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Abstract.-Successional changes in a habitat may result in bottlenecks

where few individuals in a population survive. Duri~g such events,

changes in the genetic architecture of traits are predicted to occur as is

subsequent inbreeding depression. In two literature reviews, 1document

that, (1) dominance variance increases in traits that are subject to stron9
selection and, (2) inbreeding depression is substantially higher in the

wild as compared to captive populations. In addition to these changes,

stlccessional pressures may also result in the evolution of morphologies

that allow organisms to avoid unfavourable conditions. A common

dimorphism in insects is wing dimorphism, in which the macropterous

mcrph is long-winged (LW), has functional flight muscles and is flight

capable while the micropterous morph (SW) has reduced wings and

cannot fly. Due to the energy required to maintain the flight apparatus,

macropterou:; individuals are predicted to have less energy available for

reproduction. Trade-offs to macroptery have been documented in female

insects. Gryllus firmus is a wing-dimorphic cricket of the southeastem

USA. Although there are weil established trade-offs between macroptery

and reproduction in female crickets, no trade-otfs have been
demonstrated in male crickets. The prediction is that LW males, because

they have to expend energy to maintain the flight apparatus, will cali less

and therefore attract fewer females than SW males. To be evolutionarily

important, the traits involved in the trade-off; cali duration, wing morph,

wing muscle condition and lipid weight should have significant

heritabilities and be genetically correlated. 1 found that SW males

attracted significantly more females than LW males (mean %=70% (SW)

300/0 (LW». A significant difterence in time spent calling was found

between SW and LW males and as the difference in calling time between

males increased, the likelihood of a female choosing the longer-calling

male also increased. Ali the traits had significant heritabilities and most

of the genetic correlations were also significant. Therefore, these results

support the hypothesis that the trade-off to macroptery is an important

factor in the maintenance of wing dimorphism in male G. firmus.
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Résumé.-Dans un environnement, les changements successionnels

peuvent occasionner des étranglement où seulement quelques individus
survivent. Dans deux revues de littérature, j'ai démontré que, (1) la

variance de dominance augmente chez les traits sujets à une forte
sélection et, (2) les croisements consanguins sont substantiellement plus
élévés chez les populations à l'état sauvage que chez les populations en

captivité. De plus, les pressions successionnelles peuvent occasionner

l'évolution des morphologies qui permettent aux organismes d'éviter des

conditions non favorables. Un dimorphisme commun chez les insectes
est celui des ailes. Les individus à morphologie macroptaire (AL)

possèdent des ailes longues et des muscles de vol fonctionnels leur

permettant de voler. À l'opposé, ceux à morphologie microptaire (AR)

possèdent des ailes et des muscles de vol réduits ne leur permettant pas

de voler. Une hypothèse est que, dû à l'énergie requise pour maintenir
cet équipement de vol, les macroptères auraient moins d'énergie

disponible pour la reproduction. Ces compromis ont été documentés
chez les insectes femelles. Gryllus firmus est un grillon aux ailes

dimorphique squi provient du Sud·Est Américain. Même si les
compromis entre les macroptères et la reproduction des grillons femelles

sont établis, aucun compromis n'a été démontrés chez les grillons mâles.

La prédiction est que, étant donné que le mâle à ailes longues dépense

de l'énergie pour maintenir son équipement de vol, il appellera moins.
Par conséquent, il attirera moins de femelles qu'un mâle à ailes réduites.

Pour être évolutivement importants, les traits impliqués dans ces
compromis (durée de l'appel, morphologie des ailes, condition des

muscles de vol et poids de la masse lipidique du grillon) devraient

démontrer une héritabilité significative et être génétiquement carrelés.

J'ai observé que les mâles à ailes réduites attiraient significativement

plus de femelles que les mâles à ailes longues (%moyen=70% (AR),

30°t'o (AL)). Une différence significative dans la durée de l'appel chez les

mâles fût observée entre les deux morphologies. Plus la différence entre

la durée d'appel de deux mâles est élevée, plus la femelle sera portée à
choisir celui qui appelle le plus longtemps. Tous les traits démontrent

une héritabilite significative et la plupart des corrélations sont

significatives. Donc, les résultats supportent l'hypothèse affirmant que le
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compromis concernant la macroptérie est un facteur important dans la

maintenance du dimorphisme des ailes chez le mâle G. firmus.
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of ail authors of the co-authored papers. Under no circumstances can a
co-author of such a thesis serve as an examiner for that thesis.
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Original Contributions ta Knowledge
This thesis examines, (1) the evolutionarily important factors that

contribute to the maintenance of wing dimorphisms in male G. firmus and

(2) the effect of selection on the genetic architecture of traits and the

importance of inbreeding depression in the wild. 1hypothesize that wing

dimorphism is maintained in males as a consequence of the energetic

trade-off between the maintenance of the flight apparatus (long wings,

flight muscles and flight fuels) in macropters and the likelihood of

attracting a female. To the best of my knowledge, it is the first body of

work that has quantified the genetic basis to the trade-oft with macroptery

in a male wing dimorphic insect.

Chapter 1.

The first chapter of the thesis is a compilation of a large number of

estimates of dominance variance to determine if traits subject to strong

selection or closely associated with fitness have higher levels of

dominance variance than traits less subject to selection pressure.

Although compilations of dominance variance have been published in

the past, they have either been only qualitative, or have reported only a

few estimates for a small select group of species (domestic species).

This is the most comprehensive compilation of dominance variance

available in the literature.

Chapter 2.

Inbreeding depression has been weil studied in zoo species and

domestic species of economic importance. Although a weil established

phenomenon in captive species, the lack of estimates of inbreeding

depression in wild out-bred populations has lead to the remaining

skepticism in the scientific community of its importance in the wild. This

review is the first compilation of estimates of inbreeding depression in

wild out-bred species and the tirst ta compare a large number of

estimates of inbreeding depression between captive and wild

populations.
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Chapter 3.
Most of the research conceming wing dimorphisms in insects and trade

offs associated with wing dimorphisms in the scientifie literature has been

concerned with how trade-offs maintain wing dimorphisms in females.

Using females in this research is the natural tirst choiee since trade-offs

to macroptery can be easily quantified in terms of the number of eggs

laid. Because of this, trade-offs to macroptery have been weil studied in

females and almost completely ignored in males. This study was the tirst

to establish that trade-offs to maeroptery involving calling behaviour exist

in male G. firmus.

Chapter 4.

Having established that a trade-off to macroptery involving calling exists

in male G firmus, the next experiment set out to determine if variance in

environmental factors that crickets may experience in the wild would

affect the magnitude of the trade-off. For this study 1examined how food

restriction in both macropterous and micropterous crickets affected total

time spent calling and subsequently the likelihood of attracting a female.

Th is study was the first to examine how limiting resources affected the

trade-off to macroptery in a male wing dimorphic insecte

Chapter 5.

Although trade-offs to macroptery in females have been weil studied on a

phenotypic level, only two studies (one of which includes female G.

firmus) has established a genetic basis to the trade-off. This study was

the tirst ta establish a genetic basis to the trade-off between macroptery

and reproduction in a male inseet. For this study 1 estimated the

heritability for wing morph, flight muscle weight and cali duration and

calculated genetic correlations between wing morph and cali duration

and cali duration and flight muscle weight.

Chapter 6.

Having established that a macroptery-reproduction trade-off exists on

both the phenotypic and genetic levels, the final study presented in this

thesis determined how traits most proximate to the energetics of the

trade-off (lipids, flight muscles), operate within the trade-off. Beeause the
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macroptery-call trade-off is believed to be mediated on a physiologieal

level by the partitioning of resourees to the maintenance of the flight

apparatus and ealling, negative correlations between traits on this level

(cali duration and flight muscle weight) are predicted to be larger (more

negative) than traits not as proximate to the energetics of the trade-off

(cali duration and wing morph). This study was the first to quantify in a

male wing dimorphic insect, the fitness gain due to microptery in

comparing flight muscle variation and lipid weight.
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General Introduction
Migratory insects and those that inhabit areas of constant environmental

or successional change, frequently experience population bottlenecks.

During succession (biotic community replacement during disturbance),

insects that have the capability of migrating or moving to avoid

unfavourable conditions will survive. In addition to evolving migratory

strategies, insects may also evolve other life history strategies that allow

them to stay in their habitat but avoid changes in the environment. In

bath instances, individuals may experience intense directional selection.

Quantitative genetic theory predicts that with strong selection, changes in

the genetic architecture of traits will occur (Falconer 1989). Strong

directional selection (and to a lesser degree, stabilizing selection; Lee

and Parsons 1968; Lacy 1987) is predicted to erode additive genetic

variance and, consequently, decrease the heritability of a trait

(Felsenstein 1965; Lande 1988; Turelli 1988; Gomez-Raya and Burnside

1990; Villanueva and Kennedy 1990; references in Arnold 1990; for a

review see Rose et al. 1987). As a consequence, the response to

selection will be reduced (Falconer 1989; but see Lande 1988 for an

alternative explanation). Because they are assumed to be subject to

intense selection (irrespective of whether or not it is because of

successional changes in the environment), traits closely associated with

fitness are predicted to have low heritabilities and consequently relatively

high dominance variances (Wright 1929; Haldane 1932; Lerner 1954;

Fisher 1958). Two reviews by Mousseau and Roft (1987) and Roft and

Mousseau (1987) have shown that life history traits, which are assumed

to be closely connected to fitness, have low heritabilities, while

morphologieal traits, whieh are assumed to be more distantly related to

fitness, have high heritabilities. Beeause selection usually erodes only

additive genetic variance (Lynch 1994), although changes in gene

frequeney (as would occur during bottleneck events) may also cause

changes in non-additive variance as weil, one would predict that the

opposite pattern should be found for dominance variance: life history

traits should have relatively high levels of dominance variance white

morphological traits should have low levels of dominance variance. Few

studies exist that have examined changes that occur as a result of

selection acting on the genetic architecture of quantitative traits. Short

xiii
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compilations have been made of patterns of dominance and non-additive

variance in the past but they have been either qualitative (Kearsey and

Kojima 1967) or have reported quantitative results of only a few traits for

a few species (see Garland 1994 for a review). One goal of this thesis

will be a compilation of estimates of dominance variance trom traits

c10sely (strong selection) and distantly (weak selection) related to fitness
to gain a better understanding of how the genetic architecture of traits

change during successional changes in the environment and during

bottleneck events.

ln addition to changes in the genetic architecture of traits that

occurs du ring bottleneck events, individuals in a population will

subsequently experience high levels of inbreeding. With high levels of

inbreeding, one also expects to find high levels of inbreeding depression
(Wright 19n; Shields 1987). The most common estimates of inbreeding

depression involve traits that are closely related to fitness such as

number of eggs laid and offspring survival. Most of the Iiterature

concerning inbreeding depression has concentrated on domestic or

captive-bred wild species (Rails and Ballou 1986; for a review see Lacy

et al 1993) since these animais and plants are of most practical
importance. One of the most comprehensive data sets is that of zoo

animais (Rails et al. 1988); thirty-eight species showed an average
increase in mortality of 33% for inbred matings (Rails et al 1988). The

total costs of inbreeding in natural populations is predicted to be

considerably higher due to environmental factors (Rails et al 1988).

Although the implications of high levels of inbreeding depression to the

evolution of traits and to population extinction are obvious (Lande 1988;

Caro and Laurenson 1994; Caugley 1994), the degree of inbreeding

depression in the wild still remains controversial (Frankham 1995).

Evidence of inbreeding depression in wild species exists (see Frankham

1995 for examples), but the lack of a comprehensive review has lead to

the remaining skepticism of its existence in natural populations (Caro

and Laurenson 1994). In addition to compiling estimates of dominance

variance, 1have also gathered estimates ot the magnitude of inbreeding

depression trom wild populations to determine if it is of evolutionary

importance and if it is substantially higher than has been estimated in

captive populations.
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Successional changes in a habitat may result in the evolution of

morphologies that allow organisms to avoid or minimize the detrimental
effects -of environmental change. Most insects (99%) belong to the

winged super order Pterygota. Flight capability is an ideal means by

which to avoid unfavourable changes in the habitat. Despite this, certain

genera are composed of species that are monomorphically wingless or

dimorphic for wing length. Wing dimorphism is a condition where one

morph (macropterous) possess a functional flight apparatus and the

other (micropterous) is f1ightless. Wing dimorphism has evolved

independently in most of the major orders of insects (Harrison 1980; Roft

1986a, 1994). Wing dimorphism can take on many types of distribution

between and within the sexes (for a review see Thayer 1992; Roft 1994).

Of particular importance to the study of trade-offs and the evolution of

winglessness is the study of intrasexual dimorphisms. Intrasexual

dimorphisms allow us to examine how such alternate morphologies

evolve by determining what associated behavioural and life history

differences exist between morphs and how these differences contribute

ta difterences in fitness. Intersexual dimorphisms are confounded by

ditferences between the sexes, and therefore results obtained from such

investigations are not always clear.

The obvious advantage to being long-winged and flight capable is

the ability to move over large areas and in three dimensional space or to

avoid environmental changes in a habitat (Roft 1990). Although in some

cases of dimorphic variation, one morph may have a reduced fitness and

be adopting the "best of a bad lot" strategy (Eberhardt 1982), the wide

occurrence of dimorphisms suggests that, in general, the dimorphism is

maintained in the population as a consequence of trade-offs (Gross

1984; Roft 1984; Hazel et al. 1990; Roft and Fairbairn 1994). The

existence of wing dimorphism suggests a trade-off between resources

devoted to dispersal (wings, flight muscles and flight fuels) and those

devoted to reproduction (Roft 1984, 1986a; Crespi 1988a; Roft and

Fairbaim 1991; Denno et al. 1991; Zera et al. 1994). Although producing

and maintaining the long wings that macropters possess is probably not

energetically signifieant, the production and maintenance of the massive

flight muscles and flight fuels is energetically expensive (Roft 1989; Mole

and Zera 1993; Tanaka 1993; Stryer 1988). In addition to large flight
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muscles, functional muscles (indicated by a red colour for presence of

mitochondria and cytochrome; Ready and Josephson 1982; Shiga et al.

