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Abstract The action of sexual selection is highly variable among taxa. This creates
challenges when trying to generalize (e.g. determine if a particular relationship exists based
on its average strength, or if it varies in response to theoretically relevant factors). Con-
sequently, accounting for moderating factors is likely to be crucial to explain differences in
sexual selection among studies. In principle, given measures of key theoretical parameters
we can predict the strength of sexual selection on different sexual signals, the benefits of
mate choice, the extent of sex differences (e.g. in immune function or survival) and the
likely life history trade-offs between investment into different sexual traits (e.g. sperm vs.
courtship) or non-sexual traits (e.g. immune function, traits that increase longevity,
parental care). How well does empirical data support theoretical expectations? First, we
provide a short history of the use of meta-analysis in sexual selection studies. We present a
table summarizing 94 meta-analyses that have asked questions about sexual selection or
allied topics of interest to those studying sexual selection (e.g. the link between hetero-
zygosity and fitness). Second, we list the main ways that meta-analysis has been used in
sexual selection work and provide illustrative examples. Third, we provide practical advice
to identify questions that are ripe for meta-analysis. We highlight 11 sexual selection topics
where meta-analyses are needed (e.g. there are no meta-analyses testing game theory
models of fighting contests). Finally, we discuss some general issues that will arise as the
use of meta-analysis in sexual selection studies becomes more sophisticated.
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Introduction

The concept of ‘physics envy’ describes the alleged fact that biologists would like to have
theories that allow researchers to design experiments that readily distinguish between
competing hypotheses. Biological data, especially in ecology and evolution, rarely pro-
vides researchers with such opportunities. Biological interactions are complex, forcing
researchers to consider mutually non-exclusive hypotheses, and outcomes are often highly
variable, being affected by environmental factors (Candolin and Heuschele 2008),
demography (Kokko and Rankin 2006; Weir et al. 2011), historic contingencies and sto-
chastic events (Jennions et al. 2012a). This applies to inter-specific parasite-host interac-
tions (Poulin and Forbes 2012), or contests for resources or space (Castellanos and Verdu
2012), but it also applies to within-species interactions, especially those between the sexes
over reproduction. Closely related species often have markedly different mating systems
and patterns of parental care leading to variation in sexual selection. The same can be true
for different populations of a single species—and even the same population in different
years (review: Siepielski et al. 2009; but see Morrissey and Hadfield 2012) or stages of the
season (e.g. Forsgren et al. 2004).

This creates challenges when trying to make generalizations that apply across taxa (e.g.
to determine whether a particular factor is generally important), and when trying to
understand why a particular feature emerges under some conditions but not others. Both
tasks are important: without the ability to generalize and to infer associations that hint at
causal factors of general importance, science can not proceed past individual cases of
storytelling. Meta-analysis offers a potential solution. Generalizing is achieved by com-
bining the results of different studies, with greater weight given to those offering more
precise estimates, to determine the average influence of a factor of interest. We can
estimate the mean ‘effect size’, which is a standardized measure of the strength of a
relationship (Koricheva et al. 2012). Even more important is that we can include covari-
ates, either continuous or categorical, into a meta-analysis to see if they correlate with the
effect size estimates across studies. This approach, often referred to as a meta-regression
(e.g. Jones et al. 2009), can identify factors that are potentially causally related to the
phenomenon of interest. This is important for testing theory: advanced theory only rarely
predicts a single outcome (e.g. ‘females benefit by producing extra-pair young’), but rather
patterns of covariation (e.g. ‘production of extra-pair young should reflect variation in the
costs incurred by mothers’). Meta-regression can reveal higher patterns that are unde-
tectable in the original studies and either corroborate or refute existing theory (e.g. Griffin
et al. 2005; Weir et al. 2011) or raise new research questions (see Jennions et al. 2012b).

A short history of meta-analyses of sexual selection
The first empirical meta-analyses by ecologists and evolutionary biologists appeared in
1992 (Gurevitch et al. 1992; Vanderwerf 1992). Subsequently, a key review paper aimed at

evolutionary biologists highlighted the value of meta-analysis (Arnqvist and Wooster
1995). The first meta-analysis to explicitly address a sexual selection question considered
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assortative mating in water striders (Arnqvist et al. 1996). The number of meta-analyses of
sexual selection and allied topics has since remained static at about 4-5 per year, although
there was a sudden surge to 16 meta-analyses published or available online in 2011
(Fig. 1a). In other areas of evolutionary biology and ecology one can find examples of
much faster increases in the uptake of meta-analysis (e.g. host-parasite interactions; Fig. 1
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Fig. 1 a Papers per year that include actual meta-analyses on topics on or closely linked to the study of
sexual selection (n = 94, see Table 1). b Papers per year located using the search term topic = meta-
analys* or metaanalys* in the field categories Ecology, Evolutionary Biology, Plant Sciences and Zoology
using the ISI Web of Science (Dec 31, 2011). Note: not all of these studies are actual meta-analyses (e.g.
some might simply refer to the need for meta-analysis)
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in Poulin and Forbes 2012). The total number of ecological and evolutionary meta-analysis
published shows a steady annual increase (Fig. 1b; see also Jennions et al. 2012c).

Some of the earliest meta-analyses explored the role of fluctuating asymmetry (FA) in
sexual selection. At the time, late 1990s, there was already disquiet as to whether FA in
sexual traits offered a single characteristic that could capture much of the variation in
individual quality and, hence, be a target of mate choice. Consequently, many FA studies
were controversial (Leamy and Klingenberg 2005). In this atmosphere, early meta-analyses
of FA and sexual selection often generated intense, even vitriolic, debates [e.g. com-
mentaries in J. Evol. Biol on Mgller and Thornhill (1997)]. In addition, there were claims
that publication bias was a major problem in published meta-analyses (Palmer 1999;
Simmons et al. 1999; but see Mgller et al. 2005), which led to wider concern that the use of
meta-analysis in ecology and evolution might be inappropriate due to systemic publication
bias (Palmer 2000). There were also issues surrounding inclusion of unpublished work that
could not be evaluated (Palmer 1999), and the lack of objective search criteria for relevant
studies, with the inference that some studies were deliberately excluded from meta-anal-
yses to bias the outcome.

In hindsight, many of the objections raised echo those from other disciplines (e.g.
medicine, social sciences) when meta-analysis was first used. For example, the temporal
decline in effect size found in ecological or evolutionary studies (Simmons et al. 1999;
Poulin 2000; Jennions and Mgller 2002) has been reported in many other fields (Koricheva
et al. 2012). Similarly, a negative relationship between sample sizes and effect sizes has
been reported in other fields (Jennions et al. 2012b). This pattern is expected if small
sample studies are only published when they report significant results (but it can arise for
many other reasons). More generally, as with any new technique, earlier studies were less
rigorous and used less sophisticated approaches than those published later. For example,
recent studies are far more likely to control for statistical non-independence (Nakagawa
and Santos 2012) and correct for phylogeny (Chamberlain et al. in prep).

Despite these problems, several meta-analyses conducted in the 1990s were positively
received, became highly cited, and probably encouraged others to attempt a meta-analysis.
Notable among these were meta-analyses of the evidence for ‘good genes’ benefits to
female choice (Mgller and Alatalo 1999), the effects of polyandry on female fitness
(Arnqyvist and Nilsson 2000) and data on how well sexual traits predict male reproductive
success in birds (Fiske et al. 1998; Mgller and Ninni 1998). To date, at least 18 papers on
ecological or evolutionary topics that include a meta-analysis have appeared in Science or
Nature, including two on sexual selection related topics (effect of mate attractiveness on
offspring sex ratio: West and Sheldon 2002; male-biased parasitism: Moore and Wilson
2002).

Here, we identify 94 papers that contain formal meta-analyses (i.e. the use of effect
sizes, usually weighted by the inverse of their variance or sample size) on sexual selection
or allied topics (Table 1; search protocol in Electronic Appendix 1). Our approach to
defining ‘sexual selection or allied topics’ was pragmatic. We included topics of likely
interest to those studying competition for mates and mating systems (e.g. such as maternal
adjustment of offspring sex ratios in response to sire attractiveness or the future level of
mating competition). We also considered relationships between immune function, testos-
terone, parasitism and survival, because the life history trade-off between immunity and
sexual traits is a major area of research (i.e. the immunocompetence handicap hypothesis;
Folstad and Karter 1992; see also Poulin and Forbes 2012). We included studies on
phenotypic differences between the sexes because, in the absence of sexual selection,
natural selection should result in similar optimal phenotypes, and the sexes should, all else

@ Springer



Evol Ecol

(€007) uosry

SI9Y)EDJ 10U Inq SqUIOD

(98ewnid pareyfe uey) Ioyjel [RULIOU
pue squod 19)y3Lq ‘IoSIe[ YIm

pue 1ayIed spaug VIN nv vl I uo paseq QouargjaId B sem 1Y, ‘ou pue sof  sofew 1ojaxd [mogo[Sun( par o[eway o
{$1S9U UMO
#007) IPMIN 1oy ut Ayurejed 19yeaid ureS Suos
pue 139zsureren) spag ON nmv 11 8 0I9Z WIOIJ ISJJIP JOU PIP J09JJ0 UBAW Y} ‘ON QJRIOQR[d IOW [IM SPIIq d[ew o
Sso[ewoy
10 S)Jouaq JO2IIP IO $$200nS dAnonpoxdar yim
UOTJE[OII0D JUBOYIUSIS OU ‘JOAIMOY ‘SeM QIYJ, (syeuodwod
(L002) (0) "S9[eWl JUBUTWOP JOW Ul Jo331q sem pue d3e ssou)y Jo d3uel B )M )e[oLI0d
‘Te 30 emedeyeN spag V/N 19sqnS  GJ I M APuedyruSIs pasearour 9zIs qig ‘Ou pue sdx smoireds asnoy ur 9z1s qiq se0(
(oanisod
$5900ns aAnonpoidar pue anfea
1 (SH'0—LE0 = 4) 10adxa S 301nosal ‘fenuajod SuIpjoy 20In0saI
(8007) AT v ON 1osqn§ ¢9 €S QUO UBY) IOYEoM dIe SUONE[OII0d ay) INg ‘SO X olewr ueamiaq sdrysuonerar oy} oIy
(,55900NS
(8002) uonelofdxa 10§ jou nq (010 = 4) aanonpoidar 3o1paid (aropdxe
urayswn[ g [69) SSQUQAISSaISSe pue (O]°() = ) Sseup[oq 0] ssoUSUI[[IM pUE SSOUQAISSAISSe
pue s nv ON 1osqn§ [ ¢ 10J JUBOYIUSIS SeM 109JJ0 UBUI Y], "OU PUB S ‘ssaup[oq) Aeuostod oq
(800 =) dz1s
10J JuedyIugis-uou A[eurdiew sem jnq ‘Inojod
I0J JUBOYTUSTS JOU SEM JO9JJ0 UBAW Y} $S900NS (SpIgyoR[g
0102) aanonpoidar pue 9o10yd 9ewd) ‘uonnadwod PasuIm-pay ul ssadons aanonpoidar
‘Te 10 emeynsex spag VIN nmv 1r I Q[BW-O[BW JO SAINSEAUW SSOIOE SUT00] "OU PUB SOX  O[ewW J09Jje 9ZIS Jo Inojod joineds o
(1100) (8890018
139zsweren) serq uoneorqnd 9[qissod 10J Sunoa1I0d I9)Je aAnonpoidar 19yeaI3 aary s3uos
pue ewog spig (L) oA v v 1T (0Z°0 = ) JuedoyIugIs Sem J09JJO UBAW YT, "SOL xo[dwoos a1ow YPIm SpIIq dfew o
(1100)
IS[NYIOA [esned oq jou JyStw drysuonelar ay) nq (SIT1q I9ppaT IIm
pue suowis spag V/N nv 11 I “(19°0 = ) JueOyIUIIS SeM JO9JJ0 UBOW QY[ 'SOL  so[ew Iojard so[ewo) youy evIqeZ o
($s200ms Sunput 2w Jo §2Jp]2.4400) $2OUU[24d SUDW SIIPULD]
Q0UAIRJY exe], Aua3ojAyd vleq seIpmS  soroadg Tomsuy suonsonb urew pue awaY) [LIUID

