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Conflict over Male Parentage
in Social Insects

Robert L. Hammond’, Laurent Keller

Department of Ecology and Evolution, Batiment de Biologie, University of Lausanne, Lausanne, Switzerland

Mutual policing is an important mechanism that maintains social harmony in group-living organisms by suppressing
the selfish behavior of individuals. In social insects, workers police one another (worker-policing) by preventing
individual workers from laying eggs that would otherwise develop into males. Within the framework of Hamilton'’s rule
there are two explanations for worker-policing behavior. First, if worker reproduction is cost-free, worker-policing
should occur only where workers are more closely related to queen- than to worker-produced male eggs (relatedness
hypothesis). Second, if there are substantial costs to unchecked worker reproduction, worker-policing may occur to
counteract these costs and increase colony efficiency (efficiency hypothesis). The first explanation predicts that
patterns of the parentage of males (male parentage) are associated with relatedness, whereas the latter does not. We
have investigated how male parentage varies with colony kin structure and colony size in 50 species of ants, bees, and
wasps in a phylogenetically controlled comparative analysis. Our survey revealed that queens produced the majority of
males in most of the species and that workers produced more than half of the males in less than 10% of species.
Moreover, we show that male parentage does not vary with relatedness as predicted by the relatedness hypothesis.
This indicates that intra- and interspecific variation in male parentage cannot be accounted for by the relatedness
hypothesis alone and that increased colony efficiency is an important factor responsible for the evolution of worker-
policing. Our study reveals greater harmony and more complex regulation of reproduction in social insect colonies

than that expected from simple theoretical expectations based on relatedness only.
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Introduction

Major evolutionary transitions (Maynard-Smith and Szath-
mary 1995) require the evolution of mechanisms that
moderate within-group conflict (Keller 1999; Queller 2000;
Michod and Roze 2001). One such mechanism is mutual
policing, where members of a group collectively prevent
individuals from acting in their own selfish interests (Frank
1995). The best example of mutual policing behavior in
nature is found in social insects, where workers police worker
reproduction (worker-policing) by selectively removing work-
er-laid eggs that would otherwise develop into males
(Ratnieks and Visscher 1989; Foster and Ratnieks 2000,
2001a; Halling et al. 2001; Oldroyd et al. 2001), or by directing
aggression toward workers with developing ovaries (Monnin
and Ratnieks 2001; Iwanishi et al. 2003). Selection for worker-
policing depends upon two variables: the relative relatedness
of workers to queen- and worker-produced males (relatedness
hypothesis) and the colony-level cost of workers reproducing
(efficiency hypothesis). Worker-policing theory (Starr 1984;
Woyciechowski and Lomnicki 1987; Ratnieks 1988), an
extension of kin selection theory (Hamilton 1964), has
typically highlighted relatedness as the all-important variable
that explains when workers should lay male-destined eggs and
when they should police one another’s reproduction. In
contrast, the costs of worker reproduction (Ratnieks 1988)
have been largely ignored or given low prominence in the
literature, with the effect that the relatedness hypothesis has
become widely accepted as the explanation for worker-
policing (Whitfield 2002).

Empirical investigations of worker-policing behavior ini-
tially focused on species with colony kin structures that
predicted the behavior under the relatedness hypothesis, and
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worker-policing was first demonstrated in the multiply mated
honey bee, Apis mellifera (Estoup et al. 1994; Visscher 1996).
Subsequently, similar patterns have been found in other
multiply mated members of the genus Apis (Halling et al.
2001; Oldroyd et al. 2001; Wattanachaiyingcharoen et al.
2002) and in the multiply mated wasp Vespula vulgaris (Foster
and Ratnieks 2001a). Support for the relatedness hypothesis
comes from contrasts between these species and closely
related species that are singly mated (Peters et al. 1999;
Foster and Ratnieks 2001c) and from an intraspecific study of
the vespine wasp Dolichovespula saxonica, in which worker-
policing behavior is facultative and occurs only in colonies
headed by multiply mated queens (Foster and Ratnieks 2000).
There are, however, problems with the conclusion that
relatedness is the underlying cause of policing behavior,
because phylogeny is not controlled for in the interspecific
comparisons described above. This is an important problem,
because these species are clustered with respect to phylogeny
(e.g., four Apis species), and related wasp species, such as

Received January 28, 2004; Accepted June 3, 2004; Published August 24, 2004
DOL: 10.1371/journal.pbio.0020248

Copyright: © 2004 Hammond and Keller This is an open-access article
distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Abbreviations: df, degrees of freedom; logionw, logyo of colony size; n,, number of
assignable males; n,, total number of males analyzed genetically; rqy, the
theoretical difference in relatedness of workers to queen- and worker-produced
males; ry_, relatedness among adult workers; WPM, proportion of worker-
produced males

Academic Editor: Ross Crozier, James Cook University

*To whom correspondence should be addressed. E-mail: rob.hammond®@ie-zea.
unil.ch