1991; Garni et al. 1995) are believed to be much more costly to maintain

than partially or non-functional muscles (Mole and Zera 1993; for a

review see Zera et al. 1997).
Among wing dimorphic insects, trade-ofts between macroptery

and reproductive potential have been weil studied in females. Although

no consistent pattem with respect to adult longevity or development time

has been documented between morphs, differences have been found in

age at first reproduction and overail fecundity. Micropterous females

reproduce earlier and have a higher fecundity than maeropterous

females (Roft 1986b; Denno et al. 1989; Raft and Fairbaim 1991; Mole

and Zera 1993). These difterences have been shown to be very large in

the case of female sand crickets, Gryllus firmus: micropterous females

reproduce significantly earlier and produce 60% more eggs in a 6-week

period than do macropterous females (Roft 1984). Physiologieal studies

have shown that feeundity differences in G. firmus females can be

ascribed to the allocation of resources to reproduction in the SW morph

and those to flight apparatus maintenance in the LW morph (Mole and

Zera 1994). In addition, genetic correlations between wing morph and

fecundity have been demonstrated in female G. firmus (Roft 1990b; 1994)

and the cricket Allonemobius socius (Roft and Bradford 1996; Roft et al.

1997), indicating that the trade-oft will modulate the evolution of these

two traits.

Although the existence of negative phenotypie correlations

between wing morph and reproduction have been weil doeumented in

female insects, few examples of sueh general trade-ofts have been found

in male inseets. Male Hoplothrips kamyi are characterized by a double

dimorphism, a foreleg dimorphism and wing dimorphism. The foreleg

dimorphism is correlated with the wing dimorphism, wingless males

having enlarged forelegs and winged males small forelegs (Crespi

1988a). Males with the larger forelegs win fights more often and become

dominant at oviposition sites (Crespi. 1988a,b). Utida (1972) indicated

that in the coleopteran Callosobruchus maculatus, the most frequent

copulations occurred between wingless males and females.

Unfortunately Utida did not include any data ta support this observation.
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Brachypterous (short-winged) males of the planthopper Nilaparvata

lugens are reported to develop earlier and outcompete macropterous
males (Novotny 1994). Fujisaki (1992), has shown that a fitness
advantage exists to wing reduction in male Cavelerius saccharivous in

terms of eartier sexual maturity, leading to a greater proportion of matings

in favour of the brachypterous (wing absent) morpho Although the above

mentioned studies have demonstrated phenotypic trade-offs between

morphological and lite history traits in male insects, to date no study has
examined if the traits involved in the trade-off have a genetic basis and if

the trade-offs themselves are genetically based.
ln G. firmus no general trade-offs in males have been found. Roft

and Fairbaim (1994) found no differences in testes size or proportion of

offspring sired between morphs of G. firmus. But a difference was found

in development time, macropterous males developing earlier than

micropterous males. This is contrary to the proposed trade-off hypothesis
and therefore cannot account for the preservation of the two morphs in
males (Roft and Fairbaim 1994).

Although no fitness differences have been found to account for the

preservation of two morphs in male G. firmus, selection acting on females

alone may be ail that is required to determine proportion macroptery in

males. A high intersexual genetic correlation may prevent the

independent evolution of the trait in question in either sex (Via and

Lande 1985). Although an independent optimum may be reaehed, the

time required to do so will usually be very long since selection acting on
one sex will affect the trait in the other. Roff and Fairbaim (1994) found

the intersexual genetic correlation for wing form in G. firrnus to be quite

high (0.86). This high correlation is in accord with other estimates of the

genetic correlation of morphological traits between the sexes (Priee and

Surley 1993; see table 5, Raft and Fairbairn 1994). But unless a

correlation is exactly ± 1, selection will still favour the evolution of wing

form to a separate optima in each sex (Via and Lande 1985).

For male G. firmus, despite the fact that no general costs to

macroptery were found, an overview of the distribution of the frequency of

macroptery between the sexes in wing dimorphic insects suggests that a

trade-off exists. In most inseet orders comprised of species that are wing

dimorphic, the distribution of macroptery between the sexes is either

xvii
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equal for males and females (Coleoptera), or only slightly biased towards

males (Homoptera and Hemiptera). In the Orthoptera (grasshoppers and
crickets) on the other hand, 86%, of the species show a female bias in

proportion macroptery (see Table 5 in Roft and Fairbairn 1994). The

Orthoptera differ from other orders in that mate attraction involves calling

by the males. The female biased distribution suggests that macroptery in

males may be more costly than in females and that a trade-oft between

macroptery and calling behaviour exists (Roft and Fairbaim 1994).

ln G. firmus, as with many other Orthopterans, males are relatively

sedentary as adults (Alexander 1968; Dadour 1990; Cade and Cade

1992) and cali to attract females to mate. A number of components of

calling are known to be important cues for female attraction, of which one

of the most important seems to be total time spent calling (Table 1).

Studies on Orthopterans have shown that the time spent calling is

typically directly proportional to the likelihood of attracting a female (see

Table 1 for references). Calling is an energetically demanding behaviour

requiring on average a tenfold increase in metabolic rate (data for seven

species from Table 1 of Bailey et al. 1993; and one species from Forrest

1991 b). Producing and maintaining the flight apparatus that

macropterous crickets possess is energetically expensive (Roft 1989;

Mole and Zera 1993; Tanaka 1993). It is not known if resources required

for wing production, flight fuel production and flight muscle formation and

theïr maintenance, constrain those needed for calling. If such a

constraint exists, then a trade-off between macroptery and calling may

promote the maintenance of the two morphs in male G. firmus.

This thesis will test the hypothesis that a trade-off exists between

flight capability and the probability of attracting a female. Such a trade

off is predicted to be reflected in differences between micropterous and

macropterous male Gryllus firmus in the likelihood of attracting a female:

micropterous males are predicted to attract more females than

macropterous males. 1 hypothesize that such a difference is a

consequence of time spent calling. If the energy needed for the

formation and maintenance of the flight apparatus campetes with that

needed far calling in macropterous males, micrapterous males are

predicted to cali longer during a 24 hour period than macropterous

males. In arder for the trade-off to be relevant in the wild, it must exist
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under a variety of environmental conditions (Steams 1989). Because the

trade-off in G. firmus is believed to be an energetically mediated one

where resources are partitioned between flight muscle maintenance and

calling, then with variation in available resources, 1 predict that the

magnitude of the trade-off will change. In addition, in order for such a

trade-off to have any evolutionary consequence to the evolution of the

traits involved in the trade-off, wing morph, cali duration, flight muscle

weight and lipid weight must have a genetic basis and the relevant

correlations between the traits must also have a genetic basis. While in

G. integer, cali bout length has a significant and high heritability (0.75;

Hedrick 1988, 1994) and mean nightly time spent calling also has a

significant heritability (0.50; Cade 1981), it is not known if cali duration in

G. firmus has a significant heritability. Finally, although examining the

trade-off between wing morph and calling on the phenotypic and genetic

levels is crucial to the understanding of how wing dimorphism is

maintained in male G. firmus, the study would not be complete without

examining how the traits most proximate to the energetics of the trade

offs (flight muscle condition, flight muscle weight and lipid weight)

operate within the trade-off. To the best of my knowledge, this is the most

extensive study of wing dimorphisms in a male insect and the first to have

examined the genetic basis of trade-offs ta macroptery in a male insecte
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Table 1. Examples of components of cali parameters in the Orthoptera

found ta be important in attracting females.

cali component species reference

cali duration Gryllus integer French and Cade

1987

Neonemobius sp. Cade and Cade 1992

Gryllus campestris Forrest 1991

Hissmann 1990
Walker 1983

Cyphoderris stepitans Simmons 1988

Gryllus bimaculatus Snedden & Saokaluk

Omocestus viridulus 1992
Chorthippus brunneus Bohm et al. 1991

Gryllus firmus Eiriksson 1994

Butlin et al. 1985

Cmokrak & Roft 1995,

1998
song intensity Scapteriscus sp. Forrest 1983

Gryllus integer Cade and Cade 1992

Gryllus Ciceran and Murray

pennsylvanicus 1994
cali bout length Gryllus integer Hedrick 1986, 1994

Hedrick and Dili 1993
vibratory signais Gryllus bimaculatus Weidmann & Keuper

1987
syllables per phrase Scudderia curvicauda Tuckerrnan et al. 1993

xx
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Chapter 1.
and fitness

Dominance variance: associations with selection

1

•

ln the first chapter of this thesis, 1have compiled estimates of the relative
importance of dominance variance (Vd) compared to additive (Va) and

phenotypic variance (Vp) for 16 animal species and 22 plant species. In

this chapter, 1answer the questions 1) do traits closely related to fitness
(life history) have relatively high levels of Vd compared to traits distantly

related to fitness (morphology) and 2) do traits subject to strong
directional selection (domestic species) have higher levels of Vd

compared to traits believed to be subject to weaker selection (wild out·

bred species). These selection pressures are believed to be important

evolutionary factors operative during successional changes in a habitat.

This chapter has been published in Heredity (volume 75, pages 530-540,

1995).
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Dominance variance: associations with
selection and fitness

PETER CRNOKRAK· & DEREK A.. ROFF
/JepMrmfInt al BioIogy, McGiU Univrtnity. 1205 Dr:.~A~. MontrNI. Owb«. QnM16 H3A 1B1

Strong directional. and to some degree stabilizing. selection usually erodcs only additive
genetic variance while not affecting dominance variance. Conscquently. traits closely a.ssociated
with fitncss should exhibit high Icvels of dominance variance. In Lltis study we compile a large
number of estimatcs of dominance variance to determine if traits mat arc subject to strong
selection and/or are closely associated with fitncss have higher levels of dominance ,,-ariance
Ihan traits Icss subjeet to selection pressure. Estimatcs were taken from the literature for bom
wild and domcstic species and each group was ueated separatcly. Traits closely associated with
fitness (liCe history) had significandy higher dominance components man did traits more
distandy related to 6tncss (morphology) for W11d specics. No signifiant differences were Cound
hctween liCe history and morphologicaJ traits for domcstic species. Traits that were known to
have been subject to intense directional selection (morpbological traits Cor domcstic specics)
had significantly higher dominance cstimatcs than did traits mat were assumed not to have
been subject to strong selection (morphological traits for wild outbred species). The resuhs are
discussed with respect to the maintenance of heritahfe variation and the bias intraduced in the
ca1culation oC the full-sib heritability estimatc br hi&;h levels of dominance variance.

Keywords: dominance variance. fitncss. genetic variation. selection.

•

Introduction

The genetic architecture of a quantitative trait is
composed oC additive (V~). dominance (Vd ). epistatic
(Vi) variance and interactions of ail three compo
nents (Bulmer. (985). Of most importance to the
transmission of a trait Crom one generation to the
next and for predicting the short-tenn response to
selection is the narrow sense heritability. h:. the
ratio of additive variance to phenotypic variance.
Dominance variance is generally not considered
important as it does not predict the response to
selection (FISher. 1930; Lynch. (994). Howcver.
dominance variance can affect the heritability of
traits during bottleneck events wherc nonadditive
genetic variance (both dominance and epistatic) cao
be 'converted' into or affect additive genetic vari
ance and merefore become available for selection to
aet upon (for a revicw sec Carson. (990). General
patterns of dominance variance have becn prcdided
bv a number of theoreticians (Lynch. (994);
aithough mcchanisms of the cvolution of genetic
dominance are djfferent among the theories. ail

·Correspondenc:e.

agree that traits c10sely associated with fitness
should exhibit high lcvels of dominance variance.
Dcspite this. few studies have examincd the preva
lence of dominance variance in traits of evolutionary
significance and how selection influences the level of
dominance for traits c10sely and more distantly
relatcd to fitness.

Strong directional selection (and to a lesscr
degree. stabilizing selection: Lee & Parsons. 1968:
Lacy. (987) is predicted to erade additive genetic
variance and. subsequently. decrease the heritability
of a trait (Felsenstein. 1%5; Lande. 1988: Turelli.
1988; Gomez-Raya & Burnside. 1990; Villanueva &
Kennedv. 1990; references in Arnold. 1990 and Gar
land & 'Bennett. 1990; for a revicw see Rose ~r al••
(987). As a consequence. the response [0 selection
will be reduccd (but the reduetion in rcsponsc may
rcsult from other factors: see Falconer (1989) and
Lande (1988». Traits for a population at equi
librium are predicted to have low additive genetic
variance as il is assumed tbal selection has moulded
them to an optimum (Hegmann Be Dingle. 1982:
Lynch & Sulzbach. 1984; but sec Charlesworth
(1987) for an alternative explanation). Because they
are assumed to he subject to intense selection. uaits

C lm 'The GenelïcaJ Society of Great Britain.
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most closely associated WÎlh fitnc:ss arc prcdiaed to
have low herilabilities and subsequently relatively
high dominance components (Wright. 1929: Hal
dane. 1932; Lerner. 1954; FISher. 1958). A number
of sludies (Mousseau & Roff. 1987; Roff & Mous
seau. 1987; Garland d al.. 1990; Wtllis et al.. 1991;
Partridge. 1994) have shown lhat life history traits.
which arc assumcd 10 be c10sely connee:ted to 6t
ncss. have: low heritabilities while morphoiogical
traits. which are assumed ro he more distantly
rclatcd to fitncss. have high heritabilities
(behavioural and physiological traits are usuaJly
intennediate 10 the abovc (wo types of traits).
Because selection usually erodes only additive
genetie variance: (Lynch. 1994), although changes in
gene frequency may aIso cause changes in nonaddi
tive variance as weil. one would predict that the
opposite pattern should be found in terms of domi
nance variance: life history traits should have rela
[ively high levels of dominance variance while
morphological traits should have low levels of domi
nance variance. (n addition to eroding additive vari
ance. selection is also expee:ted to act dire:etly on
genetie dominance. resulting in a further relative
increase of dominance variance to total genetic vari
ance (Mather. 1979; Lynch. 1994). FlSher's (1958)
theory prediets that dominance WIll evolve in bath
magnitude and direction of increasing fitncss.
Although Fishc:r's lheory of the cvolution of domi
nance has becn strongly criticized (for a review sec:
Charlcsworth. 1979), empirical investigations have
confinned the last point (Brecse & Mather: 1960;
Kcarscy & Kojima. 1967; Lynch. 1994 and refcr
cnees therein). On a per spccies basis. few studies
exist that have examined changes that occur as a
result of selection acting on the genetic architecture:
of quantitative traits. For the most part. strong
selection does decrease addilive variance and. in
most cases. heritability. although in some cases rhe
dccreases are relatively small (Kaufman et al.. 1977;
Enfield. 1980). Discrete traits such as dimorphisms
that are controlled by some underiying nonnally dis
tnbuted variable. when subject to strong dire:e:tional
selection may not experience an appreciable
decrease in genetie variance because the intensity of
selection declines very quicldy over time (Roff.
1994).