(46 = u) sosA[euE-L)oW UONOI[AS [BNXIS JO S[TRIOp Jo Arewung | Qe[

pringer

Ns



Evol Ecol

(T1°0 sA 1€°0 = 4) sien

{SPIIq UT SOUO PAseq-UTUB[W

(9002) (u) Paseq-pIoud)ored 10J 193U0NS Sem 109JJ9 ) UeY) UONIpuod Jo S[RUSIS Io)39q
‘T8 30 YD spag ON Josqn§ /] L ysnoyje yuedyIuSIs J0U SeM ADUIIP Y], "ON S)Ie) [BNX9S PAseq-pIoud}oIed Iy
(6£°0 = 4) Sunew aaneuosse aanisod st
19y} pue (') = ) SO[EWR) PAIUIUILUIO IOW UOBJUSWERUIO
(L002) T8 19 ) 19501d SO (820 = 4) ssewly jo syusuodwod [emnuw Y saroads ur
preaafreery v ON 1osqn§ 9¢ o€ PIm paje[arIod AfeAnisod SI uonejuewWeuI() — SJUSWERUIO Jnoqe suonsanb jo ofuer y
(93e yym a3ueyd pue sAxIs
0102) (11°0 = 4) 93e Ym d3ueyd © ST 1Y) Q) uUeaMIq IJJIP Lolvuwt snivg M
‘Te 39 sueaq spag VIN v 01 I pue ‘($7'0 = 4) ApueoyruSis IOJJIp SOXas YL, 'sof  Jeaid oy Jo oSewnyd [enuoa ay) se0(q
(Spa1q ur syren) oSewn|d
(1102) BJEBP 9] JO $19SqNS JSOW 10J 109JJ0 Y} Sem Se Jo uorssaidxe pue douruUTIOP
‘Te 19 sojues spag (9) ON v LE €T “(9¢°( = ) JuBOYIUSIS SeM JO9JJ0 UBOW QY 'SOL  udamieq diysuonelar aanisod e a1ay) S|
9Z1s yoIno
10 saroads omydiowrp A[fenxas 10j jueoyrusis (spaq ut syuduodwod
(1100 sem 11 Inq ‘sjuouoduiod ssauy INOJ 10§ 0I9Z WO} SSOWIY )M poje[arIod A[aanisod
‘Te 39 JOTUNIN spag (€) sax « IV T€ Al JUQISIJIP A[JUBOYTUSIS JOU SeM JO9JJ0 UBSW AL, "ON S)TeI) [eNXAS POseq-UIUB[oWnNd Iy
$S200NS SUPDUL/SSIUIAIDLD 2]DUL JO $1D]2.410)
(81°0 "SA €°0 = ) IoWuIM uey)
(0100 Jowwns ul 1o3uons Apuedyrusis sem dduarojard (qQeId I9[PPY B Ul SMB[O
‘Te 19 JQU[IAL spodoyiry V/N nv zi 1 9y} Inq ‘JUBOYIUSIS Sem JO9JJO UedW Y], 'SOX IoSre] ym sorewr 1ojaid sorewdy o
{S1soU umo J1oy) ur Ayrurayed
(8661) TUUIN (0) 10)eaI3 9ARY S)TRI) PAOdes A[[enxas
pue IS[[BIN spIg ON 19sqn§ 7z w0 ($€°0 = ) JUBOYIUTIS Sem 109JJ0 UBoUW Y], SO X 9JeIOqR[d JOW M SPIIq d[ew o
(€5°0-L0'0 = 4) o3¢
pUE 9ZIS ‘UOTJBIUSWIBUIO ‘IOJUSD Y[ WOIJ JOUEISIP (soroads Sunpyor
(8661) P) ‘Kouanbaiy 13y ‘Aousnbaiy Aerdsip ‘oouepuayne ur $s90ons Junew orew 101paxd syren
‘Te 39 YSI nv ON Josqn§ z¢ 81 9] JO 1091J9 JUROYIUTIS © Sem I, "SOL [eInoraeyaq pue [esrdojoydiow o
(6661) saroads Sunpyer-uou uey) Suppye[ 10j
IO[SIN pue IoSuons yonur sem J09JJ0 UBdW AL, ‘0’ = 4 ({SPIIq UT S)Te1) 9[eW U0 UOTJO[IS
Youe(J-pIejuon spag ON v 8¢l 08 SeM S)el) POUIeX? JOJ 9ZIS 109JJ0 Uedwl Y], [enxas jo y)Suas ueawl Y} ST JBYA
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg Jomsuy suonsanb urew pue owAY) [EIAUID)

panunuod [ dqe],

pringer

Qs



Evol Ecol

(#007) sueg

sdrgsuoneror esmired JuaIoyIp I0J
paLeA 11 Inq ((9¢°() = ) JUBOYIUSIS SBM 100}
UuBdW QU) SeaIe urelq JudIyyIp pue Ajxordwod

(SPIIq U1 9zIs a11031adax
pue (ureiq ur R[onu 3u0s) AZIS ANSSH

pue 15ozsweren) sprg ON v 1v 6 SUO0S JO SOINSBOW JUAISIJIP SSOIOE SUIOOq 'SOX  [eInou ueamldq drysuone[ol e a1oy) S|
(A1oanoadsar
070 ‘L0°0 ‘60°0 = ) SS900NS [LLIOILLIS)
(0007) ‘Te 1@ pue $s900NS Sunew JWIOJI[ ‘Ojel Supewl  (SOIRUOPO UT SS900NS SUnew SwWIlofI|
BYSAO[OYOS NRENI| ON « IV €€ 07 U0 9zIs Apoq JO 199JJ9 JUBOYIUSIS B Sem AIOUL, ‘SO  pue d)el Junew 109jJe az1is Apoq se0(
(07’0 = 4) wisnisered jo
S[OAQ] PUE UOTJEJUSWEUIO Udam)aq diysuonefol (so10ads SsoIoe pue UIyIm
(L661) urnog aAnIsod © SI 2191} ‘I9AMOY] ‘Sa10ads SSOI0Y yloq ‘peoy aysered (Im JR[AII0D
pue uoj[Iuey v ON « IV SS - "0J0Z WOIJ JOJJIP 10U PIP 199JJ0 UBIW AL, "ON UOTJBJUSUWIBUIO [BNXAS J[BW SA0(]
Juonouny
peol aysered uey) uonouny Qunwwit 10 peoy isered pue
(6661) QunwIwI Joj JOSUONS Yonul sem J091J9 YL, S)eJ) [enxas Jo uolssardxo ueamiaq
‘Te 19 I[N v ON v 0S 6€ (€1°0 = ) JueoyIuSIs Sem JO9JJo Ueow Y], SO X diysuonje[ar oAnE3oU € 2191 S|
(8€'0 =) (SpI1q Sunnow ur uoreIO[0d
) 93ewnd 19[[np pue (¢Z'() = ) UOHIPUOD a3ewn|d pue uonipuod ‘peof
(6661) Jodrey spag ON losqn§ ¢ 6 Q[osnuI JOMO[ Pey SAJIW IoW YIIm SpIrg 'SoX  9yisered uoomioq diysuone[ar e a1y s|
uorssaidxa juspuadap-uonipuod (diysioarains
(1002) QAeY siren A[sod A[[erouad 2say) Jeys Sunsagsns 1918213 QABY S)TRI) PRII[AS
‘[e 10 suoruudf nv ON v 69 oy (€1°0 = ) JUBOYIUSIS SBM 109JJO UBAW JYJ, "SOX  A[[BNXS 9JeIOqR[d 2IOW [IIM So[ew o
Kouanbaiy 10 uonemp
(S002) ‘Kyrxardwod Suos 103 oN (97'( = ) Siren (Ansudqur 10/pue doudesdrd
130zsweren) spag ON nv 8 9 Suos paje[aI-oouruLIo)Iad 10J SO L "OU pue SIX onsered [eudis Suos piiq seod
10U 2JoMm S)IRIN)
3uos 10130 XIS Inq (81°0—E1°Q) = ) UONIPUOD
(9002) JO SOINSEOW [JIM PAJB[OII0d AJUBOYIUSIS dIoMm {UOT}IPUOD oew
‘Te 19 IoMIed spag V/N « IV TS 1 )jup aydons pue Aysudul SurdurS ‘ou pue s9X  Jo [euSIs o[qerfal e 3uos s 11 anjq Y} S|
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg omsuy suonsonb urew pue owey) [BIOUID

panunuod [ dqe],

pringer

As



Evol Ecol

(soroads
Surpaaiq ared PI1qSUOS SSOIOE SUONBZI[IIJ)
(9000) -enx9 ur 3urdesus 10J 1500 10Y3IY Apueoyrusis Ired-e1x9 Jo S[oAQ[ ure[dxa
‘I8 19 YoRIq[Y spag (1) Sox nv #i ¥l e Aed Sunok ared-enxa 1omay yim seroadg 'sox  Sunew ared-e1nxa Jo $1S09 1011 AY) O]
Sunok ared-urgim
pue ared-enxe Jo dIYSIOAIAINS UI QOUIIIJIP
(L002) jueoyrusis ou (1) pue (9zIs pue a5e 10J
uapreSysnoy P) AJuo) sjrex) fenxas ur sajew Jred-eIxa pue [B100S {S1yauaq oneuas 10§ suonendod
pue Keoyy spag ON 19sqn§ €7 - U29M]9q SOUAISMIP JUBIYIUSIS ou (1) st a1ay], 'oN  Jred-enxo ur o3e3uo spiiq o[ewad) og
(070 = p) Aadguo]
(1107) S1ma] 10§ 109330 2AnRSaU B Inq (SH'() = p) KAIpunddy (ssowy Joy31y oAy 9je[noefo ajowr
pue ynos spodoryiry ON nmv 8 0L 10 109130 JuedYIUSIS B Sem 9ISYJ, 'OU pue S9X QA1 Jet)) spodoIyire d[ewdy oq
(61'0-L00 = P)
juedyIugis-uou A[feurdiewr 1o Juedyrusis
(T102) 3) sem ooueuriodd Suridsjjo Jo ainseawr (Aldnnu Sunew £q Sundsyjo Joy)
Te 10 10A1e[S v ON losqn§ [} Gz 9usodwod v UO paseq JO9JJO UBAW AU, 'OU PUB SOX  JOJ SIJouaq d1jouas uresd so[ewof o[
s2dd puv Lipuvkjod ‘ao10y> a1pw Jo Sifouaq puv siso)
(z100) (L0'0 =) ddM uo o5e &Spa1q ut (ddd) Anurored
emedeyeN (1) JO 109332 JueoyIusis ou Inq ‘([¢'Q = ) a8e YPIm Ired-enxe pue (Jdan) Anuisyed
pue £qsea[) spig ON 1osqn§ [ V/N ddd Ul 9seaIour Juedoyrusis e ST 919y ], ‘0U pue So X Ired-urgim 1oojJe oSe ofew S0
[EATAINS [EIJUQIQNIP O} d[qeingriie ({TBATAINS
jou sem uroyed oy [, “Jou pIp s)en Juos Iayjo [eNUAISIJIP 0) NP SIY) ST /,SIOYNRIAY
(L00T) ‘Te 1@ nq (88°0— pue ¢/ 0 = p) 93e YIm ApueoyruSis pa1e[oo ur oSe YIm a5ULYO UOTII[IS
130zsweren) spg VIN nmv 1 I pagueyod djel Suos pue 9ZIs 2110112daYy "Ou pue s X [enxas 1opun 3uos Jo syoadse oq
{Sorew
(A1oAn0adsar $81°0 pue 00’0 = p) J[Npe Ul s)ren pajd9[as A[[enxos
(6007) sueq UQS0IpUE O} QATIISUSS JO OATJISUASUI oIe Jey) sjiel)  JO uolssaidxo oy osearoul sueSoipue
pue Jo[[nA spag ON n L L [)0q J0J JUBOYIUSTIS-UOU SBM J09JJ0 UBAW Y], "ON Y[0A JO [9AQ] PABAJ[Q UB $A0(]
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg omsuy suonsonb urew pue owey) [BIOUID

