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abstract: While eusociality arose in species with single-mating fe-
males, multiple mating by queens has evolved repeatedly across the
social ants, bees, and wasps. Understanding the benefits and costs of
multiple mating of queens is important because polyandry results in
reduced relatedness between siblings, reducing kin-selected benefits
of helping while also selecting for secondary social traits that reduce
intracolony conflict. The leading hypothesis for the benefits of poly-
andry in social insects emphasizes advantages of a genetically diverse
workforce. Workerless social parasite species (inquilines) provide a
unique opportunity to test this hypothesis, since they are derived from
social ancestors but do not produce workers of their own. Such para-
sites are thus predicted to evolve single mating because they would ex-
perience the costs of multiple mating but not the benefits if such
benefits accrue through the production of a genetically diverse group
of workers. Here we show that the workerless social parasite Dolicho-
vespula arctica, a derived parasite of wasps, has reverted to obligate sin-
gle mating from a facultatively polyandrous ancestor, mirroring a sim-
ilar reversion from obligate polyandry to approximate monandry in a
social parasite of fungus-farming ants. This finding and a comparison
with two other cases where inquilinism did not induce reversal to mon-
andry support the hypothesis that facultative polyandry can be costly
and may be maintained by benefits of a genetically diverse workforce.

Keywords: mating frequency, eusociality, Vespidae, social parasitism,
paternity, inquilinism.

Introduction

The evolution of multiple mating by females (polyandry)
has been a major focus of research in evolutionary biology
(Taylor et al. 2014). The mating systems of social insects
have attracted particular interest, given the wide variation in
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queen mating frequencies across the ants, bees, and wasps;
the importance of multiple mating in determining kin-
selected benefits of altruism to workers; and the remarkable
repeated origins of extreme polyandry in a few phylogenet-
ically diverse, highly eusocial taxa (Boomsma and Ratnieks
1996; Crozier and Fjerdingstad 2001; Strassmann 2001; Hughes
et al. 2008a; Boomsma et al. 2009; Boomsma 2013; Jaffé 2014).
A variety of hypotheses have been proposed to explain the
selective benefits of polyandry in social insects (Crozier and
Page 1985; Boomsma and Ratnieks 1996; Crozier and Fjer-
dingstad 2001). Such benefits are an interesting problem given
the likely costs of polyandry, including increased energy ex-
penditure (Hayworth et al. 2009), elevated exposure to preda-
tors and sexually transmitted diseases (Crozier and Page 1985;
Roberts et al. 2015), and higher immunity costs associated
with the storage of sperm (Baer et al. 2006). The hypotheses
receiving themost support are those that involve the benefits
of a genetically diverse colony: that elevated intracolony di-
versity (i) improves pathogen resistance (Hamilton 1987;
Sherman et al. 1988; Schmid-Hempel 1998), (ii) improves
the organization of work or division of labor (Page et al.
1989), or (iii) reduces the variance in the production of dip-
loidmales as a result of single-locus sex determination (Page
1980; Crozier and Page 1985). A fourth hypothesis, not based
on genetic diversity, is that queens mate with more males to
provide sufficient sperm to produce the queen’s many daugh-
ters (Cole 1983).
There is experimental support for hypotheses suggesting

that a genetically diverse workforce improves colony-level
disease resistance (Baer and Schmid-Hempel 1999; Hughes
and Boomsma 2004; Seeley and Tarpy 2007) and increases
colony productivity by improving the organization of work
(Jones et al. 2004; Mattila and Seeley 2007; Mattila et al.
2008). While experimental approaches to understanding the
evolution of polyandry are powerful, they are limited to those
few species amenable to manipulation. Given the diversity
of life histories and mating syndromes across the social Hy-
menoptera, it seems possible that different benefits may ap-
ply in different taxa (Crozier and Fjerdingstad 2001), many
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of which are not easily studied experimentally. A comple-
mentary approach is to compare the mating biology of closely
related taxa that differ in key life-history traits that could in-
fluence the costs and benefits of polyandry (Boomsma et al.
2009). Such studies, particularly when coupled with a phy-
logenetic perspective, have provided strong evidence that
mating frequency is negatively associated with queen number
(Kronauer and Boomsma 2007; Hughes et al. 2008b) and pa-
ternity skew (Jaffé et al. 2012; Barth et al. 2014; Loope et al.
2014) but positively correlated with colony size (Kronauer
et al. 2010; Loope et al. 2014), all generally supporting ar-
guments for a genetic diversity benefit to polyandry.

An important but understudied life-history shift pre-
dicted to influence the costs and benefits of polyandry is
the evolution of social parasitism. In the social insects, ob-
ligate inquiline social parasite females invade colonies of a
different species to reproduce and remain dependent on
the host species for the entire reproductive period (Bus-
chinger 2009). This extreme form of social parasitism has
evolved repeatedly from social ancestors in the ants (Bus-
chinger 2009), bees (Hines and Cameron 2010), and wasps
(Cervo 2006; Lopez-Osorio et al. 2015). Females that join or
take over a host colony can acquire through parasitism a ge-
netically diverse workforce without paying the costs of poly-
andry and thus are predicted to evolve single mating (Sumner
et al. 2004b). To date, the only support for this link between
mating system and parasitism comes from a clade of obli-
gately polyandrous leafcutter ants with a striking reversion
to approximate monandry in a derived inquiline social par-
asite (Sumner et al. 2004b). The association between social
parasitism and single mating in Acromyrmex insinuator
suggests that socially parasitic inquilines do not experience
the benefits that otherwise maintain polyandry in closely
related taxa, and it also implies that multiple mating has
costs. However, the generality of this result is unclear, as the
only other tests of this association found no similar reversion
to monandry in two other social parasite species (Hoffman
et al. 2008; Thurin and Aron 2011). Using a comparative ap-
proach, we tested the hypothesis that the production of a
large workforce underlies the evolutionary benefits of poly-
andry in social insects using the workerless inquiline wasp
Dolichovespula arctica, a derived social parasite of aerial-
nesting wasps.

Dolichovespula arctica is an obligate inquiline social par-
asite with a natural history similar to the handful of other
derived obligate social parasites of eusocial vespine wasps
(Jeanne 1977; Greene et al. 1978; Greene 1991; Lopez-Osorio
et al. 2015). Females emerge from hibernation in the spring
and invade young colonies of a related species, Dolichoves-
pula arenaria (fig. 1). The parasite female coexists with the
host queen for several days before killing her and beginning
to lay eggs. The inquiline produces no worker offspring, and
the host workers rear the parasite brood as if they were sib-
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lings, although aggression between the inquiline and workers
often escalates, eventually resulting in her death. Recent phy-
logenetic analyses (Lopez-Osorio et al. 2015; Perrard et al.
2015) place D. arctica, like its host, within the subgenus
Boreovespula. Most members of the genus, including the
host species, exhibit facultative polyandry (Foster et al. 2001;
Bonckaert et al. 2011b; Loope 2015), a mating system in
which queens frequently mate singly but also sometimes mate
more than once (Boomsma and Ratnieks 1996; Boomsma
2009, 2013). It has been argued that facultative polyandry
represents a mating syndrome distinct from obligate poly-
andry (always multiple queen mating), with possibly very
different selective pressures maintaining it (Boomsma and
Ratnieks 1996; Boomsma 2013). Importantly, the facultative
polyandry of Dolichovespula allows insight into the costs
and benefits of this understudied mating syndrome. Here
we investigate the evolution of facultative polyandry by de-
scribing the mating biology of D. arctica and comparing it,
in a phylogenetic framework, to the mating biology of close
relatives.
Methods