Shon compilations have been made of patterns of
dominance and nonadditive variance in the past but
rhese have been either qualitative (Kearsey &
Kojima. 1967) or have reported quantitaüve results
of only a few traits .for a few species (see Garland,
1994 for a review). This Study is the first to 3t1empt
a compilation of a large number of estîmates con-

e The Gcnetic:al Society o(Cirat Brilain. Henrlity. 75. S30-SoIO_
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cerning the relative distn'bution of dominance vari
ance across traits that arc associated with fitncss
and/or subjeet to selection to differenl degrccs.

The present study addresses IWO main questions.
(i) How docs the relative contnbution of dominance
variance change from one trait-type to another? Do
traits that are doscly associated with fimcss have
rclatively high Icvels of Vd as predieted !rom theory?
(ii) Do patterns of Vd change trom wild outbred
species to domesüc species for particular trait cate
gories? Although we have no studies that have
exarnined what changes occur in the genetie archi
tecture of a trait in the presence of selection for a
wide varicty of traits and specics. the above com
parison will a1low us at Icast to speculate how slrong
dircaional selection can change the relative con
tn'buüon of Va and Vd ro the genetie variance of a
traiL

Mat.ria's and metl1od.

Estimates of dominance VlJriance

Three hundred and thirty-eight estimates of domi
nance variance werc obtained from 55 sources; 17
W11d outbred spccics and 21 domestic species.
Species were classified as domestic if they had been
subject to long-tenn deliberate artificial selection
and usually included spccies of economic impor
tance such as ùa trU1\"S. The relati....e conmbution of
dominance variance to the genetie variance of a trait
was calculated in [WO wavs: (i) dominance variance
as a funetion of the sum of dominance and additive
variance:

and (ii) dominance variance as a funClion of pheno
lypic variance:

Vd
D/I=-'

Vp

The variable Os was used to asscss the relative con
m'butions of dominance and additive variances irre
spcctive of the phenocypic variance for a traiL
AIthough selee:tion May affect Vp (Hayashi &. Ukai.
1994). most intcrest lies in how it affects the geneüc
archite:e:ture of 3 traiL Ncverthelcss. a high level of
Vd may he inconscquential to a trail if it is small
comparcd with Vp; for this reaseR. we aJso used the
variable D,. Negative variance estimates reported in
the Iiterature werc standardized to zero (Kendall &
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Stuart. 1979). We obtained 232 estimates of D s and
106 estimates of Dil• For those studies that reported
more than one estimate of dominance variance for
each trait (repe:ued trials or measures undcr dif
ferent conditions) wc used the mean. A list of
species. estimates and references is avaiIable from
the carresponding author upon request. This is the
most extensive compilation of this sort ta date: it is
represent3tive but not exhaustive.

Estimates were Cltegorized as belonging ta one of
four groupings: (i) behavioural traits; (ii) liCe history
traits: (iii) morphological traits; and (iv) physio
logical traits. Although somewhat ambiguous in
sorne cases. we restrieted Iife history traits to those
traits that are thought ta be most c10scly associated
with fitness. For c:xample. life history traits included
development time. ftowering time and Iifctirne
fecundity. Morphological traits reCerred to rnetrie
size or quality rneasurements such as body weight.
bill calour and seed wcight. Examples of behavioural
traits are proboscis extension behaviour. locomotion
rate and escape-avoidance conditioning. Physio
logical traits included bath metabolic processes such
as freezing resistancc. and the biochemical composi
tion of substances such as seed protein content.

The analvsis addressed (wo main questions- (1)
Are there differences bctween trait categories for
bath measures of dominance'! [n conjunction. are
the estimates bia.sed because oC over-represcntation
of species and/or characters'! If this is the case. then
if significant difCerences CXÎSt between life history
and morphological traits. are they maintained af!er
correction for this bias? (2) Are there statistical dif
ferences betwecn wild and domestic species in terms
of the relative importance of dominance variance for
complementary trait categories'!

Statistical analysis and results

Predictions

Although a numbcr of difCerent theories cxist to
explain the evolution of genetic dominance. Most
agree that traits associated with fitness will tend to
exhibit relatively high leveIs of dominance \ëlriance
(Fisher. 1928: Wright. 19"'..9: Haldanc. 1932; Dobz
hanskv. 1952: Lcmer. 1954: Kacscr & Burns. 1981).
Conséqucntly. one would expeet that life history
traits. as they are c10sely related to fitness. should
exhibit high IcveIs of dominance variance in wild
populations. Law IcvcIs of dominance variance are
predieted for traits distantly related to fitness such
as morphological traits. From previous theoretical
(Lee & Parsons. 1968) and empirical (Falconer.

1981. table 10.1. p. 150: Mousseau & Roff. 1987)
investigations conceming the relationship bc(Wcen
fitness and hcritabüity estimates. one would expect
that bchavioural and physiological traits should fall
bctwcen Iife history and morphological traits (Roff
& Mousseau. 1981). For behavioural traits at lcast.
this is a valid assumption as Lee & Parsons (1968)
proposed that such traits will be subjeet to suong
stabilizing selection which \\,.ould thus decreasc herit
ability estimates for this c1ass of traits. Making pre
dictions about domestic species is more difficult as
most wcre subjeet to strong dircctional selection at
some point. Becausc of this. the only a priori predic
tion conceming dominance variance is that traits
that are knawn to bave been subjcet at one time to
strong direetional selection should exhibit high leveIs
of dominance variance. The domestic data set is
composed mostly of morphological traits indicating
the importance of thcsc traits in domestic breeding
programmes. We therefare prediet that morpholog
ical traits for damestic spccies shauld exhibit much
higher levcIs of genetic dominance than such traits
in ...ild outbred species.

1. Dominance vanimce and fitness

Becausc the reported estimates of D7 and D" are
proportions. they probably violate the assumptions
of parametric analysis (Sakai & RahlL 1981). We
thcrefore used nanparametric analyses to test for
differcnces bctween trait categories. For the follow
ing analyses wild and domestic spccies wcre treated
separatcly. StatÎStical tests far diffcrcnees of esti
mates of dominance variance across trait cate~ories

were conductcd by using the Kolmogorov-Smimov
& Kruskal-Wallis tests (Wilkinson. 1990). In addi
tion parametric ""...OVA and Tulcey HSD tests were
used but the results for thesc were only reported
when thcy diffcred from the above tests.

Wild outb~d spedes Table I(a) gives the results of
the nanparametric tests conducted for wild outbred
species for bath mcasures of dominance (D 7 and
D,). For the variable D n significant differences CXÎ5t
between different trait categories: Kruskal-Wallis
test CDs: H =15.394. P<O.OO2. n = 75: DIf:
H ::: 6.003. P < 0.111. n = 60) and the Kolmogorov
Smimov test (Table la). LiCe history traits had signi
fiCUltly larger dominance components than did
behaviouraI. physiological and marphological traits
(see Table la. and Fig. la for the cumulative dis
tributions). Behavioural and physiological traits.
although not statistically different from morpholog
ical traits. had means that fell betwcen liCe history

C The Cic1Ietica1 Society of Great Britain.H~. 15. S30-540•
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Table 1 Summary of descriptive statÎ5tics and Kolmogorov-Smimov tests for the \-ariables D. (below diagonal) and Dd
(above diagonal) for Wlld outbrcd and domestic: spec:ies

.•' Life hîstory Morpbology

6

20

0.424
0.901

0.544 ± 0.072
26
0.166 ± 0.036

0.116
1.000
O.~

20$
0.133 ±O.035

lOI
0.421 ± 0.028

28
0.190±O.033

0.011 (0.196)
0.181

0.030 (0.011 )
0.040 (0.008)
0.0001

24
0.J92±0.058

(a) Wild OUlb~dsp«Ïes
D.
n
i±SE
DÇ$
n
i±SE O.J13±O.069

Kolmogorov-Smimov P·vaJue (Tukey H50)
Life bÎ5tory
Bchaviour
Physiology
Morphology

(bJ Dom6lic sp«ies
D.
n
i±SE
DI'
ft

i±SE O.040±O.026

Kolmogorov-Smimov P·value
Life hÎ5tory
Physiology
Morphology

Whcn: "''''OVA tests n:vcaled results diffc:n:nt from the K-S [cstthe values are gi\"en in parenthesc:s (Tukcy HSO
comparisons).

•

and morphology trailS. No signifiant differences
wcrc found betwcen trait categories for the variable
DIf c-'(cept for the paired comparison Kolmogorov
Smimov test belWcen Iife history and physiology.
Although having lower mean values, DI' estimates
wcre comparable to D. cstimates for aU categories
except behaviour (but this mOlY result from the low
sampie size of two). The parametric and nonpara
mctric tests agrec for the Most pan exccpt for the
comparison between life history and physiological
traits for Dff (sec Table la). in which the nonpara
mctric tests show significance but the parametric do
not. suggesting differcnccs in the shape of the curve.

Domestic specia Table I(b) presents the results of
the nonparamctric tests for domestic spccies. As no
cstimates werc available for behaviouraJ traits. no
comparisons betwce9 this trait and the other three
were possible. No sÎgnificant differenccs were found
bclWeen trait categories for the variable D .. (Krus-

e The GeneliaJ Society of Great Britain.H~. 71. 530-S&O•

k.al-Wallis test: H =1.167. P<0.5S8. n = 155). A
significant differcnce was found for D/I (Kruskal
Wallis [est: H =8.844. P<O.Ol2. n = 45); life history
traits had significantly lower dominance components
than did physiologicaJ traits (see Table lb).

11. Analysis ofstudy means

The above anaJysis may be biascd because of the
disparity in the number of cstimates rcponed for
each studv (i.e. differenccs mav result from one
study with an inordinately large number of esti
mates). To circumvent this problem. we used single
C5timates for cach trait category from each study.
Where more than one estimate was reponed for
cach trait-type (eg. morphology) for a givcn study,
an average was uscd. This was donc for estimates
caJculatcd using the variable D. only, as not enough
C5timates were available for DII• Kolmogorov-Smir
nov and Krusk.all-Wallis tests wcre uscd to deter-
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O.a

0.1

1.0

0.2

o.•

fil.l(a) Cumulative frequenc:y dis
tnbutions for a11 four trait categories
(M: morphology: B: behaviour. P:
physiorogy; and L: liCe history) for
wild outbred spccies. (b) Cumulative
frequenc:y distnDutions for meaR
values c:alculatc:d for all four trait cat
egories from cach study (M: mor-

oL.....;i.....J--'--I.-""'-""'-""'--'---'-.................. a ~'--01...-L......L--'--L..........~........~~ ph%gy: B: behaviour. P: physiology;
-0.1 0.1 0.3 0.5 0.7 O.t 1.1 ~1 0.1 G.3 0.5 0.7 O.t 1.1 and L: lile history) for wild outbrcd

Domi.... ntim... species.

1.0

Table l Summary of descriptive statistics and Kolmogorov-Smimov test for
study mc:ans using the variable D w for wJ1d outbrc:d (bclow diagonal) and
domestic (abovc: diagonal) spccics

liCe history Behaviour Physiology Morph%gy

Wild outbrc:d
n 10 4 0& 7
i±SE 0.585 ±0.095 O.27S±Q.I36 OS28±O.I23 0.097± 0.052

Domestic
n 14- 0 21 22
i±SE 0.396 ± 0.064 0.456±0.069 0.395± 0.040

Kolmogorov-Smimov P-value
liCe history 0.885 0.815
Behaviour 0.587

, Ph)'Siology 0.745 0.405 0.719
Morphology 0.0Il 0.309 0.163

•

mine if signifiant patterns still existed as compared
ta the above results. Table 2 and Fig. l(b) show that
the signifiant differences found between Iife history
and morphology traits for the entire data set are still
maintained when study means are used for wiId out
bred spccies: Kruskal-Wallis test; H = 9.879.
P<O.020. n =27 (see Table 2 for test statistics). As
for the entire data sel. the same results hold.

III Anatysis ofpairfld comparisons of life hiscory
and morphologiCllI traits

Ta determine if the above patterns of dominance
components were biascd as a result of the aver
representation of spccies or the over-represcnration
of multiple traits measured for a given species. we
chose individual 5.tudies that rcportcd bath life
history and moq,hology estimates for a single
spccies. As the only a priori prediction that can bc

made among the four trait categories with respect ta
associations with litness is for life historv and mor
phological traits. only thesc were uscd. Wc collected
estimates from live wiId outbred and eight domestic
specics. Where more than one estimate was
reponed for life history and morphology traits. a
mean value was uscd in the analysis. A paired
samplcs r-test was uscd ta asscss if the differences
bctween Iife history and morphology traits were
significant.

