing and not the
relatedness among the queens that varies among colony
types, so we used the same value for queen relatedness
within species for all colony types and varied the value of
worker relatedness according to what it was for each
colony type. This increased the precision of our estimates
as queen numbers from subsamples are often very small.
The statistical tests for differences among colony types
were also performed on worker relatedness alone, not

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 709-718

varying the queen relatedness (Table 3). To do this we had
to assume that workers in swarms are a random sample of
workers from the parental colony as we were using them
to make inferences about their natal colony. This inference
is supported by our findings that workers are generally
not the daughters of the queens in the swarms (this study)
and that there is no subdividing by relatedness at swarm-
ing in a sample for which we had mother colonies and
their swarms (Solis et al. 1998). We also assumed that relat-
edness among queens is equivalent to relatedness among
workers on colonies producing queens (i.e. that queens
are a random sample of females of the same age on nests
producing queens). We used relatedness among workers
on nests producing males as the males themselves are
haploid. The lower relatedness among workers, the more
queens that contributed to producing them.

Parentage in swarms of Pa. colobopterus

The workers in a swarm were produced on the parental
nest, so they were not necessarily the daughters of the
swarm queens. We performed maternity analyses for the
18 queens from nine swarms that had sufficient genetic
data (at least three loci scored for both maternal genotype
and sperm). A worker was excluded as a daughter if, at
any locus, the worker’s two alleles could not have been
obtained from the sperm allele and one of the maternal
alleles.

We also attempted to determine whether the swarm
queens were reproductive losers from the parental nest, a
possibility suggested by a prior analysis of colony V19-42
(Solis et al. 1998). If swarm queens are losers, the number
contributing to the swarm workers (S,) as a fraction of the
total number of swarm queens assessed for maternity (S,)
should be less than the number of queens from the
parental colony contributing to the swarm workers (P,) as
a fraction of the total queens on the parental colony (P,):
SC PC
s, < B, " (eqn 2)
Sc.and S, were determined from the maternity analysis and
dissections of swarm queens. P, was estimated by group-
ing the workers into the minimum number of full-sister
groups (each of which would correspond to one mother as
the species is singly mated; Goodnight et al. 1996) and sub-
tracting the number of swarm queens already identified as
mothers. We lack an estimate of the fourth parameter, P,,
the total number of queens on parental colonies producing
swarms. If this number is very large, then any observed
S./5;, no matter how low, could be the result a random
draw from the parental queens. Therefore, we performed
simulations to determine the minimum P, consistent with
swarm queens being losers, examining values of P, for
each colony, starting with the number of known queens,
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Table 3 A.Relatednesses among workers on colonies of different types (see text). B. Statistical comparisons of relatedness among workers

between colonies of different types. Tests are two-tailed

Parachartergus colobopterus Polybia occidentalis Protopolybia exigua
Genetic relatedness Genetic relatedness Genetic relatedness
among workers among workers among workers

Effective no. (no. of colonies,

A. Colony type of queens  no. of individuals)

Effective no. (no. of colonies,
of queens

Effective no. (no. of colonies,

no. of individuals) of queens  no. of individuals)

0.283 +0.127 (20, 297) 3.6
0.298 +0.147 (8, 116) 4.8
0.661 +0.086 (19, 156) 14
0.226 +0.037 (21, 366) >9.3*

All post emergence 5.0
Male producing 4.4
Queen producing 1.2
Swarm producing 9.6

0.314 +0.062 (29, 325) 2.8 0.400 = 0.088 (30, 285)

0.271 +0.066 (13, 159) 19 0.489 +0.133 (13, 107)
0.583 +0.081 (27, 216) 0.9 0.824 +0.070 (29, 223)
0.129 +0.082 (7,84) 4.2 0.335 +£0.170 (7, 70)

B. Comparison tstatistic d.f. Significance

t statistic d.f. Significance

t statistic d.f. Significance

Swarm producing -0.44 39 NS -1.39
to post emergence

Swarm producing -0.67 27 NS -1.31
to male producing

Swarm producing —4.81 38 <0.001 -2.74
to queen producing

Male producing

to queen producing —2.23 25 <005 -2.48

34 NS -032 35 NS
18 NS -070 18 NS
32 <0.05 -297 34 <0.01
38 <0.05 -245 40 <0.05

*Cannot estimate with worker relatedness because it is less than 0.25 queen relatedness. To obtain this estimate, we used worker related-

ness plus 1 standard error for worker relatedness.