We collected colonies of Dolichovespula arenaria parasit-
ized by Dolichovespula arctica in the summers of 2012
Figure 1: The host queen (Dolichovespula arenaria; black and yellow
markings) grooms herself on the nest envelope of a preemergence col-
ony, while a inquiline social parasite (Dolichovespula arctica; black and
ivory markings) inspects cells on the comb inside the nest. We modi-
fied shadowing and highlighting levels with Adobe Photoshop to make
the parasite more visible. Photo by Robert Jeanne.
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and 2013 in Tompkins County, New York, freezing spec-
imens at 2207C until genotyping. We used nine colonies
with female D. arctica adults or brood, inferring paternity
from offspring genotypes, and six colonies with only the
mother inquiline present, inferring mating frequency from
stored sperm genotypes.
Genotyping Adults

We used four microsatellite loci—Rufa05, Rufa13, Rufa15,
and List2004—that are highly variable in other Dolichoves-
pula species (Foster et al. 2001; Loope 2015). Adult geno-
types were obtained using methods described in our pre-
vious work on wasp paternity (Loope et al. 2014). DNA was
extracted from a single antenna or leg in 100 mL of a 10%
Chelex solution by incubating at 557C for 20 min. We used
dye-labeled primers (Applied Biosystems) to perform mul-
tiplex polymerase chain reaction (PCR). Reaction volumes
were 5.5 mL per sample (0.1 mL of each forward and reverse
primer, 1.2 mL of water, 3.0 mL of Qiagen Type-It Micro-
satellite Master Mix, and 0.5 mL of DNA). PCR conditions
were 957C for 15 min; 35 cycles of 957C for 30 s, 507C for
90 s, and 727C for 60 s; and then 607C for 30 min. Fragment
analysis was performed on an ABI-3730xl sequencer using
0.5 mL of PCR product combined with 15 mL of HiDi form-
amide and 0.15 mL of LIZ 500 internal size standard (Ap-
plied Biosystems). Allele sizes were called using GeneMarker
(SoftGenetics) and checked twice by eye.
Paternity Estimation in Colonies with Female Brood

We genotyped 23–25 daughters from each of the nine par-
asitized colonies containing D. arctica daughters (n p 9).
Maternal genotypes were determined by direct genotyping
(n p 4) or inferred from the genotypes of seven or eight
male pupae (n p 5). The minimum number of patrilines
required to explain daughter genotypes was determined
by comparison of maternal genotypes and daughter geno-
types. Maternal and daughter genotypes were also used to
estimate paternity using the full likelihood method of Col-
ony2 software, with no sibship size prior and error rates of
0.01 (ver. 2.0.5.7 for Mac; Jones and Wang 2010). When es-
timating paternity from offspring genotypes, there are two
sources of error: nonsampling and nondetection (Boomsma
and Ratnieks 1996). Nonsampling error is the chance that
the sampled daughters do not include a patriline present
in the colony, and it was calculated according to the method
of Boomsma and Ratnieks (1996). Nondetection error oc-
curs when a male mate is not detected due to genetic sim-
ilarity either to another male or to the queen (e.g., when two
males mated to the same female share alleles at all geno-
typed loci; Pamilo 1982; Foster et al. 1999). We calculated
the population-level probability that two males have identi-
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cal observed genotypes by means of the formula in Boomsma
and Ratnieks (1996), and we calculated the colony-specific
probability of nondetection error by means of the formula
in Foster et al. (1999).
In one colony, a paternal null allele was detected at

Rufa05; all offspring appeared homozygous for one of each
of the maternal alleles. Before analyzing paternity, this was
coded as a novel allele. Mendelian inheritance patterns in
other colonies and at other loci indicated no additional null
alleles.
Genotyping Sperm

For an additional six inquiline females collected in June
2012, before they had produced pupal or adult offspring,
we genotyped sperm stored in the spermatheca to infer the
number of mates (Chapuisat 1998). The orange-red sperm
clump was dissected out of each inquiline’s spermatheca in
molecular-grade water using insect pins and transferred to
20 mL of 5% Chelex solution for DNA extraction. The pro-
tocol described above was then followed for genotyping
sperm clumps. Each adult female was also genotyped using
methods described above, and these genotypes were com-
pared with stored sperm genotypes to detect contamina-
tion with maternal tissue. Nondetection errors can still occur
in these estimates of mate number, since two male mates
could possess identical genotypes at all typed loci. We thus
calculated the probability of two males sharing the detected
sperm genotype for each female.
Inbreeding

We calculated the average relatedness of males to their fe-
male mates as a measure of inbreeding (Liautard and Sund-
ström 2005) using the female genotypes and inferred male
genotypes and the program Relatedness (ver. 5.0.8; Good-
night and Queller 1998). We also calculated the regression
relatedness among female offspring within the nine colonies
with daughter genotypes. If inbreeding occurs under sin-
gle mating, average pairwise relatedness values should be
higher than the expected 0.75 for haplodiploid full sisters.
Phylogenetic Comparison

Although the phylogenetic position of D. arctica was re-
cently reported (Lopez-Osorio et al. 2015), we performed
similar phylogenetic analyses to include new genetic data
from Dolichovespula norwegica, one of the few Dolichoves-
pula species with known paternity. This analysis thus re-
veals the phylogenetic relationships among the seven Doli-
chovespula species for which there are paternity data.
We generated sequence data for D. norwegica and re-

trieved DNA sequences from GenBank (accession numbers
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are provided in Lopez-Osorio et al. 2014, 2015). We ex-
tracted DNA using the DNeasy Blood and Tissue Kit (Qiagen)
and amplified gene fragments using PCR with primers listed
in previous studies (Lopez-Osorio et al. 2014, 2015). We se-
quenced fragments from the mitochondrial genes 12S, 16S,
COI, COII, CYTB, and ATP6 and from the nuclear genes
28S, CAD, EF1a-F2, Pol II, and wg. Each PCR included
22 mL of nuclease-free water, 1 mL of 10 mM forward primer,
1 mL of 10 mM reverse primer, and 1 mL of DNA extract.
The 25-mL total volume in each reaction was added to il-
lustra PuReTaq Ready-to-Go PCR beads (GE Healthcare Life
Sciences). PCR cycling conditions were 4 min of initial de-
naturation at 947C; followed by 35–40 cycles of 30 s at 947C,
45 s of annealing at 437–587C, and 45 s of elongation at 727C;
and then 6 min of final elongation at 727C. We assembled
contigs using Geneious 6 (Biomatters) and performed multi-
ple sequence alignments in MAFFT (ver. 7; Katoh and Stand-
ley 2013) with the Auto option.

Protein-coding genes partitioned on the basis of codon
positions and ribosomal DNA genes were submitted to
PartitionFinder (ver. 1.0.1; Lanfear et al. 2012) under the
following settings: branchlengths p unlinked, models p
mrbayes, and model_selection p corrected Akaike infor-
mation criterion. Phylogenetic analyses were carried out on
CIPRES (Miller et al. 2010) using MrBayes (ver. 3.2; Ronquist
et al. 2012) with nruns p 2, nchains p 8, samplefreq p
1,000, brlensprpunconstrained:Expð100Þ, 40 million gen-
erations, and unlinking parameters across partitions. We as-
sessed convergence in Tracer (ver. 1.6; Rambaut et al. 2013)
by examining effective sample size values.