Law sample sizcs prevented the ca1culation of
Mean dominance estimates for Dfl' Paired-sample r
tests revealed no signific:ant differcnccs between
Mean values of life history and morphological traits
for cirhcr wild or domestic spccies (wild:
r.. =-1.328. P<O.25S; domestic: 17 =- LI02.
P<O.J(7). Although nonsignific:ant. the mean differ
enee (morphology-Iifc history) between the mean
liCe history and morphology values for wtld spccies

C l'be Genctial Society of Great Britain. HrntIiry. 15. 530-SoW•
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significant difference between wild and domestic
spccies was for morphological traits (sec Table 3).

ol.-::.:..-:---'----l.,.....o-..J...."""'-.L-.l.........~

~.1 0.1 0.3 0.5 0.7 0.9
DamiMnc8 ncimn.

Fia-1 Comparison of cumulative: frequency distributions
of Wlld (W) and domestic (D) spccies for morpho(ogical.
life history and physiological trait estimatC$. Note: vari·
able: used here was Dr

1.0

0.-

0.&

0.&

CU

0.1 0.3 0.5 0.7 0.9

'Af~-i 0.8
!
!u
.1
:i 0.&
=E
dcu

0-1 0.3 0.5 O.T 0.9

0.2

0.4

0.6

0.8

1.0

Discussion
Our anaJysis supports the: hypothesis proposed by a
numbcr oC theorcticians conc:cming selection and
traits related to fitncss outlined in the introduction
of this paper (rcfercnccs thercin). Traits c10sely
associated with fitncss (liCe: history traits) were found

was quite high. D =-0.222. and in the predicted
direction (liCe history higher than morphological
traits). Bccausc of the. low sample sizes (n:=: 5 for
wild outbrcd species and n = 8 for domestic spccies).
the results obtained for bath data sets should be
vicwed with caution.

N. Comparison ofwild out bred and domestic
species

ln this section. wc address the question: do Dz esti
mates vary between wild and domestic species?
Because the literature coneeming domestic spccies
is fairly weil detailed. selection pressures are known.
This gives us a unique opportunity to make inCer
enees about how strong directiona1 selection changes
the genetie architecture of traits. Of panicular
imponanee in this regard is the comparison of more
phological traits hetween wild and domestie spccies
as it is this trait-type that is of most imponance in
domestic brceding programmes (sampie size for
morphological traits of domestic species:=: 101. for
ail other trait calegories combined :=: 53).

An indepcndent sampies l-test was used ta deter
mine iC there CXÎ5t differences belWeen domestie and
wild species in terms of dominance variance for
complementary traits. Nonparametric Kolmogorov
Smimov lests were used for paired comparisons
belWeen liCe hislory. physiological and morpholog
ical traits between wiId and domestic spccies.

Parametric independent samples I-lests and non
parametric Kolmogorov-Smimov paired compari
sons were conducted on the three trait categories.
liCe history. physiology and morphology Cor the vari
able D z only. as not enough estimates were available
Cor D/f. Bccause a priori. we prediet that domestÎC
species estimates of dominance will he higher than
wild outbred spceies estimates using morphological
traits. the test was one-tailed. Table 3 lists the test
results of the paired comparisons betwecn Wlld and
domestic species for bath parametric and nonpara
metrie tests: morphological traits were significantly
different with estimates Cor domestic species being
higher than wild spccies (1 113:=: -4.069. P<O.OOOOS.
see Fig_ 2 top panel). Iife history traits were not
significantly differcnt bctween W11d and domestic
species (1~5:=: 1.74. P<0.089. sec Fig. 2 middle
panel) and. finally. physiological traits were signifi
cantlv different with estimates for domestic species
being higher lhan wild spccics (I"",:=: -2.532
P<0.015. see Fig. 2 bottom panel). The Kalmo
gorov-Smimov tcstS iended to he morc conserv.uive
than the independent samples t-tcsts wherc the ooly

C The Gcnclic:;al Society oC Great Britain.H~·. T5. S30-SoIO.
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Table J Summ3ry of me:an values. indcpcndcnt samplcs c-tcslS. and
Kolmogorov-Smimov tcsts for' liCe: history. physiology and morphology traits
bctwccn wild and domcstic spc:cics

8

."

WHd outbrc:d
i±SE

Oomcstic
i±SE

P·value:
(t-tcsr)

TruiI cQct?ffOty
Morphology
life: history
Physiorogy

Kolmogorm·-Sminrol" tl!St

Morphology
life: history
Physiology

IU66±O.Q35
0..544±0.073
0.266 ±0.068

D......
0.572
0.316
0.336

O.422±O.D2S
0.392 ±0.058
0.479 ±0.059

<0.00005
0.089
0.015

P·valuc
<0.0001

O.ln
0.131

Note:: the var1abk US4:d here was On and the t·tcst for thc morphological
comparison was onc·railcd.

•

[0 have significantly larger dominance variance com
ponents Ihan traits morc: distantly related Co fitncss
(morphological tmits) in wild spccies. Tbese differ
ences are maintained even when Mean values are
used. Bccause of low sample size. the nonsignificant
resuits obtained from che paired comparisons analy
sis of life history and morphology traits for wild
spccies must be \'iewed with caution. The relative
contribution ta e:enetic variance as a result of domi
nance: was on a~'erage higher Ihan that of additive
variance for life history traits in wl1d outbred
species. The nonsignificant differences (bath indivi
dual values and mean estimates) found between life
history and morphology traits in domestic spccies
also lends suppon la theory as most captive breed
ing programmes concentrate on morphological
lraits. as is evidcnced by the large represenl8tion of
Ihis catcgory of Irait in the literature. Further
support of the Iheory comes from the comparison of
wild and domcstic spccies for morphological traits
alone; Ihe significantly larger mean value of D" in
domestic spccies indicales that traits subject co
intense selection will have :1 greacer proportion of
genctic dominance: contnbuting ta genetic variance
Ihan those that are noL

LiCe historv traits have levels of dominance vari
ance that on "average May be as high or even higher
than additive variance. AJthough dominance vari
ance is inconsequential for certain methods of csti·
mating heritabilitv (half-sib. parent-offspring. PO).
it May bias the .II! estimate for full-sib (FS) calcula
tions. FS estimatcs are Most commonly available for
natural populations of vertebrates (Brodie &c Gar
land. 1994) as paternity cannat bc asscsscd for
gravid femalcs caken from the wilde These estïmatcs

inc1ude some dominance, epistatic and common
famiJy environment (maternai) effeets. By standar
dizing the environment during rearing or using a
split-eage design. one can estimate. and thus elim
inate. the common family environment variance
(Falconcr, 1989; Arnold. (994), but the same cannot
bc said of dominance: variance. For a FS design the
resemblance between siblings is measured as the
intraclass correlation. 1:

~1=-.--..
Ob+G;,

where ~ = variance bctween groups and a;. = var
iance within groups. The intraclass correlation
descnbes the average Ievel of relatedness between
members of a group. Ta calculate a FS hcritability
the inuaclass correlation must he multiplicd by a
factor of IWO. The FS estimate then includcs
(Becker. (992):

V. +IVd +!V;+2Vec

Vp

Assuming V, (epistatic variance) and Vet: (common
family environment variance) contnbute liule to the
hz' estimatc:. dominance variance may significantly
bias the heritability estimate in a FS analysis.
Although heritability estimates of morphological
traits will probably not bc suongly biased because of
dominance variance. life history traits almost cer
tainly will. With dominance variance bcing on aver·
age glC8ter than additive variance (Table la). life
history trailS that have a modcrate ta high heritabil
ity (i.e. hz' aver 0.60) May have a FS heritability that

C The Gcœtical Society or Great Britain.H~. 75. SJO-SoW•
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is inflatcd by over 30 per cent (e.g. when h~= 0.60
the estimate will give h~ = 0.90). As is evident. the
fS hcritability cstim~~e docs not reprcsent pure
additive genetic variance as a Cunetion of total phe
notypie variance (Falconer 1989; Arnold. 1994; Gar
land. 1994). Dcspitc this. Mousseau &. Roft (1987)
found no significant differenc:cs betwccn FS and PO
rcgrcssion estimatcs in a number of taxa. Nonethe
less. their conclusions that the conmbution of domi
nance and common environment eftects are low is
premature as their data set was limited primarily to
morphological traits (21 of 33). Assuming low or no
common cnvironme."1t eftcets., one wouJd not expcct
significant differenccs between FS and PO cstimates
for morphological traits as dominance variance con
tnoutes fittle to thesc types of traits (h2 inflation
because Vd < 10 per cent). AJthough it is not Icnown
to what degrec total nonadditive genetic effects dif
fer in magnitude among traits (Shwanz &. Herzog.
1994; Dohm &. Garland. 1993), the contnoution of
dominance variance will vary depending on the type
of trait examined (this study; Dohm &. Garland.
(993). Therefore. before deciding on a particular
breeding design for estimating heritabiHties. it is
critical to take into consideration the types of traits
being measured to obtain aceurate estimatcs.

Most researchers discount the contnbution domi
nance plays in the genctic architecture of traits as it
is onJy additive genetie variance that prediets the
shon-term response to selection. A1though this is
true. dominance variance can play an important role
in the maintenance of additive genetie variance.
Hcterozygote advantage has long been recognizcd as
a potential means by which heritable variance is
maintaincd (FISher. 1958; FaJconer. 1981; La')'.
1987; for a review sec Futuyma. 1986; for counter
arguments sec Lande. 1988). With dominance and
over-dominanec (greater phenotypie expression of
the heterozygote over both homozygotes) at a num
ber of loci controlling a quantilative trait sucb as
growth rate. intense direetional and to sorne degree
stabilizing selection. will not erode as. much additive
variance as it would if the trait \Vere controlled by a
number of alleles whose actions were purely additive
(Willis &. Orr. 1993). Although in this study we
report the magnitude of dominance variance and not
the direction. it is not unreasonable to assume that
the direction of such dominance effccts would be in
the direction of inaeasing fitness (FISher. 1958;
Lynch. 1994). The high levels of dominance variance
found for Iife history traits could be a means by
which such traits. altpough closcly associated with
filness. mav retain· significant levels of additive
genetie variance in the presence of selection.

C The Genetic:al Society oC Oral BritaiD. HDftlity. 75. SJO-~
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The presence of bigh levels of dominance variance
may not ooly be a means by which heritable variance
is maintained but under certain conditions May
increase the amount of additive genetic variance
that is available for selection. 'Oassicar theory
assumes mat bottleneck events are cxpceted to
decrcase the additive genetic variance to a level
cxpected from inbrccding (Crow &. Kimura. 1970;
Nei et aL. 1975; Lande. 1980; Falconer. 1981; Sarton
&. Charlesworth. 1984; Carson. (990). Recent thec
retic:aJ (Carson. 1990; Willis & Orr. 1993) and
empiric:aJ investigations (Carson &. Wassotzkey.
1989; LOpcz-Fanjul &. V'l1laverde. 1989; Bryant &
Meffert. (991) have revealed that severe bottleneck
events such as thase where only one pregnant
female survivcs (No = 2). May increase the level of
herilable variation available for selection. AJthough
the proposed mec:hanisms by whic:h this could occur
have not been empiricalJy verified. it is assumed that
the realized inc:rease in additive genetie variance
cornes about by the erosion of epistatic genetic vari
ance (through allelic fixation at regulatory loci) and
the subsequent expression. and aVi1l1ability to selec
tion. of previously masked additive variance (Good
night. 1987; Cockerham &. Tachida. 1988; Taehida &.
Cockerham. 1989; for a review of mechanisms see
Carson. 1990). Tbeoretic:al analyses have shawn tbat
unless aUeles are completely additive in their hetcro
zygous effcas. population bottlenecks will inacase
the additive genetie variance (and subsequentJy. her·
itability) of a trait (Robertson. 1952; WiUis & Orr.
1993). It is weil known that dominance variance at
Many loci affects a numbcr of fitncss componcnts
(Sitnmons & Crow. lm; Crow &. Simmons. 1983;
Charlesworth &. Charlesworth. 1987). In the past the
erosion of cpistatic variance was considered tbe
prime cause of inc:rease in additive genetie variance
in a number of empiric:al studies (Bryant ~t al. 1986:
L6pcz-Fanjul & Villaverde. 1989). However. recent
considerations have now placed a greater impor
tance on the efteets of genetic dominance acting
through changes in gene frequenc:y as the cause
(Willis &. Orr. 1993). AJthough such eftccts May be
transient. the high estimales of dominance variance
wc found in W11d spccies for life history traits may
have profound effeets on the heritability of such
traits during extreme selection events suc:h as occur
in population bottJenec:ks.