September 2004 | Volume 2 | Issue 9 | €248



Male Parentage in Social Insects

o0z ‘le ¥
uaoieydbulhieyseuenep

‘000z pAoIp|O pue Jawied 7861 ‘e 13 A3[995 0 Lzs 099 ¥ 0€99¢ SOL0- 620 L vpsiop sidy
S33d
L00C 4912043 pue ensues 0661 UOS|IM pue J9|qop|IQH 0 98l lc 9+ 09 SS00 190 L sdonopw ppawLWoyIoN
L-ds i1zjaui0>
€00¢ ewswoog pue uas9||IA C00¢ °[e 19 USs9||IA 0 VN (V14 € 0o¢g 7800 99'0 L xownAwiAyoviy
€00¢ ewswoog pue usss||IA 200C ‘[e 19 USsa|[IA 0 VN 6l 4 00S°L L600 690 L SHIQDWD XaWIAWO1IS
€00¢ ewswoog pue usss||IA C00¢ ‘[e 19 USsSI||IA 0 VN 8l € 00¢ 9110 €0 l sndpasibuoy xaw.AwoydAd
€00¢ ewswoog pue uas9||IA C00¢ °[e 19 USs9||IA 0 VN LL € (0[0]3 SCl'0 S0 L snp}sod xawlAwoydA)
€00¢ ewswoog pue usss||IA 200C ‘[e 19 USsa|[IA 0 VN (013 14 00¢ 0600 890 L 149392 > XauLAwAyovi|
000¢ °|e 19 9zuldH 6661 ‘|e 19 9zuloH Ll ST SS 14 9l 0€L’0 9,0 L Iy3ws Jsa)spborpwial)
uolesiunwwod jeuossad
'SUeBAT [ 8661 SueAl 9661 sueAj 9'0L SL6C 14 Ll S/l €00 99’0 \4
uojiesunwwod jeuossad
‘SUBAT ' 18661 SueAd 818 SC'8 €l 4 SC00- LS50 /L1 snouAbAjod
uojiesiunwwod jeuossad
‘SUBAT °f ‘8661 SUeA] 1G9 sl st 6 LZEO LZ0 L snoukBouoly sisuaoypy LIIWLAN
8661 I13SNON pue siagiaHy L661 SI9CUSH pue JopAus 89 L7791 T LT 8¢9 SLL'o €0 stuaAndund pIIUWLIAYY
SNUDDLIDWD
L0OT sioqisH pue Xiz)04 LOOT SioqisH pue ¥1z)104 (874 €l 14 €9 600 890 L snypubowiojoid
elep paysiigndun
“le 19 J3|19)  eiep paysiigndun “|e 19 I3|9Y LT veL 08 0l oLl SCL'0 oS0 L SNIDIdSDIUN XD10Y101da]
L00T 9zUulsH pue %Iz}04
‘8661 1z3104 L00T dzUlsH pue 3izilo4 ST S'l8 €9l €€ LE S¥0'0 650 L uapubjAu xpioyjorday
€00¢ '|e 3 puowuweH 7661 94Iinog pue ueys 8'C 798¢  8cE (114 8 €800 [40} \4
£00C ‘e 3@ puowwey 9Y 659 98 8 S000  8T0 O€ snoukbAjod
€00C ‘|8 31 puowuweH e €02 e 1L StL0 12°0 L snouAbouoy WwnJoAI2Ip xpioyjoyda7
elep paysiigndun
“le 19 J9)9Y  Elep paysiigndun “[e 19 I3]|9Y 0 WA, L ob  STL0 S0 L IxnoAps pwiAwidy
8661 '[e 1o ullep\
‘9661 ‘|e 39 woiispuns 200¢ ‘[e 19 umoig 0 0cc  6vvy 8¢ 6/LLTL 900 790 L I\
8661 '[e 19 ullep\
‘9661 e 319 woaispuns 0 Sl (013 € 00— 9’0 L snoipuefjod
8661 ‘[e 3o ullep
‘9661 ‘|B 19 WoAspuns 0 S0C 60F SE 900 790 L sholpueuopy b13asxa pIIWIoH
700T ‘[e 13 peisbuipialy €002 ‘|e 1@ peisbuipialy 6'L SCTPSL Tee o LYT'VT 900 290 L v
T00T ‘|e 12 peisbuipiafy L'c SL9Y 99 €l SC00- S0 L snoipueA|od
200z ‘e 12 peisbuipialy 6L S0l LSl €€ S600 690 L SnoJpuUBUO 42b1u snispq
SINVY
MM pue M 10 90UaIaJoy M X0J dUAIRJY  INAM “u u “u M Hpy MMy by srmponng ury soroadg

es91douswAH [eposng Jo saluojo) WbuudaNY Jo djdwes e ul 3zis AUojo) pue ‘21ndNnJiS upy Auojod ‘WdM Yl °L d|qel