To see whether species quantitatively differ in mating fre-
quency, we used the Fisher exact test to compare the fre-
quency of single mating in D. arctica to its three closest rel-
atives in the Boreovespula clade (sensu Perrard et al. 2015):
D. saxonica,D.norwegica, andD.arenaria.We similarly com-
pared the average pedigree sister relatedness within families
as a measure of genetic diversity, using the Welch unequal-
variances t-test. Average pedigree relatedness was estimated
from reported effective paternity (me) of colonies using the
formula 0:251 0:5=me (Pamilo 1993).
Ancestral State Reconstruction

We used ancestral state reconstruction analysis to estimate
the mean mate number (a continuous trait) and mating
system type (a discrete trait; monandry, facultative polyan-
dry, or obligate polyandry) of the most recent social ances-
tor of D. arctica. Our Bayesian phylogenetic analysis (above)
agreed with the conventional placement of the genus Ves-
pula as sister to Dolichovespula, but this disagrees with a re-
cent phylogenomic analysis of these groups (Lopez-Osorio
et al. 2017), which places Vespa as sister to Dolichovespula.
We wanted to account for both possibilities in our ancestral
This content downloaded from 138.0
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state reconstructions, so we used a constraint tree in a maxi-
mum likelihood (ML) phylogenetic analysis to generate two
trees representing these two scenarios. Using the alignments
from the same 11 genes described above, we conducted par-
titioned phylogenetic analyses using RAxML (ver. 8; Stama-
takis 2014) with 100 alternative runs and the general time-
reversible model with gamma correction, and we estimated
branch support with 100 bootstrap pseudoreplicates. The
optimal ML tree recovered Dolichovespula and Vespula as
sister taxa. We then performed an additional ML analysis
using a constraint tree enforcing a sister relationship be-
tween Dolichovespula and Vespa. Both the optimal and the
constrained ML trees were considered for inference of an-
cestral states. After dropping tips without trait data using
the treedata function in the R package geiger (Pennell et al.
2014), we inferred ancestral states for the continuous and
discrete characters using the functions fastAnc and reroot-
ingMethod in the R package phytools (Revell 2012), respec-
tively. Ancestral states for continuous data were visualized
using the contMap function in phytools.
New sequence data are available on GenBank (accession

nos. KY452445–KY452453). Microsatellite genotypes, error
rate calculations, GenBank accession numbers for sequences
used in phylogenies, and comparative data on mating behav-
ior taken from the literature are deposited in the Dryad Dig-
ital Repository: http://dx.doi.org/10.5061/dryad.k6r4v (Loope
et al. 2017).
Results

A single male mate was sufficient to explain paternity in
each of the nine sets of genotyped daughters. The Colony2
analysis agreed: the ML configuration of paternities for
each colony was a single father (table 1). Given our sam-
pling of ∼24 daughters per colony, the probability of not
sampling a second father with 50% or 20% of paternity oc-
curs with probabilities 5.9 # 1029 and 0.0047, respectively.
Given the allele frequencies estimated from the parental gen-
eration (i.e., reproductive females and their inferred mates),
the probability of two randomly selected males sharing geno-
types at all four loci was 0.003. The average colony-specific
nondetection error was 0.0057 (range: 0.024–0.0004). Given
these low error rates, we can conclude that our estimates of
paternity based on these loci are accurate.
The stored sperm genotypes from five of six analyzed in-

quiline females suggested a single mate: one allele was pres-
ent at each locus, and each sperm sample lacked shared
alleles with the female at some loci, meaning that contam-
ination with female spermathecal tissue did not occur. The
(colony-level) probability of male nondetection error was
very low for these females (mean: 0.0012; range: 0.0034–
0.0004), meaning that these estimates of mating frequency
are also reliable.
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In one of six stored sperm genotypes, two alleles were
present at two loci. However, in this sample all alleles pres-
ent in the female were also present in the sperm genotype,
suggesting contamination from female tissue. Given the fre-
quency of the female alleles, the probability that a randomly
selected male shares an allele with this female at all loci is
0.005, suggesting that contamination is a more likely expla-
nation than actual double mating. If such contamination
occurred, the resulting genotypes are consistent with a sin-
gle male mate, but because of the ambiguity the sample was
removed from further analyses. Thus, of 14 females with re-
liable estimates of paternity or mating frequency, all indi-
cated a single male mate.

The average relatedness between the 14 inferred males and
their mates was20.0041 (95% confidence interval: 20.21 to
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0.20) from jackknifing over loci. The average sibling relat-
edness for the nine colonies with genotyped daughters
was 0.73 with the 95% confidence interval (0.68–0.79) over-
lapping 0.75, further suggesting no inbreeding in these col-
onies (table 1).
Our phylogeny agreed with previously published trees

(Lopez-Osorio et al. 2015; Perrard et al. 2015) and places
Dolichovespula norwegica in the Boreovespula clade (fig. 2;
fig. A1), which otherwise consists of facultatively polyan-
drous species. Only two nodes had Bayesian support values
of less than 1.0 (fig. 2; fig. A1).
Quantitatively, the mating system of Dolichovespula arc-

tica was distinct from closely related species. The frequency
of single mating in our sample of D. arctica females was sig-
nificantly higher than that in D. arctica’s three closest rela-
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Figure 2: Evolution of mating frequency in Dolichovespula wasps. The cladogram was pruned to include only species with known paternity/
mating frequency (for full tree, see fig. A1). All unlabeled nodes have Bayesian support values of 1.0. Dolichovespula arctica (red text) is a
social parasite of Dolichovespula arenaria (highlighted). Bars depict the distribution of mating frequencies as a proportion of females ana-
lyzed. All mating frequencies were estimated from the paternity of daughters except for the five D. arctica stored sperm samples presented in
this article (see “Methods”). Sample size (n) refers to the number of queens or females analyzed. Source data are from (1) Foster et al. (2001),
(2) Loope (2015), (3) Bonckaert et al. (2011b), and (4) Bonckaert et al. (2011a).
Table 1: Observed mating frequencies and sibling regression relatedness for Dolichovespula arctica females
Female
 Analysis typea
 No. daughters typed
 Inferred no. fathers/mates
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Regression relatednessb
Arc1
 Daughters
 24
 1
 .76

Arc2
 Daughters
 25
 1
 .78

Arc3
 Daughters
 23
 1
 .82

Arc4
 Daughters
 24
 1
 .68

Arc5
 Daughters
 24
 1
 .70

Arc6
 Daughters
 24
 1
 .68

Arc7
 Daughters
 24
 1
 .65

Arc8
 Daughters
 23
 1
 .72

Arc9
 Daughters
 24
 1
 .72

Arc10
 Sperm
 . . .
 1
 . . .

Arc11
 Sperm
 . . .
 1
 . . .

Arc12
 Sperm
 . . .
 1
 . . .

Arc13
 Sperm
 . . .
 1
 . . .

Arc14
 Sperm
 . . .
 1
 . . .
a Female mating frequency was determined either by genotyping daughters or by genotyping sperm stored in spermatheca.
b Relatedness among daughters.
:38:51 AM
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tives (fig. 2; Fisher exact test; Dolichovespula arenaria: 4 of
17 monandrous, P ! :001;Dsaxonica saxonica: 9 of 23mon-
androus, P ! :001; D. norwegica: 10 of 15 monandrous,
P p :042). Similarly, pedigree relatedness of daughters
within colonies of eusocial species, an estimate of genetic di-
versity that accounts for paternity frequency and paternity
skew, was significantly different from that estimated for all
D. arctica families (Welch unequal-variances t-test; D. are-
naria, mean p 0:585 0:11 SD, t p 6:27, df p 16, P !

:001; D. saxonica, mean p 0:595 0:14 SD, t p 5:40,
df p 22, P ! :001; D. norwegica, mean p 0:705 0:08 SD,
t p 2:36, df p 14, P p :033). All six P values are still sig-
nificant after controlling for multiple comparisons with a
false discovery rate of 0.05 and the method of Benjamini
and Hochberg (Benjamini and Hochberg 1995; Verhoeven
et al. 2005) in the p.adjust function in R.