panunuod [ dqe],

pringer

Qs



Evol Ecol

(#8°0 = p) suIsna
0] uurads 10w pangjsuer) sarew A[paroadxaoun

(Airenb pue sneys Sunew

(1100 ‘Jou sem Ajsuojul 1oy Jey) Inq ‘poyioddns orewdy 0) pue ‘vonnadwos wirads
suoruuaf () a1am (gg'( = +) Arenb orewoy pue (0p'( = p) Jo Aysuajur pue YSII 9y 0] asuodsar
pue A[[o3] nv ON 19sqn§ 9y oy  suuonnodwod wiads JoJ SUONIIPAI] ‘Ou Pue s X ur 9z1s de[noeld isnfpe sofew o

uoyPI0JIY WL2dg

(6661) ¢learamns Suudsyyo

orerery pue uorssoidxo J1e1) [enxas oreur
pue IS[[SIN nv ON nv z w (Z1°0 = ) JUBOYIUSIS SBM 109JJ0 UBQW AL, "SOX  U99M)Aq UONE[ALIOd dAnIsod © a1oy) S|

(0002) JojeIapow juepodur ue Sureq Surpasy
UOSS[IN rendnu s ‘A)31A93u0] ur uondONpaI B y3romino ({S109SUI Ul $SAUJY I[BUIDJ UO J0JJ

pue 1siabury NbEN ON « IV 22l 8/ Apueoyrugis A1Ipundj 10)Jeals Jo sjyauaq oy, 'sof  2Anisod v aaey Sunew ordnnur seoq

(1002) (Ly'0-11°0 = ) ssedons Suryojey {SIgouaq 10211p ures sjrer)
suoruuaf Sundsjjo pue a1ed apewr ‘A)punday ‘AnIay Pa109[as A[[enxas 9)eIOqe[e oW

pue IO[SIN v ON nmv 92 $T I0J JUBOYTUSTS 0IoM S}OQJJO UBSW AU, "SOX  UIIM SO[EW [YIIM dJBUW OUM SO[eWRf O
2andLosap
10 [ejuowLadxe sem Apmis oy) JoyIoym
JO 1091J9 JO SUIPUNOJUOD & SeM 919U} Ing (£7°() "SA (u31sop Apmis pue wa)sAs
#007) ‘T8 19 (exordoprdo) LL'0 = p) so10ads snoipueuow ueyy snoipueAjod Sunew oy yym Area eioydoprdey
B[IA-SQLIO], NRENI| ON v  6¢€ Gz Joj IojeaI3 APJueoyIuSIs sem JO9JO UBW AL, SO X ur Sunewar Jo sygousq Yl og

(S002) (ST'0 'sA G0 = p) saroads snorpueuoul (ndino aanonpoidar

suotuudf (exoydopida) uey) snoipuekjod 1o} 1918013 Apueoyrusis pue 1918213 B 9ABY SO[BW SUISIIA
pUE B[IA-SLIO], NRENI| ON v 62 [ (€€°0 = p) WBOYIUSIS SeM 109JJ0 UBAW AL, 'SOX  im djew Jey) exddopido] orewdy og
Anqera (spodoayire ur

(S002) SpIuyoRIy oA1quio 103 J0u Inq (610 = ) ssedons Juryoyey  AJN[IqRIA OAIQUID JO $S900NS JuIyojey
suowrurg ‘s300su] ON nv zi ! 10J JUBOYIUSIS SeM 109JJ0 UBAWI Y], "Ou pue soX 330 aaoxdwr Aipuekjod ofewa) seoq

qIed 9ewW Ul

(S002) QUITO9P © 0} NP IS0 10IIP B ST 219Y) Inq FUnok

yoredyIry] Ired-uryyim pue Jred-enx9 uoamieq syuduodwod (S1gauaq onouas 103 suonendoo
pue Jsiabury spag ON nv ¥ 1 SSQUIY UT 9OUAIQJJIP JueoyIuSis ou st a1oy], 'oN  Jred-enxo ur o5e3ud spiiq o[ewdy oq
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg Jomsuy suonsanb urew pue owAY) [EIAUID)

panunuod [ dqe],

pringer

As



Evol Ecol

so[ew 3urpaalq
uey) so[BWS) JUIPIAIQ UI UOWIWOD AIOUI 1M

(8661) soyisered snajosdowany ‘IOAIMOH “JUBROYIUSIS (SPIIQ UI So[BWIRY
‘[e 190 ApInDON spag ON v s¢ G¢ JOU Sem JOUAIIJIP A} 39S BIEP [[NJ 9y} J0J "ON uey) saysered a1ow dARY so[ew o
(0002) 019Z WOIJ JUIAJJIP (spodoaypre ur wsnisered
‘Te 19 uepLRyYS spodoryiry ON nmv 19 9% ApueoyruSIs Jou sem 9ZIS 109JJ0 ULoW Y], 'ON Jo sojer 1oySIy IeJjns so[ewW O]
saroads orydiowrp A[fenxas 10w ur 19)eaId {S[ewrwewt
(200T) uoSTIm Apueoyudis sem wisnisered ul seiq-ofew Ay, ur so[ewaj uey) wsnisered
pue 9I00JA S[eWIWERIA () SOk v Ss¢ 901 ‘JueoyrusIs Jnq [[eWsS Sem JO9JJ0 UBIW AU, SO L Jo sojer 1oy3Iy IoJyns so[ew o
(So[ewa
SO[BWIQ) UBY) 9ZIS UI J[qBLIBA QIOW uey) 9ZIS Ul 9[qBLIBA AIOW SI[BW
(9007) ‘Te 1@ Apueoyrugis J0U oIe so[ew ‘ON ‘opmne| yim qIe pUy (SOXIS AY) UIIMIAq IQJJIP
uoyuaoue[g v (Q) ok n - 86  A[Suons arow ApueoyruSts soSueyo oZIS A[RJN 'SOX  9ZIS p0q U0 dpnINe[ JO 109139 Y} S0
ssoujy [en
0102) )M PAIBIDOSSE A[QSO[D 2IOW S)IBI) IO JQ[[RWS Jo adKy oy) uodn Surpuadop 1opJ1p
‘Te 39 Juessiod v ON v #I1 Ly s131Ing ‘oSre[ A[[ensn ST UONR[OIIO0 UBWI QY] 'SOX  UONE[OLI0D ONQUdT XIS-SSOI0 Y S0
soys uonepard
MO pue YSTY Uoom}dq dOUSIIJIP JUedoyIusIs (SEIOA UI MYS o1l
(1100) ou sem 219y} pue ‘J:] woly Apuesyrusis X3S J[Npe dY) Ul PaseIq-o[ew JO JU)Xd
Te 19 TyoM hENI | (9) oN nmy sdod g¢ 9 QJBIAQD 10U PIP ORI X3S Ueaw oy, 'ON oy 3o1paxd uonepaid Jo [0A9] oY) se0q
(1100)
urswnyg {S[EWWRW UT S[[ed WIe[e 0} asuodsax
pue eo] S[eWIWERIA ON nmv 6 9 (89°0-91°0 = p) 2AISUOdSAI QIOW AIe SA[BJA "SOX  JIOY) UI JOJJIP SO[EWd) pue Sofew o
§2X2S Y] UPIMIDq SIIUALIT
(50020) (#00°0 > d 1I®) isedfyoydrowr
[93au([oH 'xe) 109sur a1y} ur sydiow wreds 9[nIojuou Ioj wirads 9[NIdy uey) o[nISJUOU
pue 1uosseuIag s109sU] ON « IV 0S1 0S1 1918213 Apueoyrusis st uonenreA 9z1s wiradg "Sox 10J 9ZIS UI UONJBLIBA J9)8aI3 QIay) S|
juasald st 10)adwos v uaym pue UISIA-uou (uonnaduwoo
(1100 e Jia Surjew uoym wirads oIow 9SeaaI SO[EIN wrads Jo YSII 10JeaIS © ST 1oy}
o[[IL-0oregod nv (€) sax v 6¢€ L€ ((T€°0 = p) ULOYIUIIS Sem J09JJO UedW Y], 'SOX uoym wads QJow 9seo[ar sofew o]
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg Jomsuy suonsanb urew pue owAY) [EIAUID)

panunuod [ dqe],

pringer

Qs



Evol Ecol

(1102)

(97°¢ = o1el SPPO) SO[EWId) UBY) SO[eW

{SIUSPOI J[BWRJ URY)
QW Ul U)JO JIOW INdJ0 (IJUBYD
£q poyoadxa uey) soroads arowr

‘[e 19 Aousery] S[eWWERIA (4) SOk v oS 91 ur JoyS1y AQJUedyIUSIS Sem 90UQLINOJ0-0D) "SOX  '9'T) Q0UALNIS0-09 sa1ads eap seo(
(#10°0 = p) 1UNod NAd0oWRy
UT 9JUQIQJJIP XS JUBdYIUSIS OU Sem Iy} {,S109sUT
(6002) (0) nq ($81°0 = p) SO[EWdY Ul JYSIY APULOYIugIs o[eul U UBY) S[EWd Ul JAYSIY
‘Te 30 uunN $309sU] ON Josqn§ [[ 1T sem KJIAIIOB 9SEPIXO[OUYJ "OU PUR SO X uonoOUN UNWIWI JO SAINSEIW Iy
F01°0 =) (Sien [enxos
(6661) om0y synowr [euy Suump AJelIow o[ew Jo el JO UorssaIdxa ay) 0} anp IOpINS IJeM
puE AYe[ISOM NRENI V/N nw ¥ 1 Ioy31y ApueoyuSis A[feurSIew e sem QIOUJ 'SOL  O[RWQJ Uey) d[ew Ul JoyS1y Ajfelsow s|
€ro=r
‘0%’ 1 = oner sppo) sofewr ur sajisered Jo
0102) Jouepunqge pue douaeadld 19jears Apueoyrusis {uapol
‘Te 32 ayneN S[eWIWERA (Q) ok v  V/N 61 © sem 210y} sa10ads ayisered ssoroe Surjood "sox & ur wsnisered paseIq-ofew 1Y) S|
($0°7 = one1 sppQ) SIS SUIpaaIq pue [ejeu e
(9000) amdesar Jo pooyr[ayI] uo paseq sojel [es1adsip (sorgeswep ur Anedoqyd pue
‘Te 19 xyouLRg NRENI| (Q) ok « IV 61 81 1oy31y AueoyIuSis 9ABY O} WIS SA[RWI] "SI X [es1odSIp Ul 9OUAIIJIP XIS © 1Y) S|
UuonoQJuI
Jo AyIsuojur oy} IoJ SBIQ-Xas B JOJ Pudl} SNOTAqO
ou sem 19y} ‘)senuod uy ‘sadK) isered ‘e
jou Inq ‘Owos I0} sorewr ul JoYSry Apueoyrusis (soreway uey) wisnisered yurwoy
(996671) urmog v ON « IV S8 - sem sojisered JO QOUS[BARIJ "OU PUB SO X Jo sojer 1oySIy IoJJns So[eW O]
S[RWWEIA S9P0ISad 10U Inq (GE'() = p) Sepojewau {S1S01] 9JBIQAIOA J[BUWIRJ URY) d[eUl
(89661) urnod ‘spug ON < IV ¥€ 9 10J JUeOYIUSIS Sem 109JJO UBOW Y], "OU puB SOX Ul J9)seJ moi3 sdjrsered yyurwoy og
sad£y
(L66T) $0qIog qysered 9omy) Jo om) J0J S[ewdy uey) soysered (Sorewo] ueyy wsnisered
pue y[eyos S[eWWEIA ON « IV 0S 184 aJow A[)JUBOYIUSIS 9ABY SO[RJA "OU pUB SIX Jo sojer 1oy3Iy Jojyns sorew o
QouaIeyoy exe], AuoSolyg ele@ seIpmg  soroadg Jomsuy suonsanb urew pue owAY) [EIAUID)