S. + S, + P, and increasing by units of 1. For each hypo-
thetical value of P, we ran 2500 simulations. For each
simulation, each colony’s §; swarm queens were randomly
drawn, with a probability of P./P,; of being a queen who
contributes to the swarm worker pool. If queens do join
swarms randomly, a point estimate of P, is the simulated P,
at which the 2500 simulated values of S, fall equally on
either side of the observed value. Swarm queens can be
viewed as reproductive losers (less likely to have con-
tributed to the swarm workers than average) if P; is less
than the simulated threshold where fewer than 5% of the
simulations yielded a simulated S, lower than the
observed value.

Results

Numbers of queens and workers in swarms and mature
colonies

Numbers of queens in new colonies were low. In
Paracharterqus colobopterus, new colonies had an average
of two queens, ranging from 0 to 9 (Table 1; Fig. 1). The
new colonies of Polybia occidentalis averaged 12 queens,
ranging from eight to 18. The new colonies of Protopolybia
exigua averaged 13 queens, ranging from 0 (very young
new colony V8-36) to 34.

Numbers of workers in new colonies varied among
the species. In Pa. colobopterus, new colonies averaged

58 + 10 workers, ranging from seven to 175 workers
(Fig. 1, Table 1). New colonies of Po. occidentalis averaged
370 + 49 workers, ranging from 118 to 515 (Table 1 in
Queller ef al. 1993b). New colonies of Pr. exigua averaged
129 + 28 workers, ranging from 37 to 241 (Table 1 in
Gastreich et al. 1993). Workers in swarms did not form
any one class with respect to age or degree of ovarian
development (Table 1; Gastreich et al. 1993; Queller et al.
1993b). One new colony of each species had males (P.
colobopterus: V18-10, one male; Po. occidentalis: V2-118,
28 males; Pr. exigua: V8—40, 10 males). Young colonies
had significantly fewer workers than mature colonies
only in P.a colobopterus (Fig. 1).

Stage in the queen cycle of colonies producing swarms
and colonies producing new queens

In all three species, relatedness-based estimates of queen
number were lowest on queen-producing colonies and
highest on swarm-producing colonies (Table 3, Fig. 2). All
differences between queen-producing colonies and other
types of colonies were significant (Table 3). The threshold
queen number for male production is lower than that for
swarm production but colonies producing swarms can
also produce males. Colonies produce swarms when they
have many laying queens, and new queens when there is
only one queen.

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 709-718
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The same pattern holds within individual colonies. In
paired comparisons of relatedness, queens on swarms
were significantly more closely related to each other than
workers from the same young colony were to each other
(combining all ovarian development classes within work-
ers; difference between relatednesses = 0.398 +0.17, seven
colonies). Swarm queens and swarm workers were clearly
produced at different points in the queen cycle, with
workers being produced after new queens became repro-
ductive on the parental colony.

Relatedness among workers varied among the swarms,
indicating that their parental colonies are at different
stages in the queen cycle and have variable, but high,
numbers of queens (Table 1). It is unlikely that this varia-
tion can be explained by sampling variance alone as the
95% confidence intervals of different colonies do not
always overlap. For example, the lowest value for related-
ness among females with no ovarian development comes
from swarm V18-28 and is 0.015 with an upper limit of
the 95% confidence interval of 0.19. The highest value for
relatedness among workers comes from swarm V18-15
with an average relatedness of 0.799 and a lower limit of
the 95% confidence interval of 0.53. These values and