Ancestral state reconstructions suggested that the most
recent social ancestor of D. arctica was facultatively poly-
androus (figs. A2, A3). For this ancestor under the tradi-
tional phylogenetic scenario with Vespula as the sister genus
to Dolichovespula, the marginal probability for the three mat-
ing syndromes was 0.96 for facultative polyandry, 0.02 for
monandry, and 0.01 for obligate polyandry (fig. A2A). The
estimated mean queen mate number from the fastAnc anal-
ysis was 1.52 (95% CI: 1.23–1.83; fig. A2B). The same anal-
yses with a constraint tree forcing Vespa as the sister genus
to Dolichovespula yielded a nearly identical result (fig. A3).
The inferred mean mate number was 1.53, and the mar-
ginal probability of a facultatively polyandrous mating sys-
tem was 0.96.
Discussion

Although most species in the genus Dolichovespula are
facultatively polyandrous, all analyzed females of the social
parasite Dolichovespula arctica were singly mated (fig. 2). In
contrast, most queens of the host species, Dolichovespula
arenaria, mate multiply in our study population (∼71%
polyandrous; fig. 2; Loope 2015). Thus, inquilines that take
This content downloaded from 138.0
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over D. arenaria colonies may inherit the benefits of a genet-
ically diverse workforce without paying the costs of mating
multiply. The three most closely related species, all mem-
bers of the subgenus Boreovespula, all have facultative mul-
tiple mating, suggesting that their most recent common an-
cestor with D. arctica was also facultatively polyandrous
(fig. 2). Dolichovespula arctica is the only of these species
that is completely monandrous and has a mating system
that is quantitatively distinct from that of its host and related
species. Other than its socially parasitic habit, D. arctica is
similar in many respects to D. arenaria and congeners: re-
productive females mate in the fall, store sperm during dia-
pause over winter, and only live for a single year. This inqui-
line species is common in our study population: the host
D. arenaria is abundant, and ∼40% of D. arenaria colonies
are infected (Keyel 1983). Males are frequently seen on flow-
ers in the late summer and patrol low vegetation, aggregat-
ing in a manner similar to other vespine wasps (K. J. Loope,
personal observation), making limited male availability an
unlikely explanation for the reversion to monandry. Instead,
our data suggest that the reversion resulted from the adop-
tion of an obligately parasitic lifestyle. Single mating in D.
arctica supports the hypothesis that facultativemultiplemat-
ing is costly and that the benefits maintaining it can be
connected to the production of a genetically diverse work-
force (Sumner et al. 2004b). Once worker production is lost,
it appears that the benefits of polyandry likely disappear,
and the costs drive social parasites to monandry.
Comparisons to Other Taxa

Evolutionary reductions in polyandry appear to be rare.
Other than the two social parasite examples (D. arctica and
Acromyrmex insinuator; table 2), only two such transitions
are known. A polygynous army ant evolved facultative poly-
andry from obligate polyandry (Kronauer and Boomsma
2007). This reduction in polyandry neatly reflects the trade-
off between the two sources of within-colony genetic diver-
sity (multiple queens or multiple mates) that has also been
Table 2: Mating systems and life-history traits of social parasites in the eusocial Hymenoptera
Species
 Family

Reversion to
monandry?
 Ancestor
23.232.06
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Worker
production?
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Inbreeding?
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Reference(s)
Acromyrmex insinuator
 Formicidae
 Yes
 Obligate
polyandry
Reduced
 No
 Sumner et al. 2004a,
2004b
Dolichovespula arctica
 Vespidae
 Yes
 Facultative
polyandry
No
 No
 This article
Plagiolepis xene
 Formicidae
 No
 Obligate
polyandry
No
 Yes
 Thurin and Aron 2011
Vespula squamosa
 Vespidae
 No
 Obligate
polyandry
Yes
 No
 Hoffman et al. 2008
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demonstrated in a large-scale comparative analysis (Hughes
et al. 2008b). Several desert ants (Cataglyphus spp.) have
reverted from obligate to facultative polyandry as well, al-
though no ecological or life-history factors associated with
these transitions are apparent (Aron et al. 2016; Boomsma
2016). Together with A. insinuator (Sumner et al. 2004b),
all reversions to date have been from obligate polyandry to
mating systems with at least some residual multiple mat-
ing; D. arctica is the first reversion documented from a
facultatively polyandrous ancestor and the first to reevolve
obligate single mating.

Comparing our findings in D. arctica to other studies
suggests that monandry is probably adaptive only for par-
ticular types of social parasites within the social Hymenop-
tera (table 2). The ant Plagiolepis xene, like D. arctica, is a
workerless inquiline, yet this species maintains the ances-
tral polyandry of its congeners (Thurin and Aron 2011). Un-
like D. arctica and A. insinuator, this species and its host
(Trontti et al. 2007) are highly inbred: females mate with
siblings inside the nest. Females thus avoid mating flights
and presumably the associated costs of finding multiple
mates, which could explain the persistence of polyandry
in this species (Thurin and Aron 2011). In this scenario,
polyandry may be maintained because it has low costs for
queens but benefits males (Trontti et al. 2007). In another
exception to the association between social parasitism and
monandry, Vespula squamosa queens, like D. arctica females,
frequently invade and take over young colonies of another
species of vespine wasp, but they are always polyandrous
(Hoffman et al. 2008). A critical difference between this spe-
cies and D. arctica is that the socially parasitic females of V.
squamosa go on to produce a large, free-living workforce of
their own (MacDonald and Matthews 1984); such colonies
only initially rely on host workers, making them temporary
rather than permanent social parasites (Buschinger 2009).
Because they must produce a large, free-living colony of
workers, V. squamosa queens presumably experience the
same selection pressures that maintain polyandry in other
free-living Vespula species that are not socially parasitic in
the founding stage (Loope et al. 2014).
The Benefits of Facultative Polyandry

While the reversion to monandry in the leafcutter ant social
parasite was from a highly polyandrous ancestor (Villesen
et al. 2002; Sumner et al. 2004a), species in the Boreovespula
group exhibit facultative polyandry (fig. 2), indicating that
D. arctica evolved monandry from facultative polyandry.
Most studies addressing the benefits of polyandry in the eu-
social Hymenoptera have focused on obligately polyandrous
species, and the benefits maintaining facultative polyandry
may be different and are currently unknown (Boomsma 2013).
The reversion to monandry suggests female rather than male
This content downloaded from 138.0
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control over mating frequency: D. arctica females differ from
queens of closely related species in that they no longer pro-
duce workers, while selection on male mating traits is pre-
sumably similar in both social and inquiline species. The re-
version to monandry by the social parasite therefore implies
that the facultative, relatively low levels of polyandry of other
Dolichovespula are adaptive for females and are not exclu-
sively the result of male strategies that result in multiplemat-
ings that females would otherwise avoid (i.e., convenience
polyandry; Thornhill and Alcock 1983; Trontti et al. 2007).
How might females benefit from facultative polyandry? It

is possible that this mating system results from a balanced
polymorphism,wherein femaleswithmonandrous and poly-
androus strategies obtain equal fitness in the population
(Crozier and Fjerdingstad 2001). Alternatively, facultative
polyandry may be a conditional strategy that results in sin-
gle or multiple mating depending on local conditions, such
as mate availability, local mating risks, or the quality or com-
patibility of the first mate (Crozier and Fjerdingstad 2001;
Boomsma 2013). The reversion to obligate monandry in
D. arctica implies that queens of facultatively polyandrous
Dolichovespula benefit from their second mates via their
production of workers rather than as a follow-up to an in-
compatible or undesirable first mate (Boomsma 2013), since
the latter would apply for inquiline species as well as social
species. There is some evidence that polyandrous Dolicho-
vespula queens benefit as a result of conflict with workers
over male parentage. In the host species D. arenaria, work-
ers preferentially kill queens that mate singly but generally
spare polyandrous ones (Loope 2015). Queen killing takes
place in the reproductive stage and is therefore probably
costly to queens (Bourke 1994; Loope 2016). In D. saxonica,
workers may prevent worker reproduction more in colonies
headed by polyandrous queens (Foster and Ratnieks 2000;
but see Bonckaert et al. 2011b), which would presumably ben-
efit polyandrous queens. Alternatively, increasing genetic di-
versity by sometimes mating multiply could provide benefits
due to pathogen resistance or improved division of labor,
as has been hypothesized for obligate polyandry, but direct
tests of this hypothesis are lacking in any facultatively poly-
androus species. However, small increases in genetic diver-
sity, such as those provided by double mating, have been
shown to confer disease resistance benefits in groups of bum-
blebees and ants (Baer and Schmid-Hempel 1999; Hughes
and Boomsma 2004). In contrast, such benefits were not
found in wild or laboratory-reared colonies of the faculta-
tively polyandrous ant, Lasius niger (Fjerdingstad et al. 2003).
In the large-colony, obligately polyandrous yellowjacket wasp
Vespula maculifrons, paternity is positively associated with
the number of queens produced, suggesting a productivity
advantage to polyandry in a species where effective mating
frequency ranges from ∼3 to 9 (Goodisman et al. 2007). This
increase in fitness is consistent with diversity benefits of poly-
23.232.064 on March 30, 2017 09:38:51 AM
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andry but not with the aforementioned conflict-reduction
benefits, since conflicts over male parentage should be ab-
sent once effective paternity exceeds 2.0 (Ratnieks 1988). In-
terspecific comparisons across the Vespinae show that mat-
ing frequency is positively associated with colony size and
negatively associated with paternity skew, both predictions
of the disease resistance and division-of-labor versions of
the diversity hypothesis (Loope et al. 2014). However, these
patterns are driven mostly by the contrasts caused by spe-
cies with obligate polyandry, and colony size does not appear
to be correlated with paternity in the facultatively polyan-
drous Dolichovespula or the slightly more obligately polyan-
drous Vespula rufa group (i.e., the subgenus Vespula sensu
stricto; Perrard et al. 2015).