September 2004 | Volume 2 | Issue 9 | €248

1473

:@; PLoS Biology | www.plosbiology.org



Male Parentage in Social Insects

200¢ pAoip|Q pue udain 8661 uljlog pue piesH 0 ol )14 L 00001 SZl'0 ¢ SZ0 L DLIDUOQIDD PUOBLI|
uol3edjUNWWOd [euosiad
700z |e 19 Jawjed ‘uijoq vy 0 € 47 14 000'C €10 9/'0 L sadljjaw puobLi|
uolesunwwod jeuossad
¢00¢ '[e 3o Jowjed ‘uijoqg v 0 €€ 6L 14 0059 600 890 L 1sbunjoy puobii|
uolledjunwwod [euosiad
200¢ ‘[e 18 Jawjed ‘uljjoq vy 0 [4% 9t 14 00S SLL'o €20 L supadAj> puobii|
9qc00¢ ‘Ie 3° Yol €/61 JSUSYIIN pue 9|lIM 99 VN Ly S 0059 S20'0 S50 L sadiApj> puobpija]
‘b piv)UNdLPOND
€00C e 12 yiol 0 VN vl 9l 059°L SZl'0 ¢ SZ0 L bubizibmyds
zL61 Biag LYl 0S/'S L (PRUIqWIOd sa1pnIs Y10q)
qco0z ‘le 1° Yol g8l VN a9 € L
€00¢ ‘[e 1° uoixed L'EL ovrl 091 8 6010 ¢L0 L bosod buobuyo1dpds
7861 |e 19 opeydel (0961
qcooc ‘e 19 yiol ‘8561 119y pue Janepur] 0 VN 6l L 00£'C SC0 l L pupAiop viaga|d
q¢o0c ‘Ie 1° Yol G661 °[e 319 Waylusg uea ¥'C VN €8 S 006'C SLo 80 L bjowai blaqold
9qc00¢ ‘Ie 3° Yol 00T ‘|e 1° Y101 0 VN 99 € 00S'L SLo 80 L inbibs p1aga|d
BZ00C [t 19 Y10l BZ00C e 3° Y101 ¥9 VN 8Ly 9 0s/'s 430} .0 L ppnugns puobLIpipd
qco0z ‘le 1 Yol 00T '|e 1 Y101 WAS VN 874 € 0sZ S/0°0 590 L vpubipw puodijppy
002 ‘|e 19 Y101 ‘0961
qco0z ‘le 1° Yol ‘8561 119y pue Janepur] €8¢ VN o S 000°L GZL'0 . SL0 L SUD|[a1nds puodijaiN
00T e 1 Y101 ‘0961
qeo0z ‘le 1° Y19l ‘8561 J19) pue Jsnepul 9 VN LY 4 0sZ SZl'0 ¢ SZ0 L DIDISJLpLNb puodijap
uolledjunwwod [euosiad
¢00¢ ‘[e 1o Jowjed ‘uljoqg v S S9 o€l 14 000'C LL'0 L0 L 1awiAs pragajdosisny
uoledjuNWwod [euosiad
000¢ ‘[e 3° puownig ‘uljoqg v L S'0L 6 L 000'C S91°0 €80 L sijpsnb plaqajdossny
'Sl [AVARERT4 4]} 8¢ 9'8¢ S60°0 690 L 1\
uofedlunwwod [euosiad
‘uoixed 'Y ‘LOOT ‘|e 19 uoixed 0 g'se Lz L L0'0- 810 L snoipuek|od
pauiquod
ol G99  §S€'L Ll S0lL'0 L£'0 L snoJpueuopy
uoledjunwwod [euosiad
‘umoig "I ‘€00T '|e 19 umoig €00¢ '|e 19 umoig S8l §'96S €6lL ol q'st SZL'0 ¢ SZ°0 L snoJpueuopy
uofedlunwwod [euosiad
‘uoixed 'Y ‘L0OOT ‘|e 19 uoixed L0OC '|e 39 uoiXed 0 18 ol L vle S/00 590 L sholpueuopy wnJioudAy snquiog
LOOT ‘e 32 pAoIp|O
‘000Z pAoIp|O pue Jawied 7861 "2 10 A31935 0 S9¢ [4°) S ¥88'9 S/L0°0- SE0 L bupid> sidy
L00Z “|e 1@ BuyjjeH
‘000z pAoup|O pue Jswied 7861 '|e 10 A31335 0 69C ¥95 4 LLT9  SOL'0- 620 L vaioly sidy
MMJ pue INdM 404 90U19)9Y "Mu 104 9dUID4RY WdM ] Wy U My HPy Mm=my by 21N11NAS Uy sapadg

panunuo) L ajqeL

September 2004 | Volume 2 | Issue 9 | €248

1474

:@; PLoS Biology | www.plosbiology.org



Male Parentage in Social Insects

L00¥'8%20Z00 0lqd"[eusnof/LZ£1°0L :10Q

*SI2YIOM JO JaquINuU Byl se pauldp dzis AUojod “Mu ‘Auojod Jad susanb jo saquinu abeiane Pu ‘pazdjeue sem sbejusied ajew YdIym Ul S31UOJOD 1YBLIUSAND JO JBqUINU U ‘PASN BI9M SPOYISW POOYISYI| WNWIXEW ‘YN