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 709-718

those between them indicate that workers are a mix of full
sisters (r = 0.75) and lower relationships, usually cousins
(r = 0.1875), whose exact proportions depend on the
numbers of queens in the parental colony.
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Fig. 2 Genetic relatedness (and 95% confidence intervals) among
workers for colonies producing queens, swarms and males.
Relatedness is lowest on swarm-producing colonies, indicating
that they have the most queens. See Table 3 for sample sizes.
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The estimates of queen number for queen-producing
and swarm-producing colonies are based on relatedness,
rather than actual queen counts, because such colonies are
hard to identify (new queens are not morphologically dif-
ferent from workers, and swarming happens quickly).
However, in Pa. colobopterus, wherever it was possible to
compare, estimates based on dissections and on genetic
relatednesses were very similar (Fig. 3), supporting the
use of the genetic method for estimating queen numbers
where the dissection method cannot be used. Even so, as
queen number becomes large, the impact on relatedness
of either additional queens or of reproductive variance
among queens becomes small. Therefore the match of
queen number estimates from dissections and relatedness
is less meaningful when queen number is large.

The small number of queens in many swarms, one or
zero for 14 swarms (Table 1), suggests that these swarms
may soon requeen. Workers with some ovarian develop-
ment are present (Table 1), but their low relatedness
suggests they are not future queens. We compared related-
nesses among workers with and without ovarian develop-
ment to see if the former were more like workers or queens
on relatedness grounds. Paired comparisons of relatedness
between workers with and without developed ovaries
indicated that there was not a significant difference
between these values (difference between these related-
nesses = — 0.091 + 0.052, 15 new colonies). As expected,
queens were not more closely related to workers with no
ovarian development (r = 0.350) than they were to workers
with some ovarian development (r = 0.295, difference
between relatednesses 0.055 + 0.047, 12 colonies).
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Fig. 3 In Parachartergus colobopterus, the figure shows estimates
of effective queen number for colenies in different stages based
on relatedness estimates (solid bars) and dissections (striped
bars). We have no dissection-based estimates of effective queen
numbers for queen producing or swarm producing colonies. See
Table 3 for significance of differences. Comparisons not shown in
Table 3 are not significantly different.

Table 4 Data for assessing the probability swarm queens are
losers on the natal colony in Parachartergus colobopterus. Of the
samples with both queen and sperm genotypes, S, is the number
of swarm queens that are the mother of a worker, S, is the total
number of swarm queens and P, is the minimum number of
mothers contributing to the workers in the swarm. Note that all
workers were genotyped only for colony V19-42. Only samples
were genotyped for the other colonies so these numbers do not
reflect all sibships among the workers. See text for methods

Colony S. S P,

V1942
V2048
V18-18
V17-18
V18-9

V18-24
V2043
V18-16
V184
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Maternity in swarms of Pa. colobopterus

Of the 18 swarm queens with good genetic data, only two
could have been the mother of any of the workers in their
swarm (one worker each; Table 4). This seems particularly
clear for nest V1942 where all 142 workers were geno-
typed and only one was the daughter of a queen. In this
new colony offspring were excluded from being the
daughters of all queens by an average of 5.2 microsatellite
loci. All but four progeny were excluded by more than
one locus. We considered whether or not null alleles at
any of the loci could obscure parentage and found only
one case where a null allele at one locus could result in an
assignment of that worker to a queen in the swarm (in
microsatellites, a null allele is usually the result of multi-
ple base pair deletions or substitutions in the primer sites,
causing amplification to fail).

Table 4 shows the numbers necessary for the simula-
tions. The simulations yielded a point estimate of P, = 101
queens on parental nest. That is, if queens join swarms
randomly, this is the estimate most consistent with having
observed only two swarm queens with progeny.
However, the number of queens indicating significant
departures from randomness is 43. If P; < 43, our empiri-
cal observation of two contributing swarm queens is
statistically unlikely, and swarm queens can be viewed as
reproductive losers from the parental colony.

Discussion

The low worker relatedness of swarms indicates that they
come from colonies with large numbers of laying queens.
In contrast, colonies producing queens have very low

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 709-718
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numbers of queens and high worker relatedness (Tables 1
and 3, Figs 1 and 2), as predicted from worker interests
concerning sex investment (Queller et al. 1993a).
Therefore, queen production is not directly tied to pro-
duction of new colonies, as it is in most social insects.
Instead, colonies requeen only after they arrive at the sin-
gle-queen stage, and the cohort of new queens typically
reproduces in the old colony, lowering relatedness, before
swarms are produced. Swarming may take place later, at
various points in the queen-reduction cycle, presumably
if conditions are appropriate.