Several features of vespine wasp biology argue against
the remaining two leading hypotheses for facultative or ob-
ligate polyandry in this clade. The diploid male load hypoth-
esis suggests that polyandry reduces the variance across col-
onies in the proportion of colony offspring that are (costly)
diploid males. This variance reduction could be beneficial to
queens if colonies invest in few valuable reproductive units,
such as swarms; if most daughter colonies fail before repro-
duction, monandry may be favored instead (Page 1980; Cro-
zier and Fjerdingstad 2001; Rueppell et al. 2008). Similar de-
mographic models suggest that monandry is more beneficial
in the early colony stage, when colonies are small and the
costs of a small (evenly distributed) diploid load resulting
from polyandry will be amplified by exponential growth;
in contrast, polyandry is advantageous if reproduction is de-
layed until colonies reach their mature size (Pamilo et al.
1994). This hypothesis has been suggested to explain the
convergent obligate polyandry in the swarm-founding army
ants and honey bees and the monandry of most bumble
bees and other independent-founding species, since swarm
founding means that most reproductive units exceed the
threshold for colony survival and reproduction and avoid
the small-colony growth phase (Kronauer et al. 2007; Ruep-
pell et al. 2008). Although diploid males have been reported
in vespine wasps (Foster et al. 2000; Darrouzet et al. 2015),
This content downloaded from 138.0
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this hypothesis cannot explain the observed variation across
species. Vespine species of all threemating syndromes (mon-
andry, facultative polyandry, and obligate polyandry) are
independent founding, and the vast majority of colonies
in species of all three types fail early, prior to the reproduc-
tive stage (Matsuura 1984; Archer 2010). Thus, the predic-
tion that polyandry is associated with colony founding strat-
egy or colony mortality schedule (Rueppell et al. 2008) is
not supported in these wasps. Similarly, colony size and com-
plexity, but not founding strategy, predict the low mating
frequency of a small-colony ant with a convergently evolved
army-ant syndrome (Kronauer et al. 2010).
Finally, the sperm limitation hypothesis (Cole 1983) is

not likely to explain facultative polyandry in Dolichovespula.
Although D. arctica females produce fewer female offspring
than do queens of their polyandrous social relatives, as pre-
dicted by the sperm limitation hypothesis, they store as
much sperm in their spermatheca as the facultatively poly-
androus Dolichovespula and (near) obligately polyandrous
Vespula vidua and Vespula consobrina (Stein and Fell 1994;
Loope et al. 2014). We are left, then, with the possibility
of conflict reduction benefits or diversity benefits from dis-
ease resistance or division of labor as the most likely to ap-
ply to facultative polyandry in Dolichovespula. Furthermore,
more direct tests of these hypotheses in this group are surely
warranted.
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APPENDIX

Untrimmed Bayesian Tree and Full Ancestral State Reconstructions
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Figure A1: Phylogenetic tree for all Dolichovespula species with sequence data available, created using MrBayes (see “Methods”).
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Figure A2: Ancestral state reconstructions for type of mating system (A) and mean mate number (B). Pie charts on nodes reflect the mar-
ginal probabilities of the three possible mating systems. Estimated probabilities for the social ancestor of Dolichovespula arctica (node marked
with an asterisk) are reported in “Results.”
E000

This content downloaded from 138.023.232.064 on March 30, 2017 09:38:51 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



Polistes

Vespula vulgaris

Vespa crabro

D. maculata

D. media

D. sylvestris

D. arenaria

D. arctica

D. norwegica

D. saxonica

1 2.29

Monandry

Facultative Polyandry

Obligate Polyandry

mean number of mates

A

B

*

Polistes

Vespula vulgaris

Vespa crabro

D. media

D. maculata

D. sylvestris

D. arenaria

D. arctica

D. norwegica

D. saxonica

Figure A3: Ancestral state reconstructions for type of mating system (A) and mean mate number (B). Pie charts on nodes reflect the mar-
ginal probabilities of the three possible mating systems. Estimated probabilities for the social ancestor of Dolichovespula arctica (node marked
with an asterisk) are reported in “Results.” This analysis is based on an alternative phylogenetic hypothesis reflecting the uncertainty in the
relative positions of the genera Dolichovespula, Vespula, and Vespa.
E000

This content downloaded from 138.023.232.064 on March 30, 2017 09:38:51 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



E000 The American Naturalist
Literature Cited

Archer, M. E. 2010. The queen colony phase of vespine wasps (Hy-
menoptera, Vespidae). Insectes Sociaux 57:133–145.

Aron, S., P. Lybaert, and C. Baudoux. 2016. Sperm production char-
acteristics vary with level of sperm competition in Cataglyphis des-
ert ants. Functional Ecology 30:614–624.

Baer, B., S. A. O. Armitage, and J. J. Boomsma. 2006. Sperm storage
induces an immunity cost in ants. Nature 441:872–875.

Baer, B., and P. Schmid-Hempel. 1999. Experimental variation in poly-
andry affects parasite loads and fitness in a bumble-bee. Nature 397:
151–154.

Barth, M. B., R. F. A. Moritz, and F. B. Kraus. 2014. The evolution of
extreme polyandry in social insects: insights from army ants. PLoS
ONE 9:e105621.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discovery
rate: a practical and powerful approach to multiple testing. Journal
of the Royal Statistical Society Series B 57:289–300.

Bonckaert, W., A. Tofilski, F. S. Nascimento, J. Billen, F. L. W.
Ratnieks, and T. Wenseleers. 2011a. Co-occurrence of three types
of egg policing in the Norwegian wasp Dolichovespula norwegica.
Behavioral Ecology and Sociobiology 65:633–640.

Bonckaert, W., J. S. Van Zweden, P. d’Ettorre, J. Billen, and T.
Wenseleers. 2011b. Colony stage and not facultative policing ex-
plains pattern of worker reproduction in the Saxon wasp. Molec-
ular Ecology 20:3455–3468.

Boomsma, J. J. 2009. Lifetime monogamy and the evolution of
eusociality. Philosophical Transactions of the Royal Society B 364:
3191–3207.

———. 2013. Beyond promiscuity: mate-choice commitments in so-
cial breeding. Philosophical Transactions of the Royal Society B 368:
20120050.

———. 2016. When every sperm is sacred: the emergence and decline
of superorganismal chimeras. Functional Ecology 30:504–505.

Boomsma, J. J., D. J. C. Kronauer, and J. S. Pedersen. 2009. The evo-
lution of social insect mating systems. Pages 3–25 in J. Gadau and
J. H. Fewell, eds. Organization of insect societies. Harvard Univer-
sity Press, Cambridge, MA.