"ssaupale|as daib1pad uo paseq sarewnsy

000¢ ‘|e 19 1931504 0 9L 8¢ 14 0SS G800 £9°0 L 04qpi> pdsa/
¢00C ‘| 19 uewsipoos L661 Sus9IH [44 6'C9 96¢ cl 000°L 00— o L N4
¢00C ‘|e 19 uewsipoon 809 §'LT 901 9 £1°0- 910 L snoipueA|od
200C ‘| 13 uewsipoo 0 743 0sl 9 S60°0 690 L snolpueuoiy poupWIdb pindsa
eL00¢C S$yoiuley pue J931soH L661 Sus9IH 0 LZL 0L¢ 6 000°L 5000 LSO L supbina pjndsay
L00T ‘e 13 191504 L00T ‘[e 13 4191504 9¢C 8LGL 8 144 S0L°0 L£°0 L poibamiou pindsaroydijoq
L00T ‘e 13 J=)s04 L00T ‘[e 19 191504 86 GeslL oL 9/ 600 890 L sisanjAs pjndsanoydijoq
L00C '|& 19 4931504 L0OC °|e 12 191504 6'0¢ €'eql L 181 TN S0 L p1ojnpLW pjndsaroydijoq
L00T ‘e 13 191504 L00T °[e 13 191504 A 5148 8 VL S0L°0 L£°0 L pipaw pjndsaaoydijoq
000C s¥aluley pue Ia)so4 L00T °[e 19 4191504 L9¢ '8GlL GeC 6 69 900 90 L v
000C syoluley pue 1a)so4 0 Sl o€ L ¢00- 9’0 L snoipueA|od
000C s¥aluley pue 11504 ov cevl s0¢ 8 S/00 9590 L snolpueuoly DoIUOXDS pindsaroydijoq
¢00¢ '[e 3° meysusH ¢00¢ ‘|e 1@ meysusH S VN VA L4 S 000 SL0- 0C0 143 snpiqp} saproighjod
€00¢C ‘|e 32 uuewssens €00¢ ‘| 12 uuewssens 0 VN LE S T4 TNV S0 L snoljjpb saistjod
8661 ‘|e 19 O|eAaly 8661 ‘e 19 OjeAsly 0 VN LS 9 Syl GLLO €0 L SI|bsiop saisijod
8661 ‘|e 19 OleAaly 8661 ‘e 19 OJeAaly L VN 14 oL S/'Sl 5900 €90 L $nsodljjaq saisljod
uolediunwwod [euosiad snJajdoqojod
000 ‘|e 3® meysusH ‘sbunsey 1’ S VN 00¢ S €6€ SS1°0- 6L0 8'Sy snbia3py>0Ivd
8661 ‘e 12 sbunsey 8661 ‘|2 13 sbunsey S VN 09 14 LS6'L GELO- €C0 86¢ voyifjpw vispbAydvig
SdSYM
M=M1 pue INdM J10) 9duaia)9Y "u 10} 9dUBIRJRY WdM fu Wy u My WPy m=my by 9IN1DNJIS Uy saadsg

panunuo) °L a|qey

September 2004 | Volume 2 | Issue 9 | €248

1475

:@; PLoS Biology | www.plosbiology.org



=+ Apis dorsata

Apis florea

= Apis cerana

Bombus hypnorum 1

* Bombus hypnorum 2

Plebeia saiqui

Plebeia remota

Plebeia doryana

Schwarziana quadripunctata ¢

Melipona scutellaris

Meclipona quadrifasciata

Melipona marginata

Austroplcbeia australis

Austroplebeia symei

Paratrigona subnuda

Scaptotrigona postica

Tetragona clavipes

Trigona clypearis

Trigona hockingsi

Trigona mellipes

Trigona carbonaria

Vespa crabo

Dolichovespula maculata

Dolichovespula media

Dolichovespula norwegica

Dolichovespula sylvestris

Dolichovespula saxonica 1

Dolichovespula saxonica 2

Vespula vulgaris

Vespula germanica 1

Vespula germanica 2

Polistes bellicosus

Polistes dorsalis

Polistes gallicus

** Polybioides tabidus

* Brachygastra mellifica

** Parachartergus colobopterus

Nothomyrmecia macrops

Formica exsecta 1

* Formica exsecla 2

Lasius niger |

* Lasius niger 2

Cremaltogaster smithi

—— Protomognathus americanus
Leptothorax nylanderi

—‘E Leptothorax unifasciatus
Epimyrma ravouxi

L Leptothorax acervorum 1

Leptothorax acervorum 2

Myrmica punctiventris
—F Myrmica tahoensis 1

Myrmica tahoensis 2

Cyphomyrmex costatus
Cyphomyrmex longiscapus
Sericomyrmex amabilis
Trachymyrmex cf zeteki

Trachymyrmex cornetzi spl

Male Parentage in Social Insects

Figure 1. Composite Phylogeny Used in
Comparative Analyses

Phylogeny includes within-species varia-
tion. Duplicated species labeled 1 or 2
(e.g., Leptothorax acervorum 1 and 2) refer
to taxa in which within-species variation
was included in some analyses (see text
for details). Dotted lines, rq;¢ is negative;
solid lines, rgy is positive. Horizontal
bars indicate WPM.