FlSber's view mat traits c10scly a.ssociated witb fit
ness should cxhibit Iow levels of additive genetie
variance has becn widcly intcrpreted to mean low
herirabilities (Falconer. 1981; Mousseau &. Roft.
1987). This interprelation has been empiric:ally ver
ified (Mousseau &. Rof!. 1987; Roff k Mousseau.
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1987). Fisher postulated that differenccs bctween
heritabilities among trait categories are the resu[t of
differences in addit~e genetic variance. but recent
theoretic:lI considerations by Price & Schluter
(1991) contest this idea. They propose that the
reason liCe history traits have [ow hcritabilities is
because such traits are composites of many morpho
logical. physio[ogica1 and. bchavioural traits. Because
liCe history traits arc composites of multiple under
[ying traits. they are subject to numerous sources of
environmental variation which in tum inftate5 phe
notypic variance. thus decreasing the heritability.
This would be the case even if the selective pres
sures for bath liCe history and morphological traits
were the same (Price &. 5chluter. 1991). To resolve
this issue. one needs lO examine the chan2es that
occur in liCe hislory and morphological traits under
selection Cor a number of generations for a large
number of species. This is. at this lime. an unreal
istic goal. The next best thing would he to examine
the relative differences that exist in the genctic com
ponents of traits for bath Iife history and morphol
ogy traits. A1though differences may exist in terms of
phenotypic variance (irrespective of genetic vari
ance) between morphological and life history traits.
our data set reveals that significant differences also
exist in the genetic parameters of the traits exclusive
of Vp (variable D. in Table la and Fig. 1). AJthough
these results do not rule out the possibility put forth
by Price & Schluter. thcy suggest that selection on
traits c10sely associated with fitness will tend to
change the relative contnDution of additive and
dominance variance in the genctic an:hiteeture of
traits. and therefore [end support to FlShc:r·s theory.
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Chapter 2. Inbreeding depression in the wild

13

•

Immediately after pronounced successional changes in a habitat or

bottleneck events, the incidence of inbreeding and subsequent

inbreeding depression is predicted ta be high. Inbreeding depression is

predicted to be greater in the wild compared to captive species due to

environmental variance. This hypothesis has never been tested in the

past due to the lack of enough estimates of inbreeding depression in the

wild. In this chapter, 1 compare the mean estimates of inbreeding

depression between wild populations and captive populations to test this

hypothesis. This chapter has been written for publication in Heredity.
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Abstract.-Although much speculation exists, despite its practical

application in conservation biology and evolutionary theory, the cost of

inbreeding in natural populations of plants and animais remains to a
large degree unknown. In this review we have gathered estimates of

inbreeding depression (6) from the literature for wild species monitored

in the field. We have also corrected estimates of 6 by dividing by F

(coefficient of inbreeding), ta take into aceount the influence that the

variation in F will have on 6. Our data set includes 6 bird species, 9

mammal species, 4 species of poikilotherms (snakes, fish and snails),

and 15 plant species. In total we obtained 165 estimates of inbreeding
depression for 134 traits of which 81 of those estimates included

estimates of F. We compared our mammalian data (limited to those

traits related ta juvenile mortality) ta the estimates for captive zoo species

published by Rails et al. (1988) to determine if, as predicted from the

literature, natural estimates of 6 are higher than captive estimates of 8.

The mean 8 (signifieant values only and not corrected for F) for

homeotherms was 0.512; for poikilotherms, 0.201; and for plants, 0.331

(animais overall: 0.362). levels of inbreeding depression this high in

magnitude will be biologically important under natural conditions since

the reduction in fitness traits will be substantial. Overail, there were no

striking trends for differences among taxonomic groupings. When we

limited our data set to mortality traits for mammals and eorrected for

F=O.25 (as is the ease for the Rails et al. data set), we found a signifieant

difference between the two data sets, wild estimates had a substantially

higher mean 8: 2.155 (captive species: 0.314). Of the 165 estimates of

8, 88 were significantly different than zero, indicating that inbred wild

speeies measured under natural conditions frequently exhibit moderate

(0.20) to high (0.51) levels of inbreeding depression in fitness traits.
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Inbreeding depression is the decline in the value of a trait that is a direct

consequence of inbreeding (Wright 1977; Shields 1987). The most

common estimates of inbreeding depression involve traits that are

closely related to fitness such as reproductive traits (eg. number of eggs
laid, number of young surviving) or metric traits indirectly associated with

fitness (eg. ejaculate volume, plant height). The reduction of fitness after

close inbreeding can be due to a number of genetic factors: the

unmasking of reeessive deleterious aileles (Lande 1994; Lynch et al.

1995), increased homozygosity and/or reduced allozyme variability (Falk
and Hoisinger 1991; Broek and White 1992; Pray et aL 1994; Vrijenhoek

1994). Whatever t~e genetic mechanism, inbreeding depression is a

real phenomenon that has received a substantial amount of attention in

the literature (Rails and Ballou 1983, 1986; De Bois et al. 1990; Laey et

al. 1993; see Frankham 1995a and Roft 1997 for reviews). Most of the

literature concerning inbreeding depression has concentrated on

domestic or captive bred wild speeies (Rails and Ballou 1986; for a

review see Lacy et al. 1993) due ta the obvious difficulties of making
estimates on wild speeies in nature. One of the most comprehensive

data sets is that of pedigrees from zoo populations (Rails et al. 19B8).

FortY captive populations belonging to thirty-eight speeies show an
average increase in mortality of 33% for inbred matings (Rails et al.

1988). Rails et al. (1988, page 191) suggest that "the total eosts of

inbreeding in natural populations are probably considerably higher",

which would make the cast of inbreeding in natural populations of

considerable evolutionary consequence. The implications of high levels

of inbreeding depression to population extinction are obvious (Lande

1988; Caro and Laurenson 1994; Caugley 1994). However, the degree

of inbreeding depression in wild populations remains controversial (see

Frankham 1995a for a discussion). The two most commonly suggested

reasons why inbreeding effects in natural populations may not be

significant are, 1) animais in the wild avoid as much as possible close

inbreeding, and therefore do not manifest the deleterious fitness effects,

and 2) even if inbreeding does oeeur, animais are able, either

behaviourally or physiologically, to deal with the deleterious genetic

effects before they are manifest on a phenotypic level, while captive

species, due to the conditions of captivity, cannot respond in such a
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manner. Although evidence of inbreeding depression in wild species

has been published (see Frankham, 1995a for a short review), the lack of

a comprehensive review across species has lead to the remaining

skepticism of its existence in natural populations (Caro and Laurenson

1994).

The objective of the present study was to estimate the average

inbreeding depression for wild species measured under natural
conditions. We are concemed here not with whether inbreeding occurs

in the wild (although we do report the coefficient of inbreeding, F, for

those studies for which it was available) but rather the consequence of

inbreeding on organisms living in the wild. Specifically we attempt to

answer three questions: 1) is inbreeding depression in wild populations

of sufficient magnitude to be biologically important should inbreeding

occur? 2) does inbreeding depression differ between different groups of

organisms? and, 3) does inbreeding depression differ between natural

and captive populations?

Materials and Methods

1. The data set

We obtained 165 estimates of inbreeding depression trom the literature.

The data set includes 34 species (19 animais, 15 plants) and 134 traits

(reference list available trom P.C.). We included only species that were

sampled trom wild populations or speeies that were artificially inbred in

the laboratory for one generation and their progeny released in the area

trom which their parents originated. Where more than one estimate was

given for a particular trait, we included ail estimates in the analysis. In

addition to the two categories "animais" and "plants'·, we divided animais

into homeotherms and poikilotherms, giving us tour broad "taxonomie"
groupings.

To standardize relative differences in fitness traits, we used the

coefficient of inbreeding depression ~ (Lande and Schemske 1985):

~=l- Xl
X'o
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where X[=inbred trait value and Xa=outbred trait value. Ta further

standardize estimates of ê we changed traits such as juvenile mortality
(where -it is expected that Xa<X[) to juvenile survivorship (50 that

Xa> Xr). This was done so that ail estimates were "positive" where the a

priori prediction is that outbred estimates should be greater than inbred

estimates. Certain traits (e.g. sperm abnormalities in lions) that could not
be modified since they were not expressed as portions of a total, were

not used in the analysis. We included traits that were either directly

related to fitness, e.g. total eggs laid, or traits indirectly related ta fitness,

e.g. juvenile weight.

Because the magnitude of inbreeding depression will vary with the

coefficient of inbreeding (Falconer 1989), we corrected 8 estimates by

standardizing with respect to the coefficient of inbreeding, F. The
change in trait value due to inbreeding is,

where b is the slope of the relationship between trait value and F.
Because Ka will vary among traits, we scale the above by dividing
throughout by Ka giving,

1- Xr

b= Xa
F

Since 1- Xr is the measure of inbreeding depression, ê 1 we can
Xa

simplify the equation to,

â
b=-.

F

New since ê = bF, the standardized slope is equivalent to inbreeding

depression when F=1. Therefore dividing the estimates of 8 by F,

allows for a standardized comparison of the degree of inbreeding

depression across taxonomie groupings white taking into consideration
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different coefficients of inbreeding and trait seales. Since not ail of the

studies reported F values, we used only those studies that reported both

8 and F estimates tor this analysis. We obtained 81 estimates of F from

14 studies. We called the F corrected data sets b - (includes negative
values due to Xo<Xr) and b + (negative values changed to zero).

2. Statistical analysis

Ali statistical analyses were done using SYSTAT (Wilkinson 1991).

Beeause the data sets consist of ratios, we used non-parametric

(Kruskal-Wallis) in addition to the parametrie analyses (ANOVA).

Although the data violate the conditions of parametric analysis, we have

included the results when they do not differ from the non-parametrie

analysis to allow for post-hoc Tukey HSD tests. We divided each data

set into those estimates of 8 that were signifieant and those that were

non-significant to determine how often signifieant levels of inbreeding

depression were detected. For each estimate of 8 (8, b-, b+)

parametrie and non-parametrie statistical analyses were condueted using

either the entire data set (both signifieant and non-signifieant 8

estimates--hereafter referred to as data set1) or only signifieant 8

estimates (hereafter referred to as data set2). Differences among groups

(homeotherms, poikilotherms, plants) were tested using a one-way

analysis of variance. We also calculated mean values trom data sets 1 &

2 for eaeh study (producing data set3 from data set1 and data set4 tram

data set2) and used ANOVA to test for differences aeross taxonomie

groups, beeause the over-representation ot a large number of estimates

tram a few studies might bias the analysis of data sets 1 and 2. Beeause

of the problem of multiple tests (4 data sets with 3 tests per set),

signifieant differences are reported at a Sonferroni corrected P value of

0.05 =0.004.
12

ln addition ta the ANOVA test, we used the non"-parametric Kruskal

Wallis test to determine if signifieant differenees exist between estimates

of 8 across speci~s categories. Data sets 1, 2, 3 and 4 for ail three

different 8 estimates were used for the non-parametric analyses.

To determine if environmental conditions inerease 8 compared to

captive conditions we compared mean 8 values trom our data set with

the data set included in the Rails et al. (1988) review of 8 in captive bred
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populations of wild species. We were not able to use the corrected 6

data sets because there were no reported estimates of F for mammals.

Rails et al. calculated the slope of In(survival) versus inbreeding and then

predieted 6 for a level of inbreeding of F =0.25. Beeause the Rails et al.

data set was limited to survival of offspring of mammals only, we limited

our data set to traits direetly related ta survival in mammals. Our

estimates were obtained from the 6 data set and corrected for F=O.25.

We used a students t·test to determine if signifieant differences exist

between mean estimates of 6 between the two data sets.

Results

1. Magnitude of 8
Theory suggests that females should not mate with their-elosest relatives

unless the cost of inbreeding is less than 0.33 (Smith 1979). In addition,

an increased probability of extinction oecurs just below intermediate

levels of inbreeding (Frankham 1995b). We found very high mean

estimates of inbreeding depression for species measured in the wild. For

8 estimates, mean inbreeding depression ranged from 0.267 to 0.512

(30% of estimates >0.33); for b - estimates, mean inbreeding depression

ranged trom ·0.843 ta 0.913 (59% of estimates >0.33); and for b +
estimates, mean inbr.eeding depression ranged trom 0.295 to 1.213

(59% of estimates >0.33). Most of these estimates of inbreeding

depression are suffieiently high in magnitude (>0.33) to be biologically

important (Smith 1979; Frankham 1995b).

2. Patterns of Variation of 6 and F Across Taxonomie Groups
For 8 estimates, irrespective of the data set, the pattem of variation is the

same across the four taxonomie groupings; homeotherms have the

highest mean 6 estimates, while poikilotherms and plants have the

lowest (Fig. 1). The ANOVA revealed no signifieant effeet (significanee

level of P=O.004) of group on mean 8 across taxonomie groups for any of

the data sets (Table 1). In addition, ail frequency distributions of 6 for

homeotherms, poikilotherms and plants for the entire data set show a

strong central tendency (Fig. 2).

For the b - estimates, the only signifieant results were for the

Kruskal·Waliis analysis for data setl (Table 1). The parametrie analysis

for data setl revealed no signifieant effect of group.
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The ANOVA analysis for b + estimates revealed a signifieant effeet

of group for the entire data set (data setl; Table 1). A post hoc Tukey
HSD test (Zar, 1990) showed that signifieant differences were found

between homeotherms and plants (P=O.0001). The Kruskal-Wallis

analysis revealed a signifieant effect of group for data setl (Table 1).
The mean inbreeding coefficient, F, for the entire data set was

0.571 ±O.044. A comparison of mean F values across taxonomie

grouping revealed that homeotherms (O.113±O.011) have the lowest

mean inbreeding coefficient, plants (1.000±O.OOO) have the highest, and

poikilotherms (0.328±O.021), are intermediate. Both ANOVA and
Kruskal-Wallis tests revealed a signifieant effeet of taxonomie grouping

(P=O.0001) with ail three groups having signifieantly different mean F

estimates (Tukey HSO: P=O.OOOl).

Fig. 3 shows the frequency of signifieant 8 estimates within

taxonomie group. Chi-square analysis showed that a significant and

substantial difference exists in the number of signifieant 8 estimates for

homeotherms, poikilotherms and plants (P=O.Ol). Because of this, the

power to detect signifieant differences in inbreeding depression aeross

taxonomie groupings in the above analyses may be impaired.

3. Wild and Captive Comparisons of 8

The comparison of our data set (limited to only those 8 estimates of

mortality of mammals and eorreeted for F=O.25) with that of Rails et al.
(1988) revealed a highly signifieant differenee between 8 estimates for

juvenile mortality (our data set: n=9, x=2.155+0.482; Rails et al. data set:

n=40, x=O.314±O.044; 1: 7.687, df=47 , f'=O.OOOl). As predicted by Rails

et al. (1988), wild estimates of 8 are substantially higher than captive
estimates.

Discussion
We found that statistically signifieant levels of inbreeding depression in

the wild are deteeted approximately 53% of the lime when speeies are

known to be inbred. When signifieant, mean inbreeding depression (not

corrected for the coefficient of inbreeding, F) ranged from a low of 0.20 in

poikilotherms, to a high of 0.51 in homeotherms. Therefore, speeies on

average will experienee a reduction of 20 to 50°t'o in fitness related traits

when inbred in the wild. When eorreeted for F, and using only positive
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estimates of b +, mean inbreeding depression ranged from a low of 0.47

in plants, to a high of 0.88 in homeotherms. Although we found

significant differences between taxonomie grouping for different

estimates of inbreeding depression for certain data sets, no overall

trends in significant differences were detected. The analysis using only

mammals revealed a significant difference, with estimates of 6 trom free

ranging mammals being substantially higher than estimates of 6 trom

captive populations (2.16 and 0.31, respectively). Therefore, as

predicted by Rails et al. (1988), conditions experienced in the wild

increase inbreeding depression (similar findings have been made for

plants; reviewed by Roff 1997). In addition, despite the significant

variation in the mean coefficient of inbreeding, F, across different

taxonomie groupings, the general patterns of mean inbreeding

depression (homeotherms-highest, plants-Iowest) are, for the most part,

maintained across the non-corrected and corrected data sets (6, b - and

b +). Thus, the results of the non-corrected data set (6) can be viewed

as relatively unbiased by variation in F.

Although we have demonstrated that inbreeding depression under

natural conditions is much higher than under captive conditions, we lack

sufficient data to determine which environmental factors cause such an

increase. Inbreeding depression is typically more severe in harsher

environments (Falk and Hoisinger 1991; Hoffmann and Parsons 1991;

Latter et al. 1995; for a review see Miller 1994). Environmental factors

such as unpredictable rainfall, fluctuating temperatures and Iimiting

resources to feed young are ail Iikely to have a significant effect on

juvenile mortality. Weak inbred young that would normally die in the wild

would most likely survive in captivity with veterinary assistance (Rails et

al. 1988). Sorne studies have shown that individuals with relatively low

allozyme heterozygosity and/or with a high number of lethal equivalent

aileles are much more susceptible to factors that don't seem to affect

"normal" individuais (Pierce and Mitton 1982; O'Brien et al. 1985; Mitton

et al. 1986; Murphy et al. 1987; Rails et al. 1988; Fritz and Simms 1992;

for examples in which no effects are observed see review in Roff 1997).

Another possibility is that inbreeding depression in captivity is biased

upwards due to paor husbandry practices or is an artitact of captive

breeding. It has been argued that a reduction in fitness traits is to be
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expected in animais that have greatly dissimilar genetic backgrounds,
which from most accounts is a common occurrence in captive
populations (Smith 1993); in such cases outbreeding depression may
have been misdiagnosed as inbreeding depression (Templeton 1987).

The ongoing debate concerning whether the seriously reduced

reproductive capacity of cheetahs in captivity is due to genetic factors or
incorrect captive conditions, is a good example of the difficulty of

determining the cause of low fitness even for an individual species
(Merola 1994; O'Brien 1994; Caro and Laurenson 1994). However, poor

husbandry techniques for captive species will increase inbreeding
depression, which means that in a situation where an inbred population

is maintained under ideal conditions, the inbreeding depression in
survival will probably be lower than the Rails et al. estimate of 0.33 and

will be substantially lower than our calculated mean of 0.539.
Irrespective of the effects of poor husbandry on captive estimates of
inbreeding depression, our results show that inbreeding depression in

the wild will be substantially higher than in captive populations.
There are a nlJmber of important implications of high levels of

inbreeding depression in wild species. Populations that experience high

levels of inbreeding and subsequent inbreeding depression may in
future generations have significantly lower levels of inbreeding

depression even if closely inbred due ta purging of deleterious recessive

aileles expressed during inbreeding (Wright 19n; Lorenc 1980; Bryant
et al. 1990; Barrett and Charlesworth 1991; Ribble and Millar 1992).
Nevertheless, although the phenomenon of purging deleterious alleles

has been documented (see Husband and Schemske 1997 for a review) J

studies have questioned the extent of purging (see Frankham 1995a for

a discussion), and accelerated rate of inbreeding in populations can

potentially drive a population towards extinction (Gilpin and Soule 1986).
Although the susceptibility of most populations of animais and plants to

high levels of inbreeding and inbreeding depression is poorly known, our

results show that inbred organisms in the wild do exhibit inbreeding

depression (frequency of signifieant 8=0.55) and that the levels of

inbreeding depression in the wild are substantially higher than

previously thought (Rails et al. 1988). The importance of inbreeding

depression for wild populations depends not only on the magnitude of
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the effect when it occurs but also the likelihood of inbreeding. While high
levels of inbreeding have been observed in sorne populations of animais

and plants (Thomhill 1993; Husband and Schemske 1997) much more

data are needed to ascertain its frequency.
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• Table 1. Results of analysis of variance (ANOVA) and Kruskal·Wallis test

of mean inbreeding depression estimates across the three taxonomie

groupings (homeotherms, poikilotherms, plants) for the three estimates of
8 (8, b -, b +). Note: after Bonferroni correction, significance level for

a=O.OS is 0.004.
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8 estimate n ANOVAP Kruskal-Wallis P

0.009

0.377
0.341

0.529
0.214

0.0001

•

Entire Data Set (data set1 )

8 165

b- 77

b+ 77

Signifieant Estimates (data set2)

8 87
b- 36

b+ 36
Study Means (data set3)

8 33 0.631

b- 14 0.606

b + 14 0.038
Signifieant Study Means (data set4)

8 28 0.202

b- 11 0.212

b + 11 0.200

0.570

0.001
0.001

0.014

0.997
0.997

0.600
0.242
0.244

0.466

0.360
0.360
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Figure Captions

Fig. 1. Mean inbreeding depression (non-eorreeted and eorrected for F)

and standard error bars for the four taxonomie groupings using, a) entire

data set (data set1), b) signifieant estimates (data set 2), e) study means

(data set3), and d) signifieant study means (data set4). Note: solid

bars=<?, white bars=b-(negative values ineluded), grey

bars=<? +(negative values ehanged to zero).

Fig. 2. Frequeney distributions of inbreeding depression (c5) for the

entire data set (data set1). Note: a=homeotherms, b=poikilotherms,

c=plants.

Fig. 3. The frequeney of signifieant estimates of 6 eompared to the total

number of estimates for eaeh taxonomie grouping. Note:

homeo.=homeotherms, poikil.=poikilotherms.
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Chapter 3. Fitness differences associated with calling
behaviour in the two wing morphs of male sand crickets,
Gryllus firmus.

Although the extreme selection pressures that exist during succession

may cause inbreeding and subsequent inbreeding depression, insects

have evolved adaptations to avoid or minimize the detrimental effects of

successional changes. In this chapter 1establish if a trade-off exists to

macroptery in male G. firmus. By measuring the amount of time spent

calling on day 6 of adult life for each male and his neighbour and

whether or not he attracted a female, 1 quantify the relative time spent

calling and the subsequent likelihood of attracting a female.

Macropterous males are predicted to cali less and therefore attract fewer

females than micropterous males. This chapter has been published in

Animal Behaviour (volume sa, pages 147S·1481, 1995) .
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Fitness ditrerences associated with caUing behaviour in the two fting morphs
of male sand crickets, Gryllus ftrmus

PETER CRNOKRAK & DEREK A. ROFF
Deparrmenr of Bi%gy, AlcGi/l Unil'ersit.l.·

(Receù'ed /6 Sl!plember /994: initial ar:ceplance /5 JùnuarJ' /995:
final Qcceptance 19 Marc/, /995: .lfS. number: .~ilOO)

Abstract. Alternate morphologies exist in a wide range of species. A commonly encountered dimor
phism in insects is wing dimorphisme in which one morph is winged (macropterous=LW) and
flight-capable while the other has reduced wings (micropterous=SW) and cannot fly. Grylfus jirmlls is a
wing-dimorphic cricket found in the southeastem U.S.A. A1though trade-olfs associated with wing
dimorphism are weil established in female crickets. no such trade-offs have becn demonstrated in male
crickets. Differences between morphs in male G. firmus in the IikeIihood of attracting a female were
tested in the laboratory using a simple T-maze where females chose between an LW male and an SW
male. Time spent calling for each male was recorded on the sixth day ofadult lire. S'V males were more
likely to :lttract a female and spent more time calling than LW males. A logistic regression of fc:male
choice against the absolute proportional ditTerence in calling time between males revealed that. as the
ditTerence in caUing time between males increased. the likelihood of a female choosing the longer-calling
male also increased. Therefore it is concluded that there is a trade-off between macroptery and the
tike[ihood of attracting a female. and that it may be a primary factor in the maintenance of wing
dimorphism in male G. jirmlls. .~ 1995 The Assoctalion for the Study of Animal B.:ha"lour
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Discrete morphologies exist in a wide range of
species. and frequently play an important role in
the ability to defend a territory or acquire mates.
Examples of intra-sexual dimorphisms associated
with such behaviour patterns include beetles
(Eberhardt !979, 1980. 1982: Brown & Bartalon
1986: Cook 1987: Goldsmith 1987: Eberhardt &
Gutierrez 1991: Goldsmith & Alcock (993). thrips
(Crespi 1988a. b). fish (Dominey 1980: Gross.
1982. 1984. 1985. 1991: Maekawa & Onozato
1986: Hutchings & Myers 1987. 1988: Brantleyet
al. 19931. mites (Radwan (993) and damselflies
(Watanabe & Taguchi (990). ln this paper we
examine the consequence of "ing dimorphism on
potential reproductive success in males of the sand
cricket.

Wing dimorphisme in which one morph
(macropterous) has long wings and possesses a
functional ftight apparatus and the other
(micropterous) has short wings and is ftightless.
has independently evol\'ed in Most of the major
orders of insects (Harrison 1980: Rolf 1986a.

Correspondence: P. Cmokrak. D~pa"menlof Biology.
McGiII Vni\ersitv. 1205 Dr Penfield Avenue. Montreal.
Quebcc H3A lai. Canada.

0003-3472195I1l1475+0751200/0

(994). The ob...ious advanlage of being macrop
terous and flight-capable Îs the ability to move
from a lcss favourable patch to a more favourable
one. or to forage over large areas and in three
dimensional space (RotT (990). ln sorne cases of
dimorphic variation. one morph may I~ad to
reduced fitness and adopt the 'best of a bad lot'
strategy (Eberhardt (982): however. the wide
occurrence of dimorphisms suggests that. in
general. the dimorphism is maintained in the
population as a consequence of trade-otTs lGross
1984: Roff 1984: Hazel et al. 1990: RotT &
Fairbairn 1994). The existence of wing: dimor
phism suggesls a trade-off between resources
devoted to dispersal (wings. flight muscles and
flight fuels) and those devoted to reproduction
(Roff 1984. 1986a: Crespi 1988a: Denno et aL
1991: Roff & Fairbairn 1991: Zera et aL 19(4).

Among wing-dimorphic insects. trade-otfs
between macroptery and reproductive potential
have becn weIl studied in females. Although no
consistent pattern of adult longevity or de\'elop
ment time has been documenled between morphs.
dilferences have been found in age at first repro
duction and overail fecundity. Microplerous
females reproduce earlier and have a higher
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fecundity than macropterous femaIes (RotT 1986b:
Denno et al. 1989: Rolf & Fairbaim 1991: Mole &
Zera 1993).

Although the existence of negative phenotypie
correlations between wing morph and reproduc
tion has been well documented in female insects.
few e:<amples of such general trade-offs have been
found in male insects. Male Hop/othrips kamyi
have a foreleg dimorphism that is correlated wim
the wing dimorphism. wingless males ha\;ng long
forelegs and winged males short forelegs (Crespi
1988a). Males with longer forelegs win fights more
often and b~me dominant at oviposition sites
(Crespi 1988a). Utida (1972) cited anecdotal evi
dence that in the coleopteran Callosobruchus
macu/atus. the most frequent copulations occurred
between wingless males and females. Brachyp
terous (shon-winged) males of the planthoppet'
Nilapan-oro /ugens develop earlier and out
compete macropterous males (Novotny. in press).
[n A.quarius remigis. wingless males were found
mating more often than winged males {Kaitala &
Dingle 19931. Fujisaki (1992) has shown that a
fitness advantage cxists to \\;ng reduction in
male Cave/en'us sacclrarivorus in terms of earliet'
sexual maturity. leading to a greater proportion
of matings in favour of the brachypterous
morpho

No general trade-offs for wing dimorphism in
males have been found in G. firmus. Roff &
Fairbaim (1994) found no difference in testes
size or the proportion of offspring sired between
morphs of G. firmus. although macropterous
males develop earlier than micropterous males.
This result is contrary to the proposed trade-off
hypothesis. and therefore cannot account for the
preservation of the two morphs in malcs (Roff &
Fairbaim 1994). Despite the fact that no general
costs to macroptery were found in male G. firmus.
an overview of the distribution of the frequency of
macroptery between the sexes in wing-dimorphie
insccts suggests a potential trade-off in the
Orthoptera. [n Most inscct ordees composed of
species that are wing-dimorphic. there is eitber
no difference between the sc,-<cs in proportion
macroptery (Coleoptera) ot' maIes have a slightly
higher proportion of maeroptery (Homoptera and
Hemiptera). In the Orthoptera (grasshoppcrs
and crickets l. on the other hand. proponion
macroptery is substantially higher in fcmales than
in males. suggesting thOlt macroptery in males mOlY
be more costly (Roff & Fairbaim 19941.