Boomsma, J. J., and F. L. W. Ratnieks. 1996. Paternity in eusocial
Hymenoptera. Philosophical Transactions of the Royal Society B
351:947–975.

Bourke, A. F. G. 1994. Worker matricide in social bees and wasps.
Journal of Theoretical Biology 167:283–292.

Buschinger, A. 2009. Social parasitism among ants: a review (Hyme-
noptera: Formicidae). Myrmecological News 12:219–235.

Cervo, R. 2006. Polistes wasps and their social parasites: an overview.
Annales Zoologici Fennici 43:531–549.

Chapuisat, M. 1998. Mating frequency of ant queens with alternative
dispersal strategies, as revealed by microsatellite analysis of sperm.
Molecular Ecology 7:1097–1105.

Cole, B. J. 1983. Multiple mating and the evolution of social behavior in
the Hymenoptera. Behavioral Ecology and Sociobiology 12:191–201.

Crozier, R. H., and E. Fjerdingstad. 2001. Polyandry in social Hymenop-
tera—disunity in diversity? Annales Zoologici Fennici 38:267–285.

Crozier, R. H., and R. E. Page. 1985. On being the right size: male
contributions and multiple mating in social Hymenoptera. Behav-
ioral Ecology and Sociobiology 18:105–115.

Darrouzet, E., J. Gévar, Q. Guignard, and S. Aron. 2015. Production
of early diploid males by European colonies of the invasive hornet
Vespa velutina nigrithorax. PLoS ONE 10:e0136680.
This content downloaded from 138.0
All use subject to University of Chicago Press Term
Fjerdingstad, E. J., P. J. Gertsch, and L. Keller. 2003. The relationship
between multiple mating by queens, within-colony genetic vari-
ability and fitness in the ant Lasius niger. Journal of Evolutionary
Biology 16:844–853.

Foster, K. R., and F. L. W. Ratnieks. 2000. Facultative worker polic-
ing in a wasp. Nature 407:692–693.

Foster, K. R., F. L. W. Ratnieks, N. Gyllenstrand, and P. Thoren.
2001. Colony kin structure and male production in Dolichovespula
wasps. Molecular Ecology 10:1003–1010.

Foster, K. R., F. L. W. Ratnieks, and A. Raybould. 2000. Do hornets
have zombie workers? Molecular Ecology 9:735–742.

Foster, K. R., P. Seppa, F. L. W. Ratnieks, and P. Thoren. 1999. Low
paternity in the hornet Vespa crabro indicates that multiple mat-
ing by queens is derived in vespine wasps. Behavioral Ecology and
Sociobiology 46:252–257.

Goodisman, M. A. D., J. L. Kovacs, and E. A. Hoffman. 2007. The
significance of multiple mating in the social wasp Vespula macu-
lifrons. Evolution 61:2260–2267.

Goodnight, K. F., and D. C. Queller. 1998. Relatedness 5.0.8. Good-
night Software, Houston, TX.

Greene, A. 1991. Dolichovespula and Vespula. Pages 263–305 in K.
Ross and R. W. Matthews, eds. The social biology of wasps. Cor-
nell University Press, Ithaca, NY.

Greene, A., R. D. Akre, and P. J. Landolt. 1978. Behavior of the
yellowjacket social parasite, Dolichovespula arctica (Rohwer) (Hy-
menoptera: Vespidae). Melanderia 29:1–28.

Hamilton, W. D. 1987. Kinship, recognition, disease and intelligence:
constraints of social evolution. Pages 81–102 in Y. Ito, J. L. Brown,
and J. Kikkawa, eds. Animal societies: theory and facts. Japanese
Scientific Society, Tokyo.

Hayworth, M. K., N. G. Johnson, M. E. Wilhelm, R. P. Gove, J. D.
Metheny, and O. Rueppell. 2009. Added weights lead to reduced
flight behavior and mating success in polyandrous honey bee
queens (Apis mellifera). Ethology 115:698–706.

Hines, H. M., and S. A. Cameron. 2010. The phylogenetic position of
the bumble bee inquiline Bombus inexspectatus and implications
for the evolution of social parasitism. Insectes Sociaux 57:379–
383.

Hoffman, E. A., J. L. Kovacs, and M. A. D. Goodisman. 2008. Genetic
structure and breeding system in a social wasp and its social para-
site. BMC Evolutionary Biology 8:1.

Hughes, W. O. H., and J. J. Boomsma. 2004. Genetic diversity and
disease resistance in leaf-cutting ant societies. Evolution 58:1251–
1260.

Hughes, W. O. H., B. P. Oldroyd, M. Beekman, and F. L. W. Rat-
nieks. 2008a. Ancestral monogamy shows kin selection is key to
the evolution of eusociality. Science 320:1213–1216.

Hughes, W. O. H., F. L. W. Ratnieks, and B. P. Oldroyd. 2008b. Mul-
tiple paternity or multiple queens: two routes to greater intraco-
lonial genetic diversity in the eusocial Hymenoptera. Journal of
Evolutionary Biology 21:1090–1095.

Jaffé, R. 2014. An updated guide to the study of polyandry in social
insects. Sociobiology 61:1–8.

Jaffé, R., F. Garcia-Gonzalez, S. P. A. den Boer, L. W. Simmons, and
B. Baer. 2012. Patterns of paternity skew among polyandrous so-
cial insects: what can they tell us about the potential for sexual se-
lection? Evolution 66:3778–3788.

Jeanne, R. L. 1977. Behavior of the obligate social parasite Vespula
arctica (Hymenoptera: Vespidae). Journal of the Kansas Entomo-
logical Society 50:541–557.
23.232.064 on March 30, 2017 09:38:51 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00040-009-0063-8
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00040-010-0094-1
http://www.journals.uchicago.edu/action/showLinks?pmid=25144731&crossref=10.1371%2Fjournal.pone.0105621
http://www.journals.uchicago.edu/action/showLinks?pmid=11048706&crossref=10.1038%2F35037665
http://www.journals.uchicago.edu/action/showLinks?pmid=25144731&crossref=10.1371%2Fjournal.pone.0105621
http://www.journals.uchicago.edu/action/showLinks?pmid=18422530&crossref=10.1111%2Fj.1420-9101.2008.01532.x
http://www.journals.uchicago.edu/action/showLinks?pmid=18422530&crossref=10.1111%2Fj.1420-9101.2008.01532.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050617
http://www.journals.uchicago.edu/action/showLinks?pmid=19805427&crossref=10.1098%2Frstb.2009.0101
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050617
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2FBF00299039
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2F1365-2435.12533
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2FBF00299039
http://www.journals.uchicago.edu/action/showLinks?pmid=18179683&crossref=10.1186%2F1471-2148-8-239
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frstb.1996.0087
http://www.journals.uchicago.edu/action/showLinks?crossref=10.13102%2Fsociobiology.v61i1.1-8
http://www.journals.uchicago.edu/action/showLinks?pmid=17767595&crossref=10.1111%2Fj.1558-5646.2007.00175.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.1365-294x.1998.00422.x
http://www.journals.uchicago.edu/action/showLinks?pmid=16778889&crossref=10.1038%2Fnature04698
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1371%2Fjournal.pone.0136680
http://www.journals.uchicago.edu/action/showLinks?pmid=23339241&crossref=10.1098%2Frstb.2012.0050
http://www.journals.uchicago.edu/action/showLinks?pmid=15266974&crossref=10.1111%2Fj.0014-3820.2004.tb01704.x
http://www.journals.uchicago.edu/action/showLinks?pmid=23206136&crossref=10.1111%2Fj.1558-5646.2012.01721.x
http://www.journals.uchicago.edu/action/showLinks?pmid=11348506&crossref=10.1046%2Fj.1365-294X.2001.01228.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00265-010-1064-3
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1006%2Fjtbi.1994.1070
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1439-0310.2009.01655.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2FBF00290771
http://www.journals.uchicago.edu/action/showLinks?pmid=14635899&crossref=10.1046%2Fj.1420-9101.2003.00589.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1038%2F16451
http://www.journals.uchicago.edu/action/showLinks?pmid=14635899&crossref=10.1046%2Fj.1420-9101.2003.00589.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2F1365-2435.12617
http://www.journals.uchicago.edu/action/showLinks?pmid=18511689&crossref=10.1126%2Fscience.1156108
http://www.journals.uchicago.edu/action/showLinks?pmid=10849289&crossref=10.1046%2Fj.1365-294x.2000.00920.x
http://www.journals.uchicago.edu/action/showLinks?pmid=21762433&crossref=10.1111%2Fj.1365-294X.2011.05200.x
http://www.journals.uchicago.edu/action/showLinks?pmid=21762433&crossref=10.1111%2Fj.1365-294X.2011.05200.x


A Social Parasite Reverts to Monandry E000
Jones, J. C., M. R. Myerscough, S. Graham, and B. P. Oldroyd. 2004.
Honey bee nest thermoregulation: diversity promotes stability. Sci-
ence 305:402–404.