The answer to our central question is therefore clear.
The dissociation between queen cycle and the colony
cycle permits worker interests to be satisfied with respect
to the timing of queen and male production, without sac-
rificing the ability to initiate new colonies at appropriate
times. This study also revealed some additional aspects of
the colony size, queen number, and queen reproduction in
parental colonies and swarms.

Swarms have fewer workers, queens, and males than
have a random sample of mature colonies in Parachartergus
colobopterus, but do not differ from mature colonies in
these respects in Polybia occidentalis or Protopolybia exigua
(Fig. 1). Perhaps swarms have fewer individuals in Pa.
colobopterus and not in the other two species because the
stable, perennial nature of Pa. colobopterus colonies induces
them to send out smaller swarms (Strassmann et al. 1997).
Colonies of this species have very low mortality rates and
last on average 347 days and as long as 4.5 years
(Strassmann et al. 1997). Pa. colobopterus also has low rates
of absconding. Even after nests are destroyed and most
females collected, the remaining wasps typically rebuild at
the same location (Strassmann et al. 1991). By contrast,
nests of both Po. occidentalis and Pr. exigua are much less
permanent. OQur surveys of Po. occidentalis indicate that
nests often failed within 3-6 months (J. E. Strassmann and
D. C. Queller, unpublished), and Pr. exigua is likely to be
similar as nests are attached to leaves and will fall when
the leaves fall. This pattern of small swarms from peren-
njal nests and large ones from colonies with more
ephemeral nests was also described by Richards &
Richards (1951). However, other studies have found that
swarms are more frequently small relative to the parental
colony even in species suffering heavy nest predation and
having multiple nests per season (Naumann 1970; West-
Eberhard 1978; Forsyth 1981; Jeanne 1991).

The low number of queens in swarms of Pa. colobopterus
is striking. Two-thirds of the new colonies had one or zero
queens when they were collected. We suspect that
swarms often requeen rather rapidly after colony initia-
tion, which would result in young colonies with many
queens shortly after initiation when the colonies are still
in the rainy season and growing rapidly. This queen pro-
duction following swarming would also help explain the

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 709-718

observed rainy-season dip in relatedness among workers
(Strassmann et al. 1997). As queens are normally highly
related, we further suspect that the new queen cohorts
must come from the high-relatedness brood of the new
colony, rather than from among the high-relatedness
workers. However, our collections clearly indicated that
colonies at all stages of both nest development and queen
cycle can be found at a single date (Strassmann et al. 1991;
Gastreich et al. 1993; Queller et al. 1993b).

In Pa. colobopterus, seven of the nine swarm queens with
sufficient genetic information had no daughters in the
genotyped swarm progeny, suggesting that swarm queens
may be reproductive losers on the parental colonies. Our
simulations show that this number is expected if there are
101 queens on parental colonies. However, seven out of
nine nonreproducing queens can be said to be statistically
unlikely only if there are fewer than 43 queens on parental
colonies. We do not have enough information to settle this
question because colonies are hard to find in the process of
swarming. Colonies with as many as 101 queens are very
rare but those with at least 43 queens are not (with zero
and five representatives, respectively, in our 17 postemer-
gence colonies; Strassmann ef al. 1991). Our worker relat-
edness estimate from swarm workers yields an estimate of
9.7 queens on parental colonies (Table 3), much lower than
the threshold of 43 indicating loser queens, but there are
two problems with this comparison. First, the 9.7 is an esti-
mate of effective queen number, representing a harmonic
mean over colonies, and assuming all queens reproduce
equally, so it is not strictly comparable to a real queen
count. Second, the 9.7 estimate is very sensitive to small
errors in worker relatedness, so a much higher value is
possible. Thus, as we cannot exclude the possibility that
swarms are produced by a subset of colonies with high
queen numbers, it seems premature to conclude that
swarm queens are losers.

We now understand more about the colony cycle of P.
colobopterus than perhaps any other epiponine wasp. But
there are still important elements that we have not
worked out. For example, we do not know if workers or
queens produce males. We do not know what drives the
decrease in numbers of queens, what the timing of that
decrease is, or what determines the winners.
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