panunuod [ dqe],

pringer

As



Evol Ecol

($0°0 = 4) uoseas
pue (G1°0 = 1) dep Sutke] “(80'0 = ) Aupenb

(ORI Xos

@ (+002) () QJeW JO J09JJ9 JUBOYIUTIS B SeM 1Y) ‘JOAIMOH Suudsyjo 1ay) isnlpe A[paneimnoey
‘Te 10 uomyg sprg ON losqng -— LT *0I0Z WOIJ JQJJIP 10U PIP J09JJ0 UBAW Y], "ON SPIIQ Jey) 9OUIPIAD [BISUAS Q1Y) ST
(80°0-L0°0 = 4)
s10301paId jJueoyrugis are uondodouod 03 Iso[d { STeuIuew
($002) (0) uaye) SQINSBOW ‘JOAOMOH "0I9Z 0} O[O Sem ur s1e)ySnep uey) suos a1ow aonpoid
uolowe)) S[eWIWRIA] ON osqn§ 89 - 100JJ0 UBQW Y} SAINSEOU [[¢ J& SUIYOOo[ USYA\ "ON UOTIIPUOD 10139q UT SISYIOW O(]
(uonnadwod 90In0sal (IysIy
(S002) [e90] JO SAIPNIS SOPNJOUI JOJYJO S} :210U) st uonnadwos dJew [B90] JO [9AI] Y}
Te 39 1S9 v () SOk nmv L8 $9 (86°0 = ) JUBOYIUSIS SeM JOOJJ0 UBSWI QUL "SOX  USUM SUOS JomdJ aonpoid d[ewdy oq
({suooqeq Uur SoTes Xos
(S002) (sorewrnld) oner Xas yIq dy) uo Yuel Io yI1q 9y} 3093Je uonnadwod 9oImosar
‘Te 39 IS [ewwe VIN v 9¢ I 9ye1 yymoi3 uone[ndod Jo 109130 oU Sem AI9YJ, ‘'ON  [E90] JO [9AQ] Ay} JO YUkl [euIdjewl O]
$339 1031 paonpoid
Q1ed A[UO-9[BWId) M IS0} J[IYm ‘S33Q 10w
sonpoid 0) papue) a1ed [ejuarediq ym saroadg ({9JBW dATIORIIR QIOW
(Z102) T8 1R ‘wa)sAs Surpaalq ay) uo Jurpuadap paLeA Ing ' M Suipaalq uaym uononpoidar
BAOUIBAIOH spag () sox nv s+ L1 “(L1°0 = 4) JuBdYIUSIS SeM JO9JJO UBIW Y, "SOL 0JUI QIOW ISOAUI SPIIq d[eWd) o
UODIOJID [DIUILIfJIP pUD SOUDL X2
(soroads
(81°0 = ) PaysI[qeIse QAISBAUI S POYSI[qeIse SUIooaq
(6002) QW099q 03 A[Y1] 210w Apjuesoyrusis ore o3ewnyd JB $5900NS I3y} Ul uoneLea urejdxe
‘Te 10 wngyoerg spag V/N nv - SNBWOIYIIP A[[ENXas SS9] PIM SA10adg "sox SPIIq UI WISIIRWOIYDIP [BNXIS S0
s10)o€]
(11027) ‘Te 1@ Suneropow juelrodwr [BI0AS oI 919y} Jnq (uoneroads Jo seyer 1oysiy
proaalfieersy nv V/N nv zz - “(60°0 = ) JuBOYIUTIS SeM JO9JJO UBSW QY ‘SO 0] PBI[ UONII[AS [enXas J9Zuons sao(
UOD2IUO]OI/UOOUIXI/UOD1IIAS
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg omsuy suonsonb urew pue owey) [BIOUID

panunuod [ dqe],

pringer

Qs



Evol Ecol

(L661)

“Surpuy s1y jo Ayprea Sy Jnoqe

[quioy, 91eqop JUONbasqns Yonuwr ‘I0A9MOY ‘Sem I, {o[qeIoy
pue I[BIN nv ON IVARRCS Ll (6170 = ) JueOYIUSIS SeM J09JJ0 UBAW Y, 'S9L  ApueoyruSis Aiqels reyuswdofoaap s|
{AnouwwAs
(8661) IRISIN (#1°0 "SA TTO = 1) 9ZIS J1e1) UBY) $S900ns dAnonpordar
pue [[IqUIOy], nv ON v €€ 67  UeY) ANQWWAS I0J JO3Ie[ Sem 109JJ0 UeowW Y[, "ON Jo J03o1paid 19119q © 9ZIS JIed) [enXas S|
(®) (®8661)
TyuIoy T, {SO[eW JLIJOUIWAS
pue IS nv ON v <9 w (#€'0 = ) JUBOYIUTIS SeM J09JJO UBW A, "SOX QIOWI INOAEJ UOT}OJ[AS [BNXIS SO
(se1q uoneorqnd 105 unoaL0d
(S002) se1q uoneorqnd 10J 90USPIAD J[NI] Sem I, UQUM UQAD ‘SO[BW OLIJOUIIAS
‘Te 10 IJ[BIN nv ON nv sz - (0€°0 = ) JuedOYTIUSIS Sem J00JJ0 UBoUW oY, SO X QIOWI JNOAEJ UOT)OJ[OS [BNXAS S0
Lupounudsy Surpniongg
(ag661) papraod sofew
[Iyuioy], JAnORINE Q18d dtow Ay Ajuidjed red-enxa jo {21ed [ejuared
pue IO[SIN spag () SOk nv 81 [9AQ] Y} JOMO[ A} ‘IOAdMOY ‘Sor0ads $SOIOY 'ON  dIOoWr 9praoid So[etr 9ATIOBIIE QIOW O(]
(z002) $109sU]
uopleys ‘STeUIRIA {SO[eW dAT}OBI)E QIOW O} pajellt
pue 1S9 M ‘spag ON +1IIV 11 8 (61°0 = ) JUBOYIUSIS Sem JO9JJ0 UBW QYL "SOX  USUMm Suos 10w 2onpoid safewdy oq
oner Xas yuIq ({Suos uey} s1aysnep
(2002) (sarewrnld) QY) $109JJe NUBI UBY) SOUIPIAD OU SBM I, arowr 9onpoid Aoy} JoyIeyMm
YIS pue umorg [ewe ON nv s¢ S1 *019Z WIOIJ JOJJIP JOU PIP 9ZIS JO9JJ0 Uedwl Y[, 'oN  301paid sojewid ur yuel [euIdjew sooq
(s9rensun
QOUBUTWOP UO Paseq JO YMIq 9I0Joq PoINSeou ur onje1 xos Surrdsjjo peserq-orewt
(+#007) 1SoM (soyen3un) SeM UONIPUOD UAYM IOTUOI)S Sem J09JJ9 Y], ® 0} pB9[ UonIpuod Apoq I19139q 1o
pue uop[eys S[eWIWERIA ON v L€ 81 (60°0 = ) JUeOYTIUSIS Sem J09JJO UeoW JYJ, 'SOX  /PUE OUBUIWOP [BUISIEW J)BAIS S0
wstydiowrp
I19mo] (Im sa1oads ur 103uons sem 10939
9y, ‘wisiydiowIp [enxas Jo 199Jj9 SuneIopow ({Suos uey) s1oy3nep
(sorewrtig) B ‘JOAOMOY ‘Sem QIdY], "0I0Z WOIJ JUILJIP arowr 9onpoid Aoy} IoyIeyMm
(#007) ouryos [ewwey ON v o€ 81 ApueoyrugIs jou sem 9ZIS 109JJ0 ueawl oyJ, 'oN 301paid sojewiid ur yuel [euIdjew sooq
Q0UIAJY exe], AuaSo[Ayg eleq  soIpmS  soroadg Tomsuy suonsenb urew pue oweY) [EISUID)

panunuod [ dqe],

pringer

Ns



Evol Ecol

(8661)

(87°0 pue [°0 = 4) sdiysuope[ar

{UOnIpU0d
Kpoq 10 [9AQ] aseasIp pue dzIs uaa[ds

‘Te 19 I[N spag ON v 02 0z [J0q J0J JUeOYTuSIS 9IoM SJ09JJ0 UeoW Y], 'SOX  udomleq diysuonear aanisod e o1oy) S|
somdoy Juonouny
#002) ‘STRUIRIA diysuone[ar IoyIe 10 0I9Z WOL) unwiw 9onpal pue wsnisered
‘Te 19 S19qoy ‘spug ON v e 81 JUQIJJIP AJUBOYIUSIS JOU SEM JO9JJ9 UBIW L, "ON 9SBAIOUI QUOIIISOIS) PAJBAS[D S0
(#007) oureg (SPIIQ UL [BAIAINS 90NPAX
pue IO[SIN sprg ON nmv L (¢4°0 = 4) JueoPIUSTS SeM JO9JJ0 UBSW AU, "SOX  osuodsor sunwrwr ue Sununow seo
(90020) (SUOnEMIS JUSIOHIP
BIIDAI[Q pue o) ‘panya1 1yjo pue payoddns axom | sisayjodAy ur so[ew Ul S[QAJ] uaSoipue ur
IOSNBYUAYOSIH v ON 1osqn§ 89 89 a3uaqeyd, Yy} Jo suonoIpaid SWOS "Ou pue SOX  UOIEAJ[S JO JUAIXd oy Jo1paid om ue)
suagoyed QA1 {S91BIqAIA
(8007) ‘Te 10 S[RWWEIA POAJOAUT UONBATIOR 10U JO JOYIYM JO SSO[pIesal Ul [9A9] QUO0I)s0)s) ewsed
dwreyouoog ‘spug ON v €I 9 (S0 = ) 109332 JuedoyrusIs e sem Y], 'SOX sossarddns uoneAnoe suNWWI S0
(0€°0 = 4) uonOUNJ AUNWIWI JIMO] {SPIIq UT UOTIOUN] QUNUIWI JOMO]
(6002) pue (60°0 = 4) peoj aysered poojq sosearour pue wsnisered Jo S[OAJ] 9SBAIOUT
‘Te 12 so[mouy| spag ON v oc 6 Apueoyrusis 110JJ9 2anonpoidar 19)ealn) sox 10§39 aAnonpoxdar 191818 seoq
Apunuaug
(TeuSts
onouado[Ayd ou '9°1) seroads uryim SaIpms
9661) Suowre S1 uoneLIRA AY) JO ISON (21°0 = 4) (SIOPLNS 19JeM
‘Te 39 Isiabury nv (9) ON v st L juounIosse aAnIsod Jueoyrugis ST 1YL, "SOL ur Surjew 9AIIRIIOSSE ZIS A1) S|
{seuoz puqAy pIq
(8007) Io[puey spig ON v 8S [$°0 = 4 Sem J00JJ0 ueow oy, ur Sunjew 9ANeIOSSE ST SUonS MOH
Sunpul 241101108y
({S)TeI) [BNXJS-UOU PUB [BNnXos
S)Ie) [eNXaS-UOU PUEB [BNXIS UdIMIAq uoomiaq Jopip drysuonerar sy
(9661) $2qI0g (0) IOJJIp JOU PIP JT INQ SSOXS/SSOUI PUE AIOUIIAS SO0(J (,SSOIIS/SSAUIY PUE ATOUWIWAS
pue Suno nv ON 1osqn§ [ 19 udomjaq dIysuone[ar e sem 2I9YJ, 'OU pue S udamiaq diysuone[ar e a1y} s|
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg omsuy suonsonb urew pue owey) [BIOUID