DOI: 10.1371/journal.pbio.0020248.g001

<

Vespa crabro, show patterns of worker reproduction and
worker-policing behavior that are consistent with the
efficiency hypothesis but not the relatedness hypothesis
(Foster et al. 2002).

The relatedness hypothesis explicitly predicts that the
parentage of males (male parentage) is dependent upon
colony kin structure. Importantly, males should be worker-
produced in colonies headed by single, once-mated queens,
and queen-produced in colonies headed by multiple related
queens, or by multiply mated queens, because worker
reproduction is prevented by worker-policing. By contrast,
the efficiency hypothesis predicts no association of male
parentage or worker-policing with colony kin structure. In
this paper we test these predictions by analyzing, using
methods that control for phylogenetic dependence, how the
proportion of worker-produced males (WPM) varies with
both colony kin structure and colony size. The theoretical
difference in relatedness of workers to queen- and worker-
produced males (rqi) was used to make predictions about
male parentage based upon colony kin structure. We
included colony size in our analyses because it potentially
alters expected patterns of male parentage (Bourke 1999) by
altering power relationships within the colony. In small
colonies a single individual may have the power to dominate
male production completely, but such reproductive domi-
nance becomes less likely as colony size increases.

@ PLoS Biology | www.plosbiology.org
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Results

We found data for 50 species: 16 ants, 20 bees, and 14 wasps
(Table 1; Figure 1). WPM varied considerably (0%-85%), but
in most species, queens produced the majority of males, with
less than 10% of males being worker-produced in 72% of
species surveyed. In only 10% of species were more than 50%
of males worker-produced. There was great variation in the
number of males (n,, = 13-1,426) and likewise in the number
of assignable males (n, = 10-677, where n, is the sample size
corrected for the probability of nondetection [Foster et al.
2001]) that were used to estimate the WPM. However, in those
species for which we had relevant data, there was no
significant correlation of n,, or n, with WPM (Spearman’s
rank correlation: n,, versus WPM: p = 0.17, n = 45,p = 0.27;
n, versus WPM: p = 0.11, n = 27, p = 0.59), suggesting that
there was no systematic bias in our dataset.

Comparative Analysis

Tests of serial independence showed that there was
significant phylogenetic dependence for all variables when
within-species variation was ignored (log1oWPM, p = 0.016;
raier, P < 0.001; logyo of colony size [logion,], p < 0.001) and
when within-species variation was included (log,0WPM, p =
0.002; rgier, p < 0.001). This confirmed that a comparative
approach using an analysis of independent contrasts was
warranted (Abouheif 1999; Freckleton et al. 2002).

September 2004 | Volume 2 | Issue 9 | €248
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Figure 2. Variation in Worker Reproduction with Colony Kin Structure

Axes show standardized independent contrasts in WPM (log;,WPM)
and in 7gi¢. (A) is based on species values; (B) includes intraspecific
variation for seven species (see text). Lines of regression are forced
through the origin.

DOI: 10.1371/journal.pbio.0020248.g002

The WPM was not significantly correlated with colony kin
structure in any of our comparative analyses. Ignoring within-
species variation, the slope of the line of regression of
contrast in log;0WPM against contrast in rgy was not
significantly different from zero (Figure 2A; slope B =
—2.14,t = -1.53, df = 48, p = 0.13), and the mean contrast
in log;oWPM (-1.70 = 5.4) was not significantly different
from zero when rq;r was coded categorically (¢t = 0.31, df = 2,
p = 0.78). Likewise, neither analysis that included within-
species variation was significant (Figure 2B; § = -1.31, ¢t = -
1.36, df = b5, p = 0.18; mean contrast in log;oWPM = -0.14
+ 481, ¢t = 0.03, df = 7, p = 0.98). The power was high
(Figure 3; power greater than 0.75) for both analyses of
regression to detect a large effect of relatedness on WPM, and

i) PLoS Biology | www.plosbiology.org
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Figure 3. Statistical Power As a Function of the Slope B (Effect Size) in
Comparative Analyses of rq;¢r on WPM

On the graph, + data points show the power of tests in which within-
species variation was ignored, and X show the power of tests in which
within-species variation was included.

DOI: 10.1371/journal.pbio.0020248.g003

there was relatively high power (see Figure 3; power greater
than 0.6) to detect a medium effect in the analysis that
included within-species variation. The WPM also did not
show any significant relationship with colony size when all
species were included (Figure 4A; B = -0.12, ¢t = -1.04, df =
48, p = 0.30) or when relatedness was controlled for and we
included only species with positive rqe values (Figure 4B; B =
-0.14, ¢t = -1.05, df = 41, p = 0.30).

Discussion

Our survey revealed that queens produced the majority of
males in most of the species, and in less than 10% of the
species did workers produce more than half of the males, in
line with earlier surveys based largely on behavioral data
(Bourke 1988; Choe 1988). Since workers of all the species
included in our survey have functional ovaries, this demon-
strates that self-restraint and worker-policing are widespread
and powerful mechanisms that regulate reproduction in
colonies of social Hymenoptera.