The Ormoptera dilfet' from other orders in that
mate attraction involves caUing by the males.
Calling is an energetically demanding behaviour
requiring on average a 10-fold increase in. meta
balle rate over the festing rate (data fot' seven
species from Table 1 of Bailey et al. 1993). [n the
genus Gryllus and in othet' orthopterans. the like
lihood ofattracting a mate is directly proportional
to time spent calling (Dutlin et al. 1985: Hedrick
1986: Cade & Cade 1992: Tuckennan et al. 1993:
cf. Zuk 1987). It is not known whether energetic
resources needed for wing production. ftight
muscle formation and the maintenance of bo~
constrain resources nceded fot' caIling. If such
a constraint e:<Ïsts. then a trade-off between
macroptery and calling may promote the
maintenance of the two morphs in maIe G. firmus.

[n the earlier c,'tperiments of Roff & Fairbaim
(1994) the males and females were kept in close
proximity (in a 4-litre bucket) and hence costs
associated with calling would not have been mani
fcsted. The experiment reported here tests the
bypothesis that a trade-off results from the calling
behaviout' of the two morphs. Specifically we test
the hypothesis that. in G. firmus. micropterous
males attract more females than macropterous
maIes. Wc hypothesize that sueh a difference is a
consequence of time spent calling. If the energy
needed to form and maintain the tlight apparatus
competes with that needed for calling in macrop
terous males. we predict that micropterous males
should call longer during a 24-h period than
macropterous males.

METHOOS

Species Description and Methods of Rearing

Gry//us firmus is a large (approximateiy 0.75 g).
ground-dwelling cricket commonly found in
the southeastem U.S.A. and as far north as
Connecticut (Alexandet' 1968: Harrison (985). It
is usually found in early successionai and sandy
areas. which are likely to favour the evolution of
wing dimorphism (RotT 1990. 1994). Subjccts
originated from a colony founded from approxi
matcly 40 individuaIs (20 males. 20 femaIesl from
a locality in northem Aorida (RotT 198601). Stock
crickets wcre maintained in the laboratory Olt
approximately 100-300 breeding adults Olt a
temperature of 25-30·C for approximately 36
generations hefore heing used in tbis experiment.
Subjccts were maintained as nymphs in disposabIe



• Crnokrak & Rolf: Differences in calling in male crickets 36

•

mouse cages (29 x 19 x 13 cm) at a constant tem
perature of 2S-C and a 15:9 h light:dark photo
period with ad libitum food and water. After 1
week in the mouse cages. we placed nymphs in
circular buckets (21 x 15 cm) at a density of60 per
bueket and maintained them in the same incu
bators set at the sarne temperature and photo
period as before. Food consisted of crushed
Purina rabbit chow provided ad libitum. Water
was provided by a soaked eheesecloth ",;clc con
nected to a water reservoir in a second bucket into
which the first bucket was suspended. On the day
of their final ecdysis (the day nymphs became
adults), we placed males in individual buckets
containing ad libitum food (pellets, not crushed as
before) and access to water. We maintained maIes
in these personal buckets until they were needed
for the e:<periments. Under such rearing con
ditions aU crickets were exposed to the same
environmental conditions (photoperiod. tempera
ture and acoustical experience). We also placed
females in individual buckets, and maintained
them under the same environmental and food
conditions as males until6 or 7 days old. when we
then used them in the experiment.

E.xperimenral Design

Six days foUowing final eclosion. we plaeed
each male in an individual glass jar (9 cm in
diameter) ,vith ad libitum food and water. We
used crickets chat were 6 days old because pre
Iiminary analysis indicated that by this day cali
duration levels offand remains constant thereafter
(personal observation: comparative data from
three Gryl/lis and one Teleogryllus species: Cade &
Wyatt (984). We placed each glass jar in a bucket
which was connected to two other buckets by
plastic tubing, 2.5 cm in diameter (see Fig. 1),
thereby forming a T-maze. We concurrently used
eight T-mazes (two mazes per incubator). ail of
which were placed in incubators set at 15:9 h L:O
and 2S-C. In each T-maze. we placed two males
(one micropterous=SW, one macropterous=LW)
and a female (either LW or SWochosen at raD
dom) in separate buckets (Fig. 1). The tubing that
inter-connected ail three buckets allowed the
females easy and free access [0 a male. Cones
placed on the end ofeach tube lcading to a male's
quarters prevented the female from exiting the
maleos bucket that she tirst entered. The jars
housing the males were painted black to prevent

Fipft l, Top view of the T-maze used in the ca"
monitoring/fernale selection experiment.

the male and female from seeing each other. \Vire
mesh covered the top of each jar to allow females
to hear calling males. We used a continuous
playback of cricket calling to provide a constant
background in each incubator because male
crickets tend to calI more often when they hear
others cali (Cade & Wyatt 1984).

We monitored male calling using a ReaHstic
tie-cIip 33-105 microphone (frequency response.
50-15000 Hz) placed in each malc's jar. Micro
phones were connected to aD analogue-to-digital
converter relay system monitored by a computer
that recorded the time of each incoming signal.
The gain of each microphone was set at a level
that would trigger the relay system only when the
occupant of the jar called and not by the back
ground caU or the caUs of neighbouring crickets.
Every male was monitored for 23.5 h. We cleaned
each T-maze after a pair of males was monitored
in order to minimize the possibility that femaJes
moving through a maze were inftuenced by
olfactory eues (or faeces) lcft by previous females.
To the best of our knowledge no research has
documented the existence of olfactory eues
released by males to attract females in G.ftrmus.
ln addition. Roff & Fairbaim (1994) found no
differences betwcen male wing morphs \\ith
respect to the success al siring offspring when
males and females are kept within close proximity.
which is indirect cvidence that no morph-s(Xocific
olfactory eues exiSL We monitored 41 males.
Because of the laclc of appropriate pairs. three
T-mazes at one lime contained only single (SW)
males.



• Animai BehaviouT. 50. 6
37

. ~.

•

Statistical Analysis

We assessed female choice using a goodness
of-fit test. with the null hypothesis that the pro~
ability of female attraction should be equal for
each morph in the male pair. Because the a priori
hypothesis was that SW males should attract more
females than LW males. we used a one-tailed test
(critical ;(~=2.71).

We used a Student's (-test to assess whether
significant differences existed in total time spent
calling for the 23.5 h that we monitored males.
Because we predicted a priori that SW males calI
longer than LW males. we used a one-tailed test.

We assessc:d the effect ofcaU duration on female
attraction using the dependent variable. Y (female
choice for the longer or shoner calling male:
O=shorter. 1= longer). and the independent
variables C (relative calI rate).

ISW- L~V;

SW+LfV

and F (female choice for a particular wing morph:
O-LW. I-SW). The basic assumption of normality
underlying regression analysis is violated because
the data consist of O. 1 values (Sokal & Rohlf
1981). Therefore. we used a logistic regression
(SAS 1988) in addition to the multiple linear
regression. Because the results of the two tests
did not differ. for simplicity. those of the linear
regression are also presented.

RESULTS

Female Attraction

We introduced 22 females. one in each T-maze.
of which 20 females chose a male in the LW/SW
male pair. Only females that made a choice were
used in the subsequent analysis. Of the 20 females
used in the analysis. l5 moved into a SW male's
quarters and five moved to a LW maIe's quaners.
As predkted. SW males attracted a female signiff
candy more often than did LW males (;C~=5.00.

dl=l. P<O.OI).

CaU Dundon

We monitored 22 pairs and three single SW
males. The microphone of one LW male maIfunc
tioned. resulting in 21 LW males used in the
analysis. The mean (± SE) cali duration for SW

males was 1.09::!:: 0.14 h. The Mean call duration
for LW males was 0.60 ± 0.11 h. SW males had
significantly longer call durations man did L\V
males (t= - 2.653. df=44. P<O.Ol).

R~on Analysis

The overall regression for both variables (C and
F) was highly significant (1inear: r=0.400. N= 19.
P<O.Ol7). The likelihood of a female mo....ing to
the longer calling male increased with the relative
caU rate. C (logistic: df= 1. P<O.025: linear:
r=0.178. df= 1. P<0.020). Even after accounting
for effects due to relative caU rate, females pre
ferred SW males avec LW males. F(Iogistic: df= 1.
P<0.035; linear: r=O.222. df= 1. P<O.OO5).

DISCUSSION

Right capability. although advantageous to
crickets because it permits them to cape \Vith
cbanging conditions sucb as successional changes
in their habitat. is not without COSlS. Producing
and maintaining the long wings that macropter
ous crickets possess is probably not energeticaUy
costly. but the production and maintenance of the
massive ftight muscles is energetically expensi....e
(Roft" 1989: Mole & Zera 1993; Tanaka 1993).
Because of this energetic constraint. we predicted
that micropterous males would cali longer and
auract more females than macropterous males.
The present study supports this hypothesis. The
level of calling in micropterous males is com
parable to that found for other species of Gr.vl/us
crickets in the wild (Cade & Cade 1992). We are
presently conducting studies where males are
monitored for 3 weeks to obtain a detailed record
of caU behaviour and female attraction. These
studies will also determine if other factors of caU
behaviour. such as bout duration. in addition to
total time spent calling influence female attrac
tion. (n an analysis of song components of
G.firmus. Webb & Roft" (1992) found no differ
ence between morphs in pulses/chirp. pulse rate.
chirp length or frequency. but did observe a
significantly smaller pulse length in micropterous
males (23.3 ± 0.3 versus 26.1 ± 0.4 ms. SWfLW.
respectively). However, the variability in pulse
length (50 approximately 4.3) is such that it
appears unlikely tbat a female could use the trait
as a means of reliably distinguishing between
morphs'
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Female G. firmus appeared to base their choice
for a particular male in part on the duration that
the male spent calling. A regression of female
choice on the proporoon of time spent calling
revealed that males that called more than their
neighbour increased their chance of attracting
a female. Analysis also revealed. howevc:r. that
females preferred micropterous males even after
accounting for etTects due ta relative caU rate. This
result suggests that other factors ofcallin! may be
involved that give micropterous males an addi
tional advantage over macropterous males. Other
parameters of calling behaviour. such as sound
intensity or calI bout length. may be involved in
the attraction of a female (Doherty & Hoy 1985:
Hedrick 1988: for a review see Tuckerman et al.
(993). but because the amount of energy required
to sustain calling is very high. calI duration is
likely to be the most important parameter with
respect to the energetic trade-olf hypothesis.

Rolf & Fairbairn (1994) hypothesized that the
evolution and maintenance ofwing dimorphism in
G.firmus is a function of (1) fitness ditrerences
between morphs and (2) genetic correlations of
wing form between the sexes. Roff & Fairbaim
(1994) have shown that the inter-sexual genetÏc
correlation ofwing form in G.firmus is quite high
(0.86). which is in accordance with other estimates
of the genetic correlation of morphological traits
between the sexes (Price & Burley 1993: review in
Rolf & Fairbairn 1994). If the genetic correlation
is exactly ± 1. a change of the trait in one sex will
be entirely dependent on the change in the other
(Via & Lande 1985). Because the inter-sexual
genetic correlation for wing fonn in G. firmus is
less than 1. trade-otfs associated \\o"Ïth macroptery
and traits associated with fitness will allow selec
tion to eventually drive the proportion macropter
ous for each sex to their respective optima. Thus.
the maintenance of macroptery in male G. firmus
may primarily depend on the trade-off between
fiight capability and female attraction.

The present measurements of the trade-otf
between macroptery and the likelihood of altract
ing a female in male G. firmus demonstrate only a
phenotypic basis for the trade-off. Any discussion
of how trade-otTs between traits can coostrain
evolution must also address the genetic basis
of the trade-olf (Reznick 1985: Steams 1989).
Without an underlying genetic basis for the traits
involved. the observed pbenotypic trade-offs
cannot lead to a selective change from one gen-

eration to the ne."tt. AIthough numerous studies
have demonstrated a fitness advantage to wing
reduction in insects. in only one has such an
advantage been shown to be genetically based.
RotT (l99O. 1994) demonstrated that in female
G. firmus. the trade-otTs between macroptery and
fitness components such as fecundity are geneti
cally based. Selection for decreasing and increas
ing incidence of macroptery was aceompanied by
an increase and decrease in fecundity levels of
female crickets. The heritability of wing fonn in
G.firmus is quite high (11

2 =0.65: Rotf 1986a. b):
mus selection acting on mis trait will rapidly (ead
to changes in the incidence of macroptery in a
population (Rolf 1992). Although the heritability
of calI behaviour is not presently known for
G. firmus. Hedrick (1988) demonstrated that calI
bout length has a highly significant heritability
(Fr=O.75) in a congeneric species. G. inreger. Cade
(1981) demonstrated that nightly mean calI time in
G. inreger also has a significant heritability (ap
proximately. /r=O.50t The next step is to deter
mine if there is additive genetic variance in
G.firmus for cali behaviour and if the correlation
between wing forro and. calling is genetically based.

A1though a number ofstudies have documented
the existence of alternate morphologies within a
sex. we still do not completely understand how
these morphologies are maintained in a popu
lation. For e."tample. studies of dimorphic beetles
demonstrate fitness advantages of large body size
and disproportionately large weaponry (horns).
None the less. the ad\'antages and disadvantages
associated with a particular morphology have yet
to be quantified for most of the cited examples.
The two studies that have thus far examined
whether fitness differences exist in wing-dimorphic
crickets (Holtmeier & Zera 1993: Rolf &
Fairbaim 1994) have shown 00 differences
between the morphs. In both cases. however.
males and females were kept in close proximity
and bence calling by the male would not have
becn a factor in mating success. [n addition to
wing morpho other sources of variation (sex ratio.
population density, parasite toad and environ
mental factors) are known to affect calling
behaviour in a number of Gryllus species (Cade
1984; French & Cade 1987; Cade &. Cade 1992;
Souroukis et al. 1992: Souroukis & Cade 1993). It
is not known. however. whether wing morphs are
differentially atfected b~' such sources of variation.
and therefore the importance of the above
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discussed factors to the trade-otr hypothesis is aIso
not known. Our study demonstrates mat fimess
advamages e:üst to microptery in male G. firmus
with respect to the likelihood of attracting a
female. and also that altemate morphs have dif
rerent calling behaviour patterns. Funher work is
required to detennine whether other differences
exist between wing morphs that might lead to
differences in mating ability. or whether our find
ings are applicable to other members of the
Orthoptera. and to other insect species in general
where males attract femaJes by ca1ling.
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A reproduction trade-off to macroptery exists in LW males, under the
conditions of ad libitum food and constant environmental conditions in

the laboratory. The question of whether the trade-off is ecologically
important in the wild depends upon the amount of resou~ces typically
available. This question can be resolved by considering the two
extremes-ad libitum and maintenance levels. In this chapter 1 use

crickets that have been energetically stressed (by restricting food intake)
to determine if, as hypothesized, the magnitude of the trade-off will

increase. Stressed crickets are predicted to cailless and therefore attract
fewer females than ad libitum fed crickets. This chapter has been
published in Animal Behaviour (volume 50, 1998).
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\\Te examined the effect of food limitation on fitncss trade-offs bctw~n macroptery and Ume spent caUing in the
wing-dimorphic cricket. Gryllus firmus. The raults of preYious studies have shown that. undu optimal
conditions. the proportionate time that males spend calling (with respect to neighbouring males) is di~ly
associated with female attraction. and that micropterous (short-winged: S\Y) males cali longer than macropterous
(long-wingcd: LW) males (Cmokrak Sc Roff 1995. Animal Bchavfour. 50. 1475-1481). Becausc crickets wen:
examined undu optimaJ conditions. thcse studies did not attcmpt to address how or whether fitncss trade-offs
change with the environment. In the present study. crickets received ad libitum WOItel' but we restrictcd food
intake to the minimum amount that wouId Iœep them alive for 20 days. On average. SW males callcd longer than
LW males on 18 of 20 days in the stressed group. and 17 of 20 days in the control group. For bath poups. SW
maJes also attracted more (emales more often than did LW males. AJthough the absolute cali durations dccreascd
in the stressed group compal'ftl wlth the control group. the relative cali durations remaincd approxhnately the
samer as did the proportion of fcmales moving towards the SW male. Cumulative cali distributions showcd that
LW males caUed little aftu 10 days of adult life; the amount of time SW males spent caJUng sccmcd constant for
the dutation of the experiment.

r 1998 11Ie AsIocùtlon fM lM Sludyof ""log. lellaviour
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Trade-offs are a central facet of life history evolution (e.g.
Steams 1977. 1989; RcznicJc 1985; Pease & Bull 1988).
AJthough phenotypic trade-offs ale weil docwnented (e.g.
Steams 1989). some srudies have shown no significant
nade.offs. others have shown positive associations
betweet\ traits (Garland 1988; Brodie 1989, 1991. 1993;
layne Et Bennett 1990). Phenotypic mde.offs based on
physioiogicaJ constraint of resources will proœbly be
sensitive to the environmental conditions under which
mey are measuted; that is. a trade-off may bc manifested
under resourœ-lim1tcd conditions but not under con
ditions of resource abun~nce. Experiments that involve
the artifidaJ manipubtion of traits are more successful Olt
measuting trade-offs man experiments in which the
association of individual mits are simply recorded under
iaboratory conditions (Bell & Koufopanou 1986; wn
NoordWijk &" de long 1986; Tatar lit Carey 1995). Thus.
one should exp«t to observe quantitative (magnitude
changes) and sometimes qualitative (directional changes)
variation in mde-offs wim changes in the enYironment.

The dfect of enYironmenw wriance on trade.offs has
been commonly examincd in trade-offs that involve traits
affecte<! by physiologial resource putitioning. Evidence

CorrnptJlldDJa: P. CmokrrJk. lZOS Doanr Pmfidd A"'Ir. Morrtnrll,
Qwb«. ûuuuIlI IDA IBI {orwil: cmobrJiIAiol.l4'r..ntCJiIl.uJ.

0003-34121911000000 '. OOS2S.00/0/.r970C100

for a shift towards more negative (lcss positive) covari
ances for trade-offs involving offspring size and offspring
number. present and future l'q'roduction, and devdop
ment tate and fecundity ln more stressfuJ environments
bas bEcn rounci in zoopiankton (Spitte 1995). lbe trade
off betwem momlity and reproduction in ClII'osobrudrus
bectJes is lowercd by 12.% when food is available olt the
peak of eu production (Tatar &" Carey 1995). Variation in
temperature affects tradc-offs between morphology and
development in butterfJies 50 much that the silO of the
correlation bctween me traits changes (Windig 1994).

The effect of enYironmental wriation on behavioural
trade.offs has been studied Jess oUen. A trade-off between
tenitorial defence and survivorship was observed in the
lizard Scdoponu janovi only when subjects were injected
wïth testosterone (Marier et al. 1995). In IWO spider
spcdes. NqJhila davicqls and N. ,"aollala. the negative
correlation bctween weight gain and the size or the web
olt high food leveis changed to a positive correlation at
lower food levels. presumabiy beCi1use spiders avoid
weight 1055 bynor inveuing in unneœssary wm synthesis
when food is abundant (Higgins 1995). Thus. variation in
resources an srrongly afrect behaYioural tradc-offs.

For trade-offs to affect the evolution of the component
traits. they must (1) have a genetic basis (herïtable com
ponent in the independent traits and a negative genetie
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correlation hetween the traits) and (Z) he prewJent under
conditions thOlt would nonnaUy be encounteted in the
wild (Steams 1989). Studies condueted onder novd con
ditions in a labo~tory setting mOlY show mat a trade-off
exïsts. but mOlY not indiate t~t it is biologiaUy re1eYU1t.
Trade-offs that involve a different~1 alloation of mer
getie resourees are sensitive to variation in sueb variables
as the amount and rate of resources acquiled. the ef
faciency with whidl·· sueb resources are used and the
variation of resources distributed to different funetions
(e.g. Mole &: Zen 1994. in press: Zera et al. 1994). Many
behavioural trade-offs are a1so context and condition
dependent (reviewed in Boake 1994). In dimorphic
species of insects. trade-offs often invalve behaviours
~ociated with a dirnorphism that is used in territory
defence and mate acquisition (rlMewed in Crnoluak &:
Roff 1995}. Ta addtess the general importance of sueb
constraints on the independent evolutian of the traits
involved. it is necessary ta measure trade-offs in different
environments ta determine haw these constraints change
with the enviranment.

Trade-offs have ~n extensively examined in insect
species with dimarphisms for wing length: macroptetOus
individuais have loog wings and an usually Oy. whereas
micropterous iodividuals have shan wings ilnd annot Oy
(reviewed in Roff 1986: Cmolcrak & Roff 1995). Wang
dimorphism is maintained by the œlance he~ the
advantages acauing to migrants (maaopters) in a vari
able environment and the d~dvantages of reduced
fecundity in mig~nt females (Roff 1994). Macropœrous
males ilppear to he less suceessful than micropterous
males ilt obtaining mates (reviewed in Cmokrak Er Roff
1995). In female sand cridcets. G. fi,.-mus. a phenotypic
trade-off exists between macroptery and the age sdledule
of reproduction (measured as lime ta reproduction and
cumulative fecundiry; $ft Roff & Fairbaim 1994). On the
physiological level. the trade-off is a consequence of an
energetic constraint that Iimits the production ~ndmain
tenance of bath the mght apparatus and eggs (G. fimrus:
Roft 1989: Mole &: ZeR 1994. in press: G. rubms: Mole &
Zeta 1993: Modic:ogryllus aNrfimrarus: Tanaka 1993)_ The
traits involved in the mde-off (wing morpho fecundity)
have al genetic basis and are genetially correbted in
G.{innIlS (Raft 1990.1994), and in anothercricket.Allon
onobills socillS (Roft &: Bradford 1996). In G. fimrus (as in
many species of Onhoplerans). males are relatively sed
entary as adults and aUract females for mating by produc
ing a species-specific caUing song (e.g. Alexander 1968:
Cade & Cade 199Z). Calling is energelically expensive.
requiring on average al ID-fold increase in metabolic raie
(Forrest 1991b: Bailer et al. 1993). Studies on Onhapter
ans have shawn th.1t the U"elihooo of aUraaing a female
increases with lime spent caUing (e.g. Butlin et al. 1985:
Forrest 199101: Tuc"erman et 411.1993; but $ft Zuk 1987).
Trade-offs in male G. {imr.1S have been found~
macroptery and time spenl alling (Cmoktak & Hoff
1995): over a l4-h period. m~cropterousrrWes allecl las
and attraeted fewer females ttun micrnpcerous males- We
hypolhesized that the trade-off for males is mediated. u lt
is for females. by competition far restricted raources
between the mght appoaratus and caUing. Although the

,'1

rr.ade-off exists on a phenatypic levd. It is not known
whether it ~ngeswith age or. if and how. it is affected
by variatians in resource aYaiYbllity_

ln this stUdy, we eumined trade-offs between macrop
tery and aUing ~vtaur ln G. finnus to address IWO
main questions. (1) ls the tnde-off maintained in male
cridceu during a Wge ponian of thm ildult lives?
Crnoknk Er Roff (1995) manitomf males for only 1 day
of their adult lives (day 6). The present study provides a
more detailed account of age-specific trade-offs between
maaoptery and lime spent caJUng. (Z) How is the trade
off affected when crickets are subjected to a resource
stress? Although other factors such as photoperiod and
temperature mOlY also affect alling. we ptedicted that the
amount of food avaibble. to crickets would have the mast
pronounced effects. beause ~ hypothesized that the
behaviour associated with th.is trade-off Es detennined bv
an energetic consmint. If the trade-off exists under bath
optimal and alterne suboptimal conditions. we would
conclude that the costs wouJd De found in free·ranging.
wild populations.

METHOOS

Experimental Design

Gryllus fimrus b a relativdy large (0.7 g) cricket com
mon on suc:cessional sandy areas alang southeastem
U.5.A. and as far north as Connecticut (Alexander 1968:
Harrison 1985). Sublects were tUen from a breeding stock
originally SUrted from approximate1y 20 males and ZO
fanales aptured ln nonhem F10rida (Roff 1986). Stock
crickets were malntainecl in the laboratory as a breeding
lfOuP of around 300 adults for about 38 generations
before being used in this experimenL Sublects were main
tained as nymphs in mouse cages (Z9 :Il 19 le 13 cm) Olt a
constant temperature of 2S"'C and a 15:9 h Iight:dark
photoperiod with ad libitum water and food. Alter 1 week
in the mouse ages. we placed nymphs in circular buclœts
(width ZI cm; height 15 cm) ~t a density of 60 per bucket
and placed than in the same incubators set ~t the same
tempetarure and photoperiod as before. Under 50ch con
ditions aU crickets were exposed to the same conditions
(photoperiod. temperatu1e and acoustical experience).
We Ced crickets aushed Potina rabbit chow provided ad
libitum. Walu wu provfded to the crickets by a soaked
cheese c10th wick connected to a water reservoir in a
second buclœt inta which the tirst bucket wu suspended.
We placed adult females in. individual buclœts and main
tained them under the same environmental and food
conditions as males until ther were 6 or 7 days old. Olt
which time we used them in the operiment.

Once they were adults. we placed each male in an
individual glass jar (9 cm in diameter) with the appropri
ate amount of food (see be10w for description) and ad
libitum water. We placed each llass lar in a separate
buclœt, which wu connected to two other bucltets by
plastic plumbine tubinc. 2.5 cm in diameter (Fig. 1).
thereby farmine a T·maze- We used eight T·maus con
curtently (two mues pel" incubator). placed in incuœtotS
set Olt 15:.9 h L:D and :zrc. Each T·maze contained IWO
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Figure 1. Top Yiew cl the T-nYZe used to monitor female choice
between two c.Jlling males. E.Jch T·tTYZe containe<! one micrcpter
ous (SW) and one macrcptercus (LW) male and a female (LW oc SW.
at random).

males. one micropterous(SW). one macroprerous(LW)
and a female (either LW or S'N, chosen at random) in
separate buckets (Fig. 1). The tubing that interconnected
allthree buckets in aT-mue allowed the (mules easy and
free access to each male_ Cones plaœd on the encis ofeach
tube le3ding to a trUle's quarters prevented the Canale
Crom leaving the male's buclœt that $he tirst entered. The
jars housing the males were painted black to prevent the
male and female from seeing each other. Wire mesh wu
glued to the top of each jar to allow females to hear
caUing males. We used a continuous playback of cricket
calIing to provide il constant bacqround in each incu
bator, because male aiclœts tend to cali more olten when
they hear others ail (Cade lit Wyatt 1984).

We monitored male calling using a Reali5tic tie-clip
33·105 microphone (frequency response=5G-15000 Hz)
placed in each male's lar. Miaophones were connected to
an analog·to-digital convertu relay system monitored by
a computer that recarded the time of each incoming
signal. The gain of each microphone was set at a leYeI that
would trigger the mOlY system onlywhm the occupant of
the jar caJled, and mus wu not trigered by the back·
ground cali or the cails of neighbouring crickets. field
studies on rangdand grasshoppers haw shown that mor
talily is about 51J6 per day (Onager lit Hewitt 1982); mus
after 20 days. 951J6 of Individuals in a population are dead.
We therefore monitomf crickets Cor 20 days posteclosion
(unless a male died prernaturely; see Resuits for sample
sizes). When one male in a pair died. we no longer
introduœd Cemales into that T·maze but still monitored
the remaining male for time spent caJUng. We used 15
male pairs in the stressed group and six pairs in the
control group, which received ad libitum food and water
(the reduced sample size was due to space and lime
limitations). We deaned each T-maze ewry day aCter
monitoring each pair of males to minimize the possibWty
tbat females moving through a lM.œ were influenc:ed by
01f3etory eues (or fHces) lm by previous fellUles. ln
addition, Roff lit Fairbaim (1994) found no differences
between male wing-morphs in success at siring offspring

."