panunuod [ dqe],

pringer

Qs



Evol Ecol

(6000)

uonesuadwod [ented Afuo sem 31 os ([1°] = p)
1omo] sem Ired ay) Aq 110330 Surpady 18101 AU}

({SPI1q ur a1ed [ejuared
sso[ sopraoid djewr Iay) USYM

‘[e 10 uosLLIRHq spIg ON nv s €€ INQ (97’1 = p) 21D UI ISBAIOUT UB SBM AIAYJ, 'sOX  9esuadwod Ajrenred Afuo siouyred oq
aseafal wirads J1oj jou (uonnadwos
(1102) 1nq ‘diys}nod pue Surprens jew ‘SSoUIAISSaIITe Srew-arew Jo AJsuauy ay)
RCRERIEYTN nv (8) sax « IV LT 61 10J JUBOYIUSIS SeM 109JJ0 UBaUI 9YJ, "ou pue soX  1orpaid oner xes [euonerado oy} seog
SnO2UD]]2ISIN
(6661) (@ 00 =) (A1s03£z01910Y Jo S[AQ] 10ySIYy
‘Te 19 PeIS9[IBA nv ON 1osqn§ 76 0T 010Z WOIJ IOJJIP JOU PIP J09JJ0 UBdW YL, 'ON  9ARY S[ENPIAIPUI OLIOWIWAS dIOW O]
(Anowwks
0T°0> 4 110) 1918213 10 Q)1 IMOoIS 19YSIY 0) pes]
(9661) uonug nv ON « IV S9 91 suone[a1109 9ANIsod JUBOYIUSIS 2Jom Y 'S0 A)S0SAZ0II0Y JO [9AQ] JOYSIY B se0(
(€002)
weyuelj {.ssamy, uonendod pue ANISIOAIp
pue paoy v ON v ¥< 12 (¢4°0 = ) JueOPIUSTS SeM JO9JJ0 UBSW JUJ, "SOX  OIOUSS U0dM]Oq UOIIR[QII0D B 9IY) S|
syren [eorojoydiow pue [eordojorsAyd (Srewnue ur syuouodwod
(€0027) 2®IS 10J jou Inq ‘syrery K10IS1y 9J1[ 10J (11°0 = ) ssaujy pue K)1s0§Azo1syey
pue ueunjo) v ON v 9¢ $T 100JJ0 UBOW JUBOYTUSIS B SeM QIOUJ, 'OU pue sof  Udamleq drysuoneror aanisod e o1oy) S|
ysig Aunyew
(9002) ‘STeUIRIA 0) [BAIAINS PUE [BAIAINS JBAA ISIY ‘AJIPUNO9) UO (suuodwod ssomy
‘Te 19 Apein.Q ‘spug ON nv L 9 SuIpaaIqur JO J99JJ9 JUBOYIUSIS B SeM QIQU[, 'S A9 uO JUIPaIquI JO 1091 U 1Y) S|
suonendod paiqur ur 193uons jou sem 39939 (suonendod
Qy, ‘sireny [eordojoydiow pue [esr3ojorsAyd [ewitue prim ut sjusuodwod
(1102 ‘6002) ‘K10)81y 911 Jo 9Suer ® 10§ (60°0 > ) ssaujy pue K)1s0§Azo1syey
Te 10 uewdey) v ON v Sol 19 100JJ0 UBOW JUBOYIUSIS B 9q 0) POpUS) AISYJ, 'SOX  Udamleq drysuonerar aanisod e a1oy) S|
(1100 uorssaxdop Surpaaiqur {SIUSWIUOIIAUS [NISSAXS AIOUX
Paoy pue Xoq nv ON v €€ LT Qlewnsaiopun o) A[OYI oI qe[ 9y} Ul saIpms 'so X ur 10Jea13 uolssardop Surpaaiqur s|
ssaujyf puv £118.1241p d112U3 ‘SuUIPa2LqU]
90UAIRJOY exe], Aud3ojAyg 'R  soIpmS  saroadg omsuy suonsonb urew pue owey) [BIOUID

panunuod [ dqe],

pringer

As



Evol Ecol

(9007) ‘Te 12 Kasse)) 23s uonoa1109 € 10J (q) (6661) T8 12 [[IYuIoY], ‘(6661) Jowled OS[e 39S (B) :$20Ua12f2y
BXE) UTeW J2IY) UBY) IOW SABIIPUL [[V, DXV

(6661

Jroynoqy) [eusis onouaSo[Ayd e 103 paisal (8) (8007) SWepPY pasn (1) ‘S9zZIs 109)j9 ul uonernea paure[dxa Ajuapt sarads 1oyjeym paisa) (9) ‘(0107 emeSeNeN pue pleypeH)
INIAAE (S) ‘(souerrea Surdures Aq payySrom jou Inq) SIZIS J991J2 JO $ISeNU0)) (1) ‘(600 2ssaunale]) BIoWOAYJ pasn (§) (SSe[o ‘IopIo ‘A[rwre) “3-9) S[OA] JIWOUOXE) JUIAJJIP
Jje paure[dxe uonewrea () ‘(ozis ojdwes Aq pajySrom) sozIs 1993J9 Jo sisenuo)) (1) oym AuagojAyd 10J 1091100 03 Jdwaye UL sem 919y} JOU JO JYIAYM SABIIpUIL [KUaS01 Y
ddH-93e (1) ‘sarpmys uonendod-urgm (b) “junoos ajk00wdey 10 O (d) ‘ssauy (0) ‘sproudjored (u) ‘Ayenb aew (w) ‘peoy Amw-uonIpuod () Inoraeyeq [eyuared () Ayenb
orewd () ‘AY pue JHY (1) ‘sseuy-juawrento (¥) Kpunday (8) (sseoons aanonpoidar (3) ‘ade (9) (az1s (p) snyels (0) a1am s1asqns ) (pay[se a1om s1ayo y3noyjfe) suonsanb
UOTO9[AS [eNXaS JOJ Pasn oS ejep [N oY) SAeIIPUI + [V, ‘uonedrqnd oy} UM SISA[eUB-BJOW [ENPIAIPUI UE UT PIsn Josejep 1soSIe[ oY) woij ST ozis o[dues ay} sojesrpur
Jesqng, :sosATeue [enpialpur ur jey jo ajewnss roddn ue sI 31 0s sosA[eue-eloul I0j sasse[oqns ojul pauonnted sem sIy) Inq 19s vIEp [[NJ Y} WoIj ST 9zIs d[dures ay) sajedIpur
o [TV, “(B1ep 29U} JO Sasse[oqns Jo SosA[eue-ejowl SOWIIOWIOS dIom 1Y) A[IIEPUOIIS) J09JJ0 UBoW [eqO[S © 9)B[NO[Ed 0) Pasn ISIY Sem J3S Bjep [[nf oy} SOedIpul [V, :vInJ
(Apmys 9jeredas e se pajear) s1 yoea ‘raded 9[SuIs B Ul paurexd 21om $a10ads [BI9AS J1 §-9) uoneorqnd juarajjip

© 0} WIOJUOD AJIIESSa00U J0U seop ] “s1oded Suowre s1of1p Apnis € Jo UOIIULAP oy, ‘[oA9] soroads oy Je pare[nofed s3o9jJo uo ‘v[qissod o1oym ‘paseq ore sozrs ojduwres :sa1pnig

saroads aysered jo requinu Ay ST T 21YM (0107) T8 10 SUNEN I0j 1dedxa ‘sorpnis oyrsered-isoy ur saroads Isoy Jo roquunu Yy dre sazrs d[duwres :$2102dg

sayoINgo
(2002) A111z9D 1081e] YIIM SA10ads UT IoyEoM SeM J03JJ0 YL (SPIIQ UT QDIOAIP JO POOYI[YI[
pue stoqn( spirg [ v 8¢ S¢ (110 = ) JUBdYTUSIS SEM JO9JJ0 UBAUI Y, "SOX Q) 9seaIdul dInfrey SUIPAAIq SO
(L002) (Suos pq jo sjoadse oreos-ouy
oureg pue s1ajowered [[BD 9AY JO IN0J 10J (SE'0-91°'0 =)  ur saSueyd 10§ JO9[3S (SJL)Iqey PIso[d
orjSeroouog spag ON v 9z - Je)Iqey JO 109JJ0 JUBOYTUSIS B Sem 9IoY], "SOL 'sA uado) Ayisuep uoneafoa saoq
(Srew dwres Jo 2d10Yd "3'7) seduardyard Sunew
J10J uey) SINOIARYRQ 21ed [ejuared pue diysymoo {S[enpIAIpur
(6002) ‘Sunewr 1oy 1oySTY YoNW Jnq SINOIABYI] Suowre a[qeieadar I01ARYSq [BNXIS
‘Te 39 [1og v ON +1IV S¢ LT [enxas [[e 10j jueoyrudis sem Ajpiqeieadoy sox Jo sadA} JuaIagyIp JO sAINSEAW oIy
QouaIeyoy exe], AuoSolyg ele@ seIpmg  soroadg Jomsuy suonsanb urew pue owAY) [EIAUID)

panunuod [ dqe],

pringer

Qs



Evol Ecol

being equal, only differ in gamete size (Kokko and Jennions 2008). We also considered
meta-analyses of the effects of inbreeding and the relationship between heterozygosity and
fitness because of recent interest in whether mate choice/biased fertilization improves
parental genetic compatibility (Griffith and Immler 2009), or whether selection favours
mating with kin (Kokko and Ots 2006) or more heterozygous individuals (review:
Kempenaers 2007).

We do not claim to provide a complete list of published sexual selection meta-analyses.
Papers with ‘buried’” meta-analyses are easily overlooked. Indeed, less than half the papers
in Table 1 have ‘meta-analysis’ in the title. We have, however, probably located most
meta-analyses that are unambiguously related to core sexual selection questions. To keep
our review manageable, however, we excluded meta-analyses exclusively on humans or
plants.