Our comparative study did not support the view that intra-
and interspecific variation in male parentage can be
accounted for by the relatedness hypothesis only. First, and
most importantly, the proportion of males produced by
workers was not significantly associated with colony kin
structure. This was true both when within-species variation in
colony kin structure was included and when it was ignored. In
fact, although the relatedness hypothesis predicts a positive
relationship between WPM and rq;¢, the analyses of related-
ness revealed a tendency for a negative relationship.
Importantly, our study included data from 50 species, and
our power analyses showed that we had enough power to
detect a relationship between male parentage and colony kin
structure if it was of moderate or large effect.

A second line of evidence against the relatedness hypoth-
esis came from the finding that workers produce only very
few males in a large number of species where, on purely
relatedness grounds, they would benefit from producing
males. Workers produce less than 10% of males in 30 of the

September 2004 | Volume 2 | Issue 9 | €248
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Figure 4. Variation in Worker Reproduction with Colony Size

Axes show standardized independent contrasts in the proportion of
worker-produced males (log;gWPM) and in colony size (logon,). (A)
includes all species; (B) includes only species in which relatedness
predicts worker-produced males (i.e., 7qir is positive). Lines of
regression are forced through the origin.

DOI: 10.1371/journal.pbio.0020248.g004

43 species (70%) in which workers were more related to
worker-produced than to queen-produced males.

A third line of evidence came from within-species
comparisons. Only in Dolichovespula saxonica (Foster and
Ratnieks 2000) were patterns of male parentage compatible
with the relatedness hypothesis. By contrast, patterns of male
parentage contradicted the relatedness hypothesis in the ants
Leptothorax acervorum (Hammond et al. 2003), Lasius niger
(Fjerdingstad et al. 2002), Formica exsecta (Sundstrém et al.
1996; Walin et al. 1998), and Myrmica tahoensis (Evans 1998).
Interestingly, intraspecific variation in colony sex ratios in
agreement with relatedness predictions have been shown in L.
acervorum (Chan and Bourke 1994; Chan et al. 1999;
Hammond et al. 2002), F. exsecta (Sundstrém et al. 1996),
and M. tahoensis (Evans 1995, 1998). This suggests that
although workers in these species can assess within-colony
relatedness, they do not appear to respond to it in the
context of the conflict over male parentage (Walin et al. 1998;
Hammond et al. 2003).
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The lack of association between kin structure and the
degree of male parentage by workers indicates that factors
others than relatedness effectively act as a brake on worker
reproduction. The finding of no significant effect of colony
size on WPM suggests that the ratio of queens to workers is
not an important general factor regulating reproductive
division of labor in social Hymenoptera. The low instance of
worker reproduction is therefore unlikely to be the con-
sequence of queens using aggression or pheromones to
suppress worker reproduction, except, perhaps, in the few
species with very small numbers of workers (e.g., Strassmann
et al. 2003).

Most importantly, unchecked worker reproduction is likely
to reduce overall colony productivity and may therefore
reduce the average fitness of colony members. For example,
reproductive workers have been found to spend time engaged
in dominance interactions and egg-laying (Cole 1986) that
otherwise would be used for foraging and brood rearing.
Unchecked worker reproduction could also cause a “tragedy
of the commons” (Hardin 1968; Frank 1995, 1996), because
there would be more male brood than can be reared by the
colony. If queens conceal the sex of their eggs (Nonacs 1993),
these costs may also include workers mistakenly replacing
queen-laid diploid eggs with their own male eggs. Further-
more, costs incurred by workers biasing colony sex ratios can
select for worker-policing behavior (Foster and Ratnieks
2001b). Theory shows that these costs do not have to be large
for worker-policing and self-restraint to be selected (Ratnieks
1988).

Our data showed considerable variation across species in
the origin of males, raising the question, what are the factors
underlying interspecific variation in male parentage? The
efficiency hypothesis predicts that the extent of worker-
produced males should depend largely on the shape and slope
of the function relating colony productivity and worker
efficiency. This property is expected to vary across species,
and it is conceivable that closely related species, which are
likely to live in similar habitats and have similar life histories,
also have similar functions relating colony productivity and
worker efficiency. Consistent with this prediction, our
analysis revealed a significant phylogenetic signal, with closely
related species being more similar in terms of the origin of
males than expected by chance. Importantly, this similarity
was not due to a greater similarity in kin structure and colony
size between closely related species, because these two factors
had no significant effect on the origin of males.

Previous evidence for the view that the relatedness
hypothesis can account for variation in male parentage
comes mostly from matched comparisons between honey
bees (genus Apis) and singly mated stingless bees (tribe
Meliponini) (Ratnieks 1988; Peters et al. 1999) and compar-
isons within vespine wasps (Foster and Ratnieks 2001c).
However, a closer inspection of these matched comparisons
reveals problems. In the matched comparison with honey
bees, stingless bees are generally assumed to have worker-
produced males. However, there is considerable variation in
levels of worker reproduction, with males in the majority of
species being exclusively queen-produced (Figure 1). More-
over, workers of some stingless bee species are completely
sterile (Suka and Inoue 1993; Boleli et al. 2000), indicating
that considering stingless bees as a taxon with generalized
worker reproduction is not warranted. Similarly, the matched

September 2004 | Volume 2 | Issue 9 | €248



comparison in vespine wasps also has problems. It is true that
males are queen-produced, and that workers police one
another in Vespula vulgaris, a species in which queens are
multiply mated (Foster and Ratnieks 2001a), whereas at least
some males are worker-produced in Dolichovespula, a species
in which queens are singly mated (Foster et al. 2001).
However, the wasp most basal in the phylogeny (Vespa crabro)
is singly mated, yet males are all queen-produced because
workers police one another (Foster et al. 2000, 2002).
Considering Vespa, Vespula, and Dolichovespula together, the
most parsimonious explanation is that worker-policing is the
ancestral state in vespines and it has been lost, or at least
reduced, in Dolichovespula. In short, neither of these tradi-
tional lines of support for the relatedness hypothesis stand up
to close scrutiny.

In conclusion, our comparative analysis does not support
relatedness as the general explanation of patterns of male
parentage and occurrence of worker-policing in social
Hymenoptera. The concentration of published examples of
worker-policing in multiply mated bees and wasps probably
reflects the influence of the relatedness hypothesis on the
selection of study taxa, rather than relatedness being the
ultimate explanation of worker-policing. Moreover, recent
studies have revealed worker-policing in species in which the
relatedness hypothesis predicts males to be produced by
workers (Kikuta and Tsuji 1999; Foster et al. 2002; Hartmann
et al. 2003; Iwanishi et al. 2003). We conclude that costs
associated with worker reproduction are likely to be
significant and variation in these costs to be the main factor
underlying differences across species in the origin of males.
Experimental investigations of the colony-level costs of
worker reproduction have begun (Lopez-Vaamonde et al.
2003). More are needed. It will also be important to conduct
behavioral assays to determine whether worker-policing, by
either egg-eating or aggression toward workers with devel-
oping ovaries, is responsible for the lack of worker
reproduction in the stingless bee genera Trigona and Plebeia.
Finally, we would like to stress that the finding that kin
structure alone cannot account for the intra- and interspe-
cific variation in male parentage does not amount to saying
that kin structure is unimportant. Rather, it may work in
concert with costs as a force influencing patterns of male
parentage in social insects. Thus, this study reveals greater
harmony and more complex regulation of reproduction in
social insect colonies than that expected from simple
theoretical expectations based on relatedness alone.

Materials and Methods

Male parentage. For all analyses, the response variable was WPM
(see Table 1). For almost all studies, estimates of WPM took into
account the power of the genetic markers to detect worker
reproduction using either exclusion (Foster et al. 2001) or maximum
likelihood approaches (Arévalo et al. 1998). Where this type of analysis
was not included in the original paper we reanalyzed data using the
exclusion-based approach of Foster et al. (2001). Specific details of
how we treated data are given for each species in Protocol S1.

With comparative analyses there is always the difficult question of
deciding “quality control” criteria to ensure that data are reliable
and comparable. We collated data from published, in-press, and
unpublished sources where colony genetic structure and male
parentage were known accurately from molecular genetic markers.
We restricted our survey to those including molecular genetic data,
because recent genetic studies have shown that colony kin structures
inferred from behavioral observations are often incorrect (e.g.,
mating frequency in Leptothorax nylanderi cf. Plateaux 1981; Foitzik
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et al. 1997; Foster and Ratnieks 2001¢), and in some social insect taxa
(e.g., stingless bees and ants), workers lay trophic eggs that mistakenly
could be counted as reproductive (Bourke 1988). We also restricted
our analysis to queen-containing (queenright) colonies and species in
which workers have ovaries. We did this because our aim was to
investigate the outcome of worker-queen and worker-worker
conflict. For those studies that included data on both queenright
and queenless colonies, we considered male parentage in queenright
colonies only (Protocol S1; e.g., Vespula germanica [Goodisman et al.
2002]). For all but two species, Leptothorax unifaciatus and Epimyrma
ravouxi (L. Keller, J. Heinze, and A. F. G. Bourke, unpublished data),
data were for adult or pupal males. For these two exceptional species,
we had estimates of WPM at only the egg stage. However, as we found
few worker-laid male eggs in both species (see Table 1), our estimate
of WPM at the egg stage most likely reflected WPM in adults. In our
comparative analyses we used log;WPM.

Colony genetic structure. We made predictions about the
parentage of males based on colony kin structure by calculating rq;g,
the theoretical difference in relatedness of workers to queen- (ry_qm)
and to worker-produced males (r,_,,) (see Table 1). The relatedness
hypothesis predicts that if 74;¢ is positive, males are worker-produced,
and if 74 is negative, males are queen-produced, because workers
should police one another. For colonies headed by single queens,
where variation in colony genetic structure is caused by variation in
the effective mating frequency of queens (Pamilo 1993), we calculated
raige as (2ry_y — 1)/4, where r,_,, is the relatedness among adult
workers. For species with variation in queen number (polygyny),
predictions about worker reproduction are more complicated
because both queen number and queen relatedness are important
(Pamilo 1991). For these species, we estimated 74;¢r from the actual
relatedness of workers to queens (r,_q) and among workers (r,_) as
Taitt = (Tw-w = Tw-q)/2. In our comparative analyses we used rgisr as a
continuous explanatory variable, or we coded rg;¢ categorically as one
when 74 was greater than zero (worker-produced males predicted),
or as zero when 74y was less than zero (queen-produced males
predicted).

Colony size. We defined colony size as the number of adult
workers per nest (n,; see Table 1). Where only ranges of worker
number were given, we took the midpoint value, and if more than one
estimate was available, we combined data by calculating unweighted
means. In our comparative analysis we used logon,, as an explanatory
variable.

Comparative analysis. We constructed an ant, bee, and wasp
phylogeny (see Figure 1) by combining published phylogenies. For
ants, we based our phylogeny on Keller and Genoud’s (see Figure 3 in
Keller and Genoud [1997]), which we modified in light of a recent
combined molecular and morphological phylogeny (Ward and Brady
2003); for bees, we based it on a combined DNA and morphological
phylogeny (see Figure 5 in Cameron and Mardulyn [2001]), and for
wasps, on a morphological and behavioral phylogeny (Smith et al.
2001). In addition, we added phylogenetic details for the Meliponini
(stingless bees) following Velthuis (1997), and for leptothoracine ants,
we used the molecular phylogeny of Baur et al. (1996). We placed bees
basal to ants and wasps (see Figure 1) (Brothers and Carpenter 1993;
Brothers 1999). We set all branch lengths equal, corresponding to a
punctuational view of evolutionary change, and we considered
ambiguous nodes to be unresolved. Using this tree, we tested the
assumption of the phylogenetic independence of our three variables
(log10WPM, rgier, and logion,) by a test for serial independence
(Abouheif 1999) calculated by the program Phylogenetic Indepen-
dence (Reeve and Abouheif 2003). For these analyses, we rotated
nodes within our dataset 10,000 times and randomly shuffled our data
10,000 times to generate our null distribution. As all three variables
showed significant phylogenetic nonindependence (see Results), we
used Felsenstein’s method of independent contrasts in our compa-
rative analyses (Felsenstein 1985).

Analyses using 74 coded categorically were carried out using the
“Brunch” algorithm in CAIC (Purvis and Rambaut 1995), whereas
analyses using 7qir and logion,, coded as continuous variables were
analyzed using the program PDTREE (Garland et al. 1999; Garland
and Ives 2000). We tested Brunch analyses for significance by
comparing the mean independent contrast against zero using f-tests.
We tested for the significance of contrasts generated by PDTREE by
regression through the origin. We did not reduce the number of
degrees of freedom (df), as has been suggested for phylogenies
containing polytomies (Purvis and Garland 1993), because none of
our analyses were significant without such adjustment. Power analyses
(see below) were calculated using R (http://www.r-project.org/). All
other statistical tests were performed using SPSS (version 11).

We tested the hypothesis that colony kin structure determines
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patterns of male parentage both when within-species variation in kin
structure was ignored and when it was included. In our first set of two
analyses, we used estimates of WPM and 74 that were mean values
for each species. We calculated independent contrasts between
log1oWPM and rg;¢, and with 743 coded as a categorical variable. In
our second set of two analyses, we included within-species variation
in colony genetic structure that was present in seven species because
of facultative variation in queen number or queen mating frequency
(see Table 1). We did this by calculating r4;¢ per colony and grouping
colonies into those where 74 was positive (worker-production of
males was predicted), and those where rq;¢ was negative (males were
predicted to be queen-produced because of worker-policing). We
then estimated WPM for each group. We modified the phylogeny by
adding an additional bifurcation at the tips corresponding to these
seven species (see Figure 1). Although it is not necessary to control for
phylogeny when testing hypotheses within species, doing so enabled
us to combine evidence from within- and among-species comparisons
(Garland et al. 1992). Using our modified dataset, we calculated
independent contrasts between log;gWPM and rqir, and with rg;e¢
coded as a categorical variable.

We tested the role of colony size in two ways. First, we ignored any
effect of relatedness and simply compared contrasts in log;)WPM
with contrasts in log;on,. Second, we controlled for relatedness by
limiting our analysis to species in which workers were more related to
worker- than to queen-produced males (i.e., r4ir Was positive), and
then compared contrasts in log;gWPM with contrasts in log;on, in
this subset of the data.

Statistical power. To investigate the power of our analysis, we first
determined the expected relationship between WPM and r4;¢ in our
dataset. To do that we set WPM to 0% when rq;¢ was less than zero, to
100% when rqir was greater than zero, and to 50% when rqir was
equal to zero. An analysis of independent contrasts based on this
hypothetical relationship gave a highly significant relationship
between WPM and rg both when within-species variation was
ignored (B = 548, ¢ = 6.57, df = 48, p < 0.0001) and included (B =
6.59, t = 9.12, df = 55, p < 0.0001). On the basis of these slopes, we
conducted a power analysis by assuming two types of effects. We
considered rqig to have a “large” effect on WPM when f§ was greater
than 4.0, and a “moderate” effect when § was between 2.0 and 4.0. To
test the power that our analysis had to detect a large and moderate
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