Jones, O. R., and J. Wang. 2010. COLONY: a program for parentage
and sibship inference from multilocus genotype data. Molecular
Ecology Resources 10:551–555.

Katoh, K., and D. M. Standley. 2013. MAFFT multiple sequence
alignment software version 7: improvements in performance and
usability. Molecular Biology and Evolution 30:772–780.

Keyel, R. 1983. Some aspects of niche relationships among yellow-
jackets (Hymenoptera: Vespidae) of the northeastern United States.
PhD diss. Cornell University, Ithaca, NY.

Kronauer, D. J. C., and J. J. Boomsma. 2007. Multiple queens means
fewer mates. Current Biology 17:R753–R755.

Kronauer, D. J. C., R. A. Johnson, and J. J. Boomsma. 2007. The evo-
lution of multiple mating in army ants. Evolution 61:413–422.

Kronauer, D. J. C., S. O’Donnell, J. J. Boomsma, and N. E. Pierce.
2010. Strict monandry in the ponerine army ant genus Simopelta
suggests that colony size and complexity drive mating system evo-
lution in social insects. Molecular Ecology 20:420–428.

Lanfear, R., B. Calcott, S. Y. W. Ho, and S. Guindon. 2012. Parti-
tionfinder: combined selection of partitioning schemes and substi-
tution models for phylogenetic analyses. Molecular Biology and
Evolution 29:1695–1701.

Liautard, C., and L. Sundström. 2005. Estimation of individual level
of inbreeding using relatedness measures in haplodiploids. Insectes
Sociaux 52:323–326.

Loope, K. J. 2015. Queen killing is linked to high worker-worker re-
latedness in a social wasp. Current Biology 25:2976–2979.

———. 2016. Matricide and queen sex allocation in a yellowjacket
wasp. Science of Nature 103:57.

Loope, K. J., C. Chien, and M. Juhl. 2014. Colony size is linked to
paternity frequency and paternity skew in yellowjacket wasps and
hornets. BMC Evolutionary Biology 14:277.

Loope, K. J., F. Lopez-Osorio, and L. Dvořák. 2017. Data from: Con-
vergent reversion to single mating in a wasp social parasite. Amer-
ican Naturalist, Dryad Digital Repository, http://dx.doi.org/10.5061
/dryad.k6r4v.

Lopez-Osorio, F., A. Perrard, K. M. Pickett, J. M. Carpenter, and
I. Agnarsson. 2015. Phylogenetic tests reject Emery’s rule in the evo-
lution of social parasitism in yellowjackets and hornets (Hymenop-
tera: Vespidae, Vespinae). Royal Society Open Science 2:150159.

Lopez-Osorio, F., K. M. Pickett, J. M. Carpenter, B. A. Ballif, and I.
Agnarsson. 2014. Phylogenetic relationships of yellowjackets in-
ferred from nine loci (Hymenoptera: Vespidae, Vespinae, Vespula
and Dolichovespula). Molecular Phylogenetics and Evolution 73:
190–201.

———. 2017. Phylogenomic analysis of yellowjackets and hornets
(Hymenoptera: Vespidae, Vespinae). Molecular Phylogenetics and
Evolution 107:10–15.

MacDonald, J. F., and R. W. Matthews. 1984. Nesting biology of the
southern yellowjacket, Vespula squamosa (Hymenoptera: Vespidae):
social parasitism and independent founding. Journal of the Kansas
Entomological Society 57:134–151.

Matsuura, M. 1984. Comparative biology of the five Japanese species
of the genus Vespa (Hymenoptera, Vespidae). Bulletin of the Fac-
ulty of Agriculture, Mie University 69:1–131.

Mattila, H. R., K. M. Burke, and T. D. Seeley. 2008. Genetic diversity
within honeybee colonies increases signal production by waggle-
dancing foragers. Proceedings of the Royal Society B 275:809–816.
This content downloaded from 138.0
All use subject to University of Chicago Press Term
Mattila, H. R., and T. D. Seeley. 2007. Genetic diversity in honey bee
colonies enhances productivity and fitness. Science 317:362–364.

Miller, M. A., W. Pfeiffer, and T. Schwartz. 2010. Creating the
CIPRES Science Gateway for inference of large phylogenetic trees.
Proceedings of the Gateway Computing Environments Workshop,
New Orleans, November 14, 2010.

Page, R. E., Jr. 1980. The evolution of multiple mating behavior by
honey bee queens (Apis mellifera L.). Genetics 96:263–273.

Page, R. E., Jr., G. E. Robinson, and M. K. Fondrk. 1989. Genetic
specialists, kin recognition and nepotism in honey-bee colonies.
Nature 338:576–579.

Pamilo, P. 1982. Multiple mating in Formica ants. Hereditas 97:37–45.
———. 1993. Polyandry and allele frequency differences between

the sexes in the ant Formica aquilonia. Heredity 70:472–480.
Pamilo, P., L. Sundström, W. Fortelius, and R. Rosengren. 1994. Dip-

loid males and colony-level selection in Formica ants. Ethology
Ecology and Evolution 6:221–235.

Pennell, M. W., J. M. Eastman, G. J. Slater, J. W. Brown, J. C. Uyeda,
R. G. FitzJohn, M. E. Alfaro, et al. 2014. geiger v2.0: an expanded
suite of methods for fitting macroevolutionary models to phyloge-
netic trees. Bioinformatics 30:2216–2218.

Perrard, A., F. L. Osorio, and J. M. Carpenter. 2015. Phylogeny,
landmark analysis and the use of wing venation to study the evo-
lution of social wasps (Hymenoptera: Vespidae: Vespinae). Cladis-
tics 32:406–425.

Rambaut, A., M. Suchard, D. Xie, and A. J. Drummond. 2013. Tracer
v1.6. http://beast.bio.ed.ac.uk/tracer.

Ratnieks, F. L. W. 1988. Reproductive harmony via mutual policing
by workers in eusocial Hymenoptera. American Naturalist 132:217–
236.

Revell, L. J. 2012. phytools: an R package for phylogenetic compar-
ative biology (and other things). Methods in Ecology and Evolu-
tion 3:217–223.

Roberts, K. E., S. E. F. Evison, B. Baer, and W. O. H. Hughes. 2015.
The cost of promiscuity: sexual transmission of Nosema micro-
sporidian parasites in polyandrous honey bees. Scientific Reports
5:10982.

Ronquist, F., M. Teslenko, P. van der Mark, D. L. Ayres, A. Darling,
S. Höhna, B. Larget, et al. 2012. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model
space. Systematic Biology 61:539–542.

Rueppell, O., N. Johnson, and J. Rychtář. 2008. Variance-based se-
lection may explain general mating patterns in social insects. Bi-
ology Letters 4:270–273.

Schmid-Hempel, P. 1998. Parasites in social insects. Princeton Uni-
versity Press, Princeton, NJ.

Seeley, T. D., and D. R. Tarpy. 2007. Queen promiscuity lowers dis-
ease within honeybee colonies. Proceedings of the Royal Society B
274:67–72.

Sherman, P. W., T. D. Seeley, and H. K. Reeve. 1988. Parasites, path-
ogens, and polyandry in social Hymenoptera. American Naturalist
133:602–610.

Stamatakis, A. 2014. RAxML version 8: a tool for phylogenetic anal-
ysis and post-analysis of large phylogenies. Bioinformatics 30:1312–
1313.

Stein, K. J., and R. D. Fell. 1994. Correlation of queen sperm content
with colony size in yellowjackets (Hymenoptera: Vespidae). Envi-
ronmental Entomology 23:1497–1500.

Strassmann, J. E. 2001. The rarity of multiple mating by females in
the social Hymenoptera. Insectes Sociaux 48:1–13.
23.232.064 on March 30, 2017 09:38:51 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?pmid=26473041&crossref=10.1098%2Frsos.150159
http://www.journals.uchicago.edu/action/showLinks?pmid=22357727&crossref=10.1093%2Fsysbio%2Fsys029
http://www.journals.uchicago.edu/action/showLinks?pmid=7203010
http://www.journals.uchicago.edu/action/showLinks?pmid=21121990&crossref=10.1111%2Fj.1365-294X.2010.04945.x
http://www.journals.uchicago.edu/action/showLinks?pmid=27350328&crossref=10.1007%2Fs00114-016-1384-x
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F284809
http://www.journals.uchicago.edu/action/showLinks?pmid=15218093&crossref=10.1126%2Fscience.1096340
http://www.journals.uchicago.edu/action/showLinks?pmid=15218093&crossref=10.1126%2Fscience.1096340
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1080%2F08927014.1994.9522996
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1080%2F08927014.1994.9522996
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F284846
http://www.journals.uchicago.edu/action/showLinks?pmid=24462637&crossref=10.1016%2Fj.ympev.2014.01.007
http://www.journals.uchicago.edu/action/showLinks?pmid=18198143&crossref=10.1098%2Frspb.2007.1620
http://www.journals.uchicago.edu/action/showLinks?pmid=17803922&crossref=10.1016%2Fj.cub.2007.06.057
http://www.journals.uchicago.edu/action/showLinks?pmid=22319168&crossref=10.1093%2Fmolbev%2Fmss020
http://www.journals.uchicago.edu/action/showLinks?pmid=22319168&crossref=10.1093%2Fmolbev%2Fmss020
http://www.journals.uchicago.edu/action/showLinks?pmid=18364307&crossref=10.1098%2Frsbl.2008.0065
http://www.journals.uchicago.edu/action/showLinks?pmid=18364307&crossref=10.1098%2Frsbl.2008.0065
http://www.journals.uchicago.edu/action/showLinks?pmid=24451623&crossref=10.1093%2Fbioinformatics%2Fbtu033
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1038%2F338576a0
http://www.journals.uchicago.edu/action/showLinks?pmid=25547876&crossref=10.1186%2Fs12862-014-0277-x
http://www.journals.uchicago.edu/action/showLinks?pmid=21565056&crossref=10.1111%2Fj.1755-0998.2009.02787.x
http://www.journals.uchicago.edu/action/showLinks?pmid=21565056&crossref=10.1111%2Fj.1755-0998.2009.02787.x
http://www.journals.uchicago.edu/action/showLinks?pmid=24728855&crossref=10.1093%2Fbioinformatics%2Fbtu181
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.2041-210X.2011.00169.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.2041-210X.2011.00169.x
http://www.journals.uchicago.edu/action/showLinks?pmid=27742474&crossref=10.1016%2Fj.ympev.2016.10.006
http://www.journals.uchicago.edu/action/showLinks?pmid=27742474&crossref=10.1016%2Fj.ympev.2016.10.006
http://www.journals.uchicago.edu/action/showLinks?pmid=17641199&crossref=10.1126%2Fscience.1143046
http://www.journals.uchicago.edu/action/showLinks?pmid=17348950&crossref=10.1111%2Fj.1558-5646.2007.00040.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00040-005-0814-0
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00040-005-0814-0
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fee%2F23.6.1497
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fee%2F23.6.1497
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1601-5223.1982.tb00709.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fcla.12138
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fcla.12138
http://www.journals.uchicago.edu/action/showLinks?pmid=23329690&crossref=10.1093%2Fmolbev%2Fmst010
http://www.journals.uchicago.edu/action/showLinks?pmid=26123939&crossref=10.1038%2Fsrep10982
http://www.journals.uchicago.edu/action/showLinks?pmid=26526371&crossref=10.1016%2Fj.cub.2015.09.064
http://www.journals.uchicago.edu/action/showLinks?pmid=17015336&crossref=10.1098%2Frspb.2006.3702
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2FPL00001737
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1038%2Fhdy.1993.69


E000 The American Naturalist
Sumner, S., D. K. Aanen, J. Delabie, and J. J. Boomsma. 2004a. The
evolution of social parasitism in Acromyrmex leaf-cutting ants: a
test of Emery’s rule. Insectes Sociaux 51:37–42.

Sumner, S., W. O. H. Hughes, J. S. Pedersen, and J. J. Boomsma.
2004b. Ant parasite queens revert to mating singly. Nature 428:
35–36.

Taylor, M. L., T. A. R. Price, and N. Wedell. 2014. Polyandry in na-
ture: a global analysis. Trends in Ecology and Evolution 29:376–383.

Thornhill, R., and J. Alcock. 1983. The evolution of insect mating
systems. Harvard University Press, Cambridge, MA.

Thurin, N., and S. Aron. 2011. No reversion to single mating in a
socially parasitic ant. Journal of Evolutionary Biology 24:1128–
1134.
“On the twenty-ninth of August, while hunting spiders on the hill no
found the pit of an ant-lion (Myrmeleo immaculatus De Geer), in a clea
inches in diameter and one deep. The insect himself was hid at the bo
position by throwing up sand.” From “The Ant Lion” by J. H. Emerto

This content downloaded from 138.0
All use subject to University of Chicago Press Term
Trontti, K., N. Thurin, L. Sundström, and S. Aron. 2007. Mating for
convenience or genetic diversity? mating patterns in the polygy-
nous ant Plagiolepis pygmaea. Behavioral Ecology 18:298–303.

Verhoeven, K. J. F., K. L. Simonsen, and L. M. McIntyre. 2005.
Implementing false discovery rate control: increasing your power.
Oikos 108:643–647.

Villesen, P., T. Murakami, T. R. Schultz, and J. J. Boomsma. 2002.
Identifying the transition between single and multiple mating of
queens in fungus-growing ants. Proceedings of the Royal Society
B 269:1541–1548.

Associate Editor: Sean O’Donnell
Editor: Yannis Michalakis
rth of Bartholomew’s pond in South Danvers, Mass., I unexpectedly
r space under the shade of a large boulder. The pit . . . was about two
ttom, but when I dropped bits of earth into the hole he showed his
n (The American Naturalist, 1871, 4:705–708).

23.232.064 on March 30, 2017 09:38:51 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?pmid=24831458&crossref=10.1016%2Fj.tree.2014.04.005
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.0030-1299.2005.13727.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00040-003-0723-z
http://www.journals.uchicago.edu/action/showLinks?pmid=12184823&crossref=10.1098%2Frspb.2002.2044
http://www.journals.uchicago.edu/action/showLinks?pmid=12184823&crossref=10.1098%2Frspb.2002.2044
http://www.journals.uchicago.edu/action/showLinks?pmid=21342303&crossref=10.1111%2Fj.1420-9101.2011.02246.x
http://www.journals.uchicago.edu/action/showLinks?pmid=14999273&crossref=10.1038%2F428035a
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fbeheco%2Farl083