The 94 meta-analyses were authored by 179 different researchers, with a mean of 2.7
authors per paper. Interestingly, given the effort required to initially familiarize oneself
with how to conduct a meta-analysis, 82 % of these researchers have only coauthored a
single meta-analysis. We hope that this is not a sign that the experience was too traumatic
to repeat! Only a few researchers published four or more meta-analyses (L. Garamszegi,
M. D. Jennions, A. P. Mgller, S. Nakagawa, R. Poulin, B. C. Sheldon, R. Thornhill).
Another method that shares many similarities with meta-analysis—comparative analysis
using phylogenetic contrasts—appears to be far more widely used. For example, Gar-
amszegi and Mgller (2010) located 194 comparative analyses from 2003 to mid-2007 in
only four journals. The restricted use of meta-analysis is surprising given that published
meta-analyses on sexual selection have had great impact. For example, 16 of the meta-
analyses in Table 1 have been cited over 100 times, and 14 % are among the top 100 most
cited ‘meta-analysis’ related publications in the ISI defined fields of ecology, evolution,
plant sciences and zoology (13 of 94 studies), which is double the field average of 7 % (100
of 1,474 ‘meta-analyses’; see Fig. 1b).

Some of the 94 publications addressed several different questions, and contain multiple
meta-analyses using effect sizes drawn from partially overlapping sets of primary studies.
Nevertheless, it is possible to use five broad categories to account for two-thirds of the
listed meta-analyses. First, 16 studies used phenotypic correlations to identify potential life
history trade-offs between male attractiveness/sexual trait expression and naturally
selected traits or fitness components. Second, 15 studies tested for sex differences in key
life history traits. Third, 12 studies asked which male traits are associated with greater
mating success. This provides correlative, and sometimes experimental, evidence that they
are targets of female choice. Four, 11 studies related female mate choice, extra-pair mating
and polyandry to genetic benefits, direct benefits and naturally selected costs. Five, 10
studies tested whether offspring sex ratios are adjusted in relation to factors that might
affect sons’ mating success or daughters’ breeding success (e.g. mate attractiveness,
maternal condition).

Insights and impact of past sexual selection meta-analyses

The impact of published sexual selection meta-analyses ranges from confirming to chal-
lenging established theory. In this section we discuss how meta-analysis can help distin-
guish between hypotheses, what issues arise when effect sizes (which are often small) are
used to test theory, and we explain how meta-regression can yield further insights if
sufficient data are available.
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Distinguishing between predictions or hypotheses

In science, it is often portrayed as ideal to have competing hypotheses that make different
testable predictions. In nature, however, multiple factors can simultaneously influence an
outcome, so a more balanced approach is to ask which factors tend to drive the observed
outcomes rather than trying to completely reject the importance of others. Sexual selection
theory is replete with false dichotomies. Sometimes key factors that alter the direction of a
relationship are ignored or artificially fixed (e.g. the opposite ends of the Fisher-Zahavi
continuum: Kokko et al. 2006b). At other times, two explanatory frameworks are falsely
treated as mutually exclusive (e.g. sexual conflict vs. good genes). It is, of course, chal-
lenging to confidently state what ‘drives’ a system, especially when taking into account
that multiple factors often interact, albeit with varying importance. Even so, identifying
prevalent trends can provide key insights into the relative importance of different factors.

We illustrate this with an example. Two opposing views have been promoted as to
whether females should differentially allocate resources to offspring depending on their
mating partner’s attractiveness. (review: Ratikanen and Kokko 2010). It has been sug-
gested that females mated to more attractive males should increase their reproductive
investment if they are likely to produce higher quality offspring with greater reproductive
value (‘differential allocation’: Burley 1986, also widely attributed to Sheldon 2000 who
did not specify the direction of adjustment). Alternatively, females mated to less attractive
males might increase their reproductive investment to ‘compensate’ (Gowaty 2008). The
unifying consideration is ultimately how parents adjust the rearing environment (i.e.
resources provided). Both positive and negative relationships between male attractiveness
and female investment are possible (Harris and Uller 2009). Whether one views ‘differ-
ential allocation’ and ‘compensation’ as differing merely quantitatively or also qualita-
tively, there is a basic empirical question: which direction occurs more often? Horvathova
et al. (2012) found that the mean relationship was for significantly greater investment when
mated to attractive males (r = 0.117 corrected for phylogeny). This finding should focus
attention on the underlying causes of adjustment in effort (i.e. why does ‘compensation’
tend not to occur?) and, hopefully, will lead to the development of better theoretical
models.

We would argue that a general insight from sexual selection meta-analyses is that one
can rarely unambiguously distinguish between hypotheses. This is because the relevant
hypotheses are not mutually exclusive, and the evidence being summarized is usually
correlative rather than experimental. Even so, by indicating prevailing trends in nature it is
often possible to estimate the relative importance of different putative causal factors.

When meta-analysis confirms expected patterns, effect sizes are often low

In many cases, meta-analysis is not used to distinguish between competing hypotheses, but
simply to confirm (or refute; see next section) an already accepted assumption about an
empirical relationship. The value of the exercise is thus to provide an objective measure of
the average strength of the relationship. For example, Kelly (2008) asked whether, in
territorial species, there is a positive correlation between male resource holding potential
(RHP) and the value of the resource held, between resource value and male reproductive
success, and finally, given these relationships, a positive relationship between male RHP
and reproductive success. As one might expect, all three relationships were indeed sig-
nificantly positive. However, the mean estimated values of r lay between 0.37 and 0.45,
which reminds us that RHP cannot be expected to correlate perfectly with the resources
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gained by a male and how many offspring he sires. It would be interesting to follow up and
test whether RHP is a better predictor of male success in studies that included males who
failed to establish a territory (resource value = 0 for these males) than in those which did
not present data on such males. Some selection to maintain high RHP might remain
invisible in studies that only consider variation within the subset of territorial males.
Overall, however, RHP remains an imperfect predictor of male success. This fits with
theoretical and experimental approaches that show that arrival order can override mild
RHP differences in deciding territory ownership (Hardy and Field 1998, Kokko et al.
2006a).

In a similar vein, several studies have estimated the mean relationship between mating
success and sexual dimorphic traits that are assumed to be under direct sexual selection
(e.g. plumage colour, body size, song complexity). Again, the mean relationships are often
modest (e.g. r = 0.30, Gontard-Danek and Mgller 1999; r = 0.20, Soma and Garamszegi
2011). These examples remind us that stochasticity might play a large role in determining
mating success in most systems (Jennions et al. 2012a).

This conclusion generalizes readily: mean effect sizes are often low in sexual selection
studies. Even when the means are statistically significant, a univariate approach rarely
explains more than 1-10 % of the variation in a trait of interest (Mgller and Jennions
2002). Why are effect sizes so modest? If sexual selection theory is correct, would we not
expect greater explanatory power for variables of interest? We offer five responses.

First, the problem could lie in the quality of empirical measures. Above, we highlighted
an example: males who never gained a territory/mate are sometimes excluded from pri-
mary studies so that the strength of selection is underestimated. More generally, it is
notoriously difficult to measure fitness. The use of proxy measures like body condition or
annual survival which are fitness components, and not fitness itself, introduces measure-
ment error and, at worst, a systematic bias that must reduce the estimated strength of actual
relationships (Hunt and Hodgson 2010). An example of a bias is that lifespan or survival
are often poor proxies for fitness if the fittest males have a shorter life expectancy due to
trade-offs between sexual signalling and survival (Kokko 2001; Hunt et al. 2004).

Second, the effect sizes obtained will depend on whether the primary researchers used a
combination of biological intuition and current theoretical expectations to pick the most
relevant variables or whether they inadvertently chose less relevant proxies that will lead to
a low effect size. Similarly, if a broad-brush approach is used to identify many potentially
relevant factors, some will probably be irrelevant and fail to give any support to theory. For
example, in the meta-analysis on RHP and territoriality, Kelly (2008) highlights such
problems by discussing data on red-collared widowbirds Euplectes ardens. The study
predicts r & 1 if collar colour is used as a determinant of territory size, but including other
apparently non-important traits (e.g. tail asymmetry) deflates the mean effect size to
r=0.52. It is tempting to, post hoc, exclude traits that do not support the expected
relationship, but this can obviously lead to Type I errors. Ultimately, more data is needed
to confirm whether certain traits continue to have a low estimated effect size, suggesting
that they are indeed unsuited to testing theory in the first place.

Third, most dependent variables in sexual selection studies are affected by multiple
factors of interest. Consider, for example, studies where the benefit of polyandry due to
elevated offspring fitness is calculated by randomly assigning varying numbers of mates to
females (Slatyer et al. 2012). Even if polyandry elevates offspring fitness, there could still
be much variation within each mating treatment if, for example, female size and age affect
offspring fitness. The situation is even more complex if the benefits of choice are context-
dependent so that some females benefit more than others (review: Schmoll 2011). In short,
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a distinction must be drawn between the variation explained by a single factor (the goal of
many meta-analyses) and the total variation that can be explained in any given primary
study using a model building approach with multiple predictors. Peek et al. (2003) esti-
mated that, on average, statistical models in primary ecological studies explain 47-54 % of
the observed variation.

Fourth, we suggest that the role of stochastic events (‘luck’ in plain language) is
underestimated in sexual selection studies. It is likely to generate considerable variation in
mating success, especially when the sex ratio is male biased. Mating is a binary event
(mate or not) so continuous variation in a male trait is imperfectly correlated with mating
success (for an illustrative example see Jennions et al. 2012a; see also Kahneman 2011 for
a general review of the propensity to underestimate how chance affects success). For this
reason alone, effect sizes are likely to be modest in studies investigating male mating
success.

Fifth, there are genuine biological differences between populations, sites and species
and environmental conditions across years. The direction of a relationship can genuinely
vary. In such cases, the mean effect must be smaller than that expect based on studies that
show the strongest support for theory (which are often the best known studies). These
situations call for an analysis of moderating variables, which we will return to shortly.

So what should we make of low effect sizes? The most important implication is that
biological systems are strongly influenced by noise so that most primary studies have
minimal statistical power. Failure to detect a significant influence of a factor of interest
should be commonplace, regardless of whether or not it has an impact on the measured
outcome. This hard truth makes it exceedingly difficult to interpret a null result in any
single study: was theory refuted or was the effect simply too weak to detect despite
ultimately being evolutionarily significant?

These difficulties place into perspective apparent discrepancies between studies that do
and do not obtain a significant result. Historically, such differences evoke conflict:
researchers often explain them away by invoking biological differences (e.g. geographic
variation) or criticize the inferior methodology of rival researchers. The use of meta-
analysis discourages the dichotomous interpretation of P values and encourages greater
consideration of the distribution of the observed magnitude of a relationship. It is
worthwhile remembering that studies of the same phenomena will, even in the absence of
biological variation, generate a range of effect sizes purely due to sampling error (Nak-
agawa and Cuthill 2007). This subtle shift in outlook could profoundly direct emphasis
away from over-reliance on extrapolating from individual studies and towards detecting
general trends using meta-analysis.

When meta-analysis refutes conventional wisdom, new alternatives are often identified

Meta-analysis does not always confirm a prior prejudice. A general insight from sexual
selection meta-analyses (see the occasional ‘No’ answer in Table 1) is that it is easy to be
misled by a few high profile studies into believing that a prediction is well supported.
Support is often weaker than assumed.

To start with a simple example, meta-analysis has shown that, despite some high profile
primary studies that reported a significant effect of certain male traits on mating success,
the mean effect did not differ from zero when looking at all the available studies. For
example, Nakagawa et al. (2007) found no significant relationship between bib size and
reproductive success in house sparrows Passer domesticus in a meta-analysis of results
from 12 populations. Similarly, Garamszegi and Mgller (2004) found that song complexity
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did not predict a male’s within-pair paternity, although Soma and Garamszegi (2011)
subsequently showed that song complexity was, on average, weakly but significantly
positively correlated with total reproductive success (r = 0.20) (but this was not readily
attributable to increased success at gaining extra-pair paternity).

More important, perhaps, are cases where meta-analysis fails to detect a theoretically
predicted relationship that is assumed to be widely corroborated. For example, Roberts
et al. (2004) tested some key assumptions of the immunocompetence handicap hypothesis
(ICCH; Folstad and Karter 1992). The ICCH suggests that a major cost constraining
elaboration of sexually selected traits in vertebrates, making their expression covary with
male quality, is that testosterone elevates sexual trait expression but reduces the ability to
repel parasites. There was, however, no evidence from experimental manipulations of
testosterone levels that testosterone is immunosuppressive (based on immune function
measures like white blood cell counts or subsequent parasite loads) when data were ana-
lyzed at the species level. In another meta-analysis, Boonekamp et al. (2008) showed,
albeit with a very small data set, a potential causal link in the reverse direction: experi-
mental immune system activation suppresses testosterone levels. The primary studies they
analysed had previously received little attention, and it is unlikely that a case for this
‘reverse causality’ explanation could have been built without a meta-analysis. Given the
implications of these findings for the well-studied ICCH, it is surprising that no follow up
meta-analyses have re-examined the findings of these two meta-analyses.

Another example can be found in game theory models of sperm competition. Models
predict that males will increase ejaculate size when sperm competition risk is high (e.g.
when a rival is also likely to mate with the female), but decrease ejaculate size when the
intensity of sperm competition is greater (e.g. when many rivals are present because the
marginal returns per sperm decline). Two meta-analyses recently confirmed the ‘risk’
prediction (Kelly and Jennions 2011; DelBarco-Trillo 2011), but for the ‘intensity’ pre-
diction, the mean effect size did not differ from zero (Kelly and Jennions 2011). If sperm
competition theory is internally correct, such that the conclusions follow from the model
assumptions, then a failure to meet the predictions can highlight two problems: the
assumptions might not be met in nature and/or there is a problem in how theory is being
tested or applied. It might be that, while effects of ‘risk’ and ‘intensity’ both exist due to
high measurement error, by chance only one has been detected. Alternatively, males might
not perceive the experimental manipulation as intended by the researcher. For example,
focal males might not use brief exposure to different numbers of males as a measure of the
likely intensity of sperm competition. It could also be that many tests are simply on species
where males do not facultatively adjust ejaculates to short-term changes in the intensity of
sperm competition, thereby deflating the overall effect size.

This last point is an important consideration: is sexual selection theory as a whole
incorrect if specific predictions do not apply in some species? Consider the fact that,
outside of the insects, hermaphroditic species are common but never appear to have
precopulatory ornaments (Lukas Schirer, pers.comm). It would be counterproductive to
include many hermaphroditic species in a meta-analysis testing predictions about ornament
evolution as it could ‘dilute’ estimates of the mean effect for more appropriate study taxa.

This is one reason why it is worthwhile looking for heterogeneity in effect sizes and
attempting to identify sources of variation in effect sizes. A theory is not best supported
when effect sizes are strongest, but when effect sizes can be predicted based on explan-
atory variables. This is why it is also worthwhile to quantify the magnitude of phylogenetic
effects (Lajeunesse 2009). A strong phylogenetic signal indicates that the theory being
tested is potentially more applicable to some taxa (those where the effect is stronger) than
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others. If so, researchers can address a new set of questions. Could historic contingencies,
combined with phylogenetic inertia, be sufficient to create a pattern where some taxa meet
the theory’s assumptions better than others? For example, in sex allocation studies some
taxa might simply lack any mechanisms that allow them to bias the offspring sex ratio.
Alternatively, there could be predictable variation in species properties across taxa that
make it readily understandable why evolutionary outcomes follow theoretical predictions
better in some lineages than others (e.g. local mate competition could have a stronger
impact on sex ratios in taxa that lack efficient dispersal).

Meta-regression: understanding variation in effect sizes

Meta-analysis provides us with an overview of the location and distribution of effect sizes
(i.e. mean and associated confidence interval), and if the number of species is small this
might be the only realistically achievable goal. Many early studies simply reported the
mean effect size and, at best, calculated effect sizes for a few subsets of the data (i.e. tested
the influence of categorical factors). However, when sample sizes permit, meta-regression
provides techniques to investigate differences among studies. This helps to overcome the
problem outlined earlier that low mean effect sizes do not necessarily mean that there is
nothing biologically interesting going on. Meta-regression can be used to test whether
variation in effect sizes among studies is not solely attributable to sampling error (i.e. there
is significant heterogeneity) and can partly be explained by biological and/or methodo-
logical moderators. The use of meta-regression with multiple predictors has become more
common in recent sexual selection studies following recent software advances (see Nak-
agawa and Santos 2012), and we highlight its importance with three examples.

Identifying sources of variation can prevent misinterpretation of a non-significant or low
mean effect as evidence that underlying theory does not apply in nature. Consider the
general finding that birds increase their reproductive effort when mated to attractive males
(Horvathova et al. 2012). Closer inspection showed that the magnitude of the ‘attrac-
tiveness’ effect varies for different types of maternal investment. There was a significant
increase for some traits (clutch size, egg size and maternal feeding rate), but not others
(levels of immuno-stimulants and androgens in eggs). Given the problem outlined earlier
that including many irrelevant traits can dilute a real effect to yield a non-significant mean
effect, it is an interesting conjecture to consider what would have happened if many more
studies had existed on androgens, and the true effect for androgen is zero. Would the initial
‘null’ result based on the full dataset have discouraged the researchers enough to make
them forgo the more advanced step of meta-regression? One hopes not, as the meta-
regression not only revealed effects of ‘attractiveness’ on clutch size, egg size and feeding
responses, but also exposed an interesting difference between species with bi-parental and
female-only care. Species with female-only care showed a significantly greater propensity
to increase egg size, while those with bi-parental care tended to increase clutch size. This
finding makes intuitive sense if the ability of a single parent to care for a larger brood is
limited. The finding also raises wider questions about the likely patterns that will arise in
non-avian taxa with different patterns of parental care that can now be tested based on
a priori predictions (Ratikanen and Kokko 2010). [For another good example of a study
that shows how a non-significant mean effect is not necessarily a refutation of theory see
Griffin et al. (2005). They show that facultative adjustment of offspring sex in cooperative
breeders in response to the number of existing helpers can be explained by variation in the
extent to which helpers actually elevate parental fitness].
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Another example is provided by studies of extra-pair mating in birds. The cost of extra-
pair mating due to reduced parental care by a cuckolded male varies widely among species.
Small genetic benefits (Mgller and Alatalo 1999; Slatyer et al. 2012) have led some to
argue that extra-pair activity is male driven (Arnqvist and Kirkpatrick 2005, but see
Eliassen and Kokko 2008; Griffith 2007; Schmoll 2011 for problems of measuring and
interpreting the patterns obtained). If male behaviours (seeking and protecting paternity)
were the only factors determining the proportion of extra-pair young, effect sizes should
not predictably vary with the fitness consequences for females. However, Albrecht et al.
(2006) showed in a phylogenetic controlled meta-analysis that rates of extra-pair fertil-
ization decrease with increasing costs (due to lower male care) of multiple paternity for
females. As with any across-study or species comparison, the evidence is correlative, but
this finding clearly makes it difficult to maintain that the behaviour of only one sex (female
or male) determines the distribution of paternity.

Finally, meta-regression can highlight important methodological differences between
studies. We have already mentioned, in the context of RHP and territoriality (Kelly 2008),
the potential for a meta-regression to estimate how important it is to include ‘failed’ males
with no resources when estimating selection on RHP. In the context of sexual conflict over
parental care, there was significant among-study heterogeneity in the compensatory
increase in the focal parent’s feeding rate of offspring in response to reduced care by the
partner (Harrison et al. 2009). Inclusion of experimental treatment as a moderating factor
showed that the increase in care was greater when the mating partner was removed as
opposed to experimentally manipulated so that his/her level of care was reduced (d = 1.69
vs. 0.50). This study highlights the basic importance of taking into account the role of
methodology when estimating the strength of the relationship.

Great potential, but do we have enough species?

Attempts to evaluate the generality of an argument, and identify causal factor relies on
sufficient coverage of evolutionary outcomes from many taxa. As with much sexual
selection research, there is a strong bias towards meta-analyses exclusively of birds studies
(36 % in Table 1), with far fewer meta-analyses exclusively devoted to mammals (11 %)
or arthropods (14 %). More than 34 % of the meta-analyses in Table 1 did, however, use
data sets covering four or more major taxa (e.g. birds, mammals, reptiles, fish, frogs,
amphibians, insects or arthropods), but closer inspection shows that there was often still a
strong sampling bias towards one or two taxa.

Of the 94 studies, 10 were single species studies. Of the remainder, there were 75
studies that provided detailed enough information about the number of species used to
tabulate it (Table 1). We noted the number of species in the largest meta-analysis per
publication, if the original publication clearly estimated separate mean effects for different
subsets of the data (which could vary in the number of species for which data were
available). If it was not possible for us to deduce the number of species of the most
extensive meta-analysis in this way, we have simply noted the total number of species, and
it should be kept in mind that the number of species in each meta-analysis might then be
smaller.

The mean and median numbers of species in these 75 meta-analyses were 29.2 and 20,
respectively. Only 11 publications included data on more than 50 species. These numbers
should alert the reader to limitations of current datasets. As we have noted earlier, the value
of a meta-analysis is much enhanced when there is sufficient data to test for moderating
variables. Such an approach allows researchers to address questions of the type ‘why does
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our phenomenon of interest appear stronger in studies/species where, say, populations are
at higher density’ which, if answered, advance a field more than a simple statement that
‘the phenomenon appears to exist (or not)’. The capacity to test for moderating variables is
limited due to low statistical power if we have only a few cases at hand. It is important to
consider the level of analysis when testing for moderators (e.g. do we want to look for
variation across studies or species?). In general, especially given the need to formally
correct for phylogenetic relatedness (Lajeunesse 2009), we would argue that most
researchers are interested in explaining variation across species. In meta-analysis, the
statistical power to test whether the mean effect differs from the null value depends on
study samples sizes that affect the precision of estimates of effect size and how variation
among estimates is then distributed at different hierarchical levels (e.g. within and among
species variation). This is information that we do not present in Table 1, partly because
large differences in sample sizes among studies can make the interpretation of the mean
sample size per study misleading. In contrast, simply put, the ability to detect significant
moderators of variation across species will depend on the number of species examined (no
matter how precisely each species mean value is estimated).

Handy hints to find a sexual selection topic to meta-analyse

Here, we assist those keen to conduct a meta-analysis but unsure where to begin. We
provide general strategies to identify fruitful areas for meta-analysis and identify neglected
areas in sexual selection.

Coming up with ideas for meta-analyses: some random thoughts

There are some simple strategies to identify areas where data exists, but meta-analyses are
lacking. Reviews that include tables that ‘vote count’ studies that did or did not report a
significant result usually indicate that there is sufficient empirical data to conduct a meta-
analysis. More generally, any area that is the subject of extensive narrative reviews with
tables of studies is likely to be ripe for meta-analysis [e.g. condition-dependence of female
mate choice (Cotton et al. 2006); whether male-male competition and female choice select
for different traits (Hunt et al. 2009)]. It is generally fruitful to identify statements that are
repeatedly encountered but only backed up by citing specific, often high-profile, studies.
This usually suggests that there is, as yet, no published meta-analysis. Even if the state-
ments are ‘obviously’ true, it is unlikely that they have been objectively validated, or the
relative magnitude of the relationship quantified. For example, it is often claimed that there
is an ‘ownership advantage’ or ‘prior residency effect’ during territorial fights (Kokko et al.
2006a). Table A1l in Kokko et al. (2006a) suggests this is true but, if so, there is still scope
to account for variation in the size of the residency effect which is important to explain the
evolution of residency and migration (Kokko 2011).

Given similarities between meta-analysis and comparative analysis it should also be
obvious that almost every published comparative analysis could be re-analyzed and
‘converted’ into a meta-analysis simply by taking into account sampling variance/mea-
surement error (Garamszegi and Mgller 2010).

Already existing meta-analyses should be periodically updated. Many early sexual
selection meta-analyses had small sample sizes, with little potential to test for moderator
factors, and estimates of mean effects had broad confidence intervals. As data accumulates
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it is possible to address these limitations (e.g. compare Coltman and Slate 2003 and
Chapman et al. 2009). Inspection of Table 1 reveals some obvious cases of meta-analyses
that could be revisited. Another reason to redo earlier meta-analyses is that they were often
generous in the types of primary studies included. Specifically, experimental and obser-
vational studies were often pooled, when only the former provide strong evidence for
causality. The opportunity therefore exists to conduct meta-analyses with more restrictive
datasets (ideally only experiments) to reach more robust conclusions about causality. For
example, Slatyer et al. (2012) tested whether polyandry confers genetic benefits using only
experimental studies where the number of mates was varied and the number of matings per
female stayed constant. In contrast, Mgller and Alatalo (1999) looked at a range of sources
of experimental and correlative evidence for ‘good genes’ due to mate choice.

It is not always necessary to think big. Some topics are so well studied that it is an
overwhelming task to conduct a meta-analysis (e.g. the effect of body size on fight
outcome). In such cases, a more restrictive meta-analysis is a pragmatic solution, such
as confining the meta-analysis to certain taxa. It is also worth noting that a meta-
analysis does not have to resolve major theoretical questions. As with primary studies
there is value to tackling modest questions. A good start is to list the basic questions
you ask in your own study system. So, for example, based on our own empirical work
we might ask: Do larger fiddler crabs wave faster than smaller ones? Do male and
female crickets differ in their ability to withstand an immune challenge? How are
different measures of immune function in insects correlated? Do male fish avoid larger
sexual competitors when deciding which females to court? If you work on a well-
studied species remember that even species-specific questions can be meta-analysed (see
Table 1). At the extreme, it can even be informative to conduct a meta-analysis of a
single study system if the same type of data is repeatedly collected over time (or space)
(e.g. Milner et al. 2010).

Neglected areas in sexual selection

Any mismatch between the topics covered in Table 1 and how many primary studies there
are in these areas provides a clue as to which areas are neglected. Here we provide a
‘shopping list’.

1. Intra-sexual selection: Fighting behaviour is extensively studied and there are many
theoretical models (Briffa and Sneddon 2010), but we did not locate meta-analyses
explicitly addressing these models. Obvious topics are: the winner/loser effect; the
residency advantage; the role of body or weapon size in determining fight outcome;
the relationship between body size differences and fight duration or escalation.

2. What traits show a life history trade-off with greater male attractiveness? Phenotypic
correlations between male attractiveness and many key life history traits have been
well researched but the general trends, and sources of variation, have not been
identified by meta-analysis. For example, what is the relationship between
attractiveness and: social dominance, post-copulatory reproductive success (i.e.
fertilization under sperm competition) or metabolic rate? Ideally, one should address
questions about evolutionary trade-offs using data on genetic correlations (e.g.
Evans 2010) or effects of experimental manipulations (Reznick et al. 2000). Meta-
analyses of these data provide the strongest evidence for which trade-offs are most
important.
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3. What are the average values of key genetic parameters measured in sexual selection
studies (review: Chenoweth and McGuigan 2010)? For example, what is the mean
difference between the axis of directional selection on male sexual traits and the axis
of maximum additive genetic variation in attractiveness (see Blows 2007)? What is
the mean heritability of specific male traits? Can we explain variation in the genetic
correlation between female mating preferences and preferred male traits or net
attractiveness? What is the genetic correlation between male attractiveness and
lifespan, or between the strength of female mating preferences and lifespan?

4. Many studies measure phenotypic selection (review: Kingsolver et al. 2012), but
there has been little exploration of the importance of the main population parameters
invoked by theoreticians to account for variation in the intensity of sexual selection
(but see Weir et al. 2011). For example, how well do the adult or operational sex
ratio, variance in male mating success, population density, the difference in ‘time
out’ between the sexes after mating, the division of parental care and type of ‘mating
system’ explain variation in the strength of selection on sexual traits. More
specifically, can these parameters account for variation in the level of mate
choosiness or of direct physical competition for mates?

5. There are many statements in the literature about key differences between sexual and
non-sexual traits in allometry, phenotypic variability and level of phenotypic
plasticity (condition-dependence) that have not yet been meta-analysed (reviews:
Pomiankowski and Mgller 1995; Cotton et al. 2004; Kodric-Brown et al. 2006:
Bonduriansky 2007).

6. Several experimental evolution studies have investigated the evolution of traits in
both sexes in the presence/absence of sexual selection (i.e. enforced monogamy vs.
polygamy) (review: Edward et al. 2010). The average effect of removing sexual
selection on different types of traits has not yet been formally quantified.

7. There is much interest in the effect of inbreeding on mate choice. Some key
questions are: Do females prefer heterozygous males based on either conventional
mate choice or biased paternity when mating multiply (Kempenaers 2007)? Does
inbreeding have a more detrimental effect on sexually than naturally selected traits
(Cotton et al. 2004)? Do females mate with or bias paternity towards non-related
males (i.e. avoid inbreeding)? If not, is this because inclusive fitness gains outweigh
the direct costs of inbreeding depression (Kokko and Ots 2006)?

8. An extreme form of phenotypic plasticity in relation to sexual selection is to change
sex. We are, however, unaware of any meta-analyses that directly investigate how
the timing or direction of sex change is related to factors of theoretical importance
(but see Molloy et al. 2008 for a meta-analysis of an intriguing pattern).

9. Several meta-analyses have investigated which secondary sexual traits predict male
mating success (see Table 1). But what predicts success under sperm competition?
There are now several ejaculate or sperm traits that seem to be of potential importance
(Snook 2005), but their relative influence has not been quantified using meta-analysis.

10. There are general claims about the types of individuals that are preferred as mates that
have not been subject to a meta-analysis. For example, do females prefer older males?
Do males prefer virgin females or larger females? Is the Coolidge effect common?

11. Sexual selection theory makes predictions about how much each sex will invest in
parental care (Kokko and Jennions 2008), but there is no theory to predict the total
reproductive effort by each sex. Do the reproductive budgets of females tend to
exceed those of males (see Hayward and Gillooly 2011)?
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What next?

We conclude by highlighting a few general issues. While it is tempting to conduct a large
and complicated meta-regression with several predictor variables, it is worth bearing in
mind the available data. In general, we think it is prudent to think in terms of the number of
species in the database when trying to generalise. A meta-regression should be no more
complicated than the equivalent model one would run for a primary analysis with repeated
measurement of individuals to explain individual level traits (i.e. treat species as analogous
to individuals). Although it is possible to look at moderator effects at lower levels using a
hierarchical model (Hadfield and Nakagawa 2010), the important theoretical questions in
most meta-analyses are nearly always about the distribution of effect sizes across species,
and the power to test species level hypotheses depends on sampling at the appropriate
level.

When interpreting a meta-analysis one should be cautious in drawing inferences from
non-significant results given low statistical power and the possibility that studies of
irrelevant species, traits or sets of conditions ‘dilute’ the effect size and makes it difficult to
detect whether the theory is sometimes applicable (or is generally applicable but only
yields a non-zero effect in some circumstances). The opposite problem applies if
researchers cherry-pick study species that appear most likely to support their favourite
theory. For example, in sexual selection studies there is a tendency to work on species that
seem most likely to generate the observed pattern. When studying mate choice, researchers
have historically favoured species that are sexually dimorphic, lek or mate polygynously.
Likewise, studies of ‘sexual conflict’ tend to be on species where males are readily
observed harassing females. A related problem is an understandable tendency to work on
common species where large sample sizes can be collected. ‘Missing’ species and variation
in sampling effort are consequently non-randomly distributed across phylogenies (Gar-
amszegi and Mgller 2011).

Several of the meta-analyses in Table 1 look at numerous moderator variables (and even
their interactions). The risk of ‘statistical fishing’ arises. Even if the researchers used, say,
information criteria to select the best model, this does not eliminate the underlying problem
that when more moderators are examined there is a greater chance that the final model will
contain some moderators with a significant effect due to type I errors (review: Forstmeier
and Schielzeth 2011; Freckleton 2009; for the use of model averaging see Grueber et al.
2011). Finally, as with any statistical model, the reader should ask whether the meta-
regression was tested for outliers, or points that had undue leverage. Given low sample
sizes, sensitivity analyses seem appropriate.

The existence of publication bias remains controversial (reviews: Jennions et al. 2012b;
Nakagawa and Santos 2012). Selective reporting of results is clearly an issue that can
affect meta-analysis (e.g. Cassey et al. 2004). In sexual selection studies, however, we
suspect that narrow sense publication bias is unlikely to be a major problem, because of the
wide range of views held by researchers (e.g. whether or not ‘good genes’ are important).
The one notable exception to this statement is that there is likely to be an issue with genetic
parameter estimates. Quantitative genetic experiments that report negative heritabilities or
those close to zero are probably less likely to be published. This is not least because current
research is focused on questions about multivariate genetic variation, genetic correlations
and ‘constraints’ on evolution (review: Blows 2007). A lack of additive genetic variation
means that there is no point reporting genetic correlations or engaging in more sophisti-
cated analyses. This undermines the main framework used to write up quantitative genetic
studies of sexual selection. Of course, claims about publication bias need to be directly
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tested. There are many indirect tests (see Nakagawa and Santos 2012), but these are always
open to alternative explanations and are often inapplicable if there is heterogeneity in
effect sizes among the studies being analyzed (which is true in most cases). Direct tests that
track the publication fate of completed studies are required. To date, there has been only
one direct test for publication bias in sexual selection (Mgller et al. 2005).

Finally, meta-analysis is a powerful way to summarize what we know, but it should not
blind us to other sources of evidence. It is easy to become blinkered and assume that the
only useful data is that collected in a uniform manner, and amenable to statistical tests that
allow effect sizes can be calculated. There are, however, often lines of evidence based on
idiosyncratic experimental approaches that illuminate the general importance of a factor of
interest, but are unsuited to inclusion in a formal meta-analysis (see table 6 in Slatyer et al.
2012). Similarly, there are cases where a mechanistic understanding of a biological phe-
nomenon might provide a more powerful explanation for a relationship than the ‘black
box’ approach often taken in sexual selection studies of gathering correlative data. Ideally,
these forms of evidence should be presented in a synthetic review as a complement to
quantitative meta-analysis. Systematic, methodological advances help science to become
more rigorous, but progress is never an entirely mechanical or statistical endeavour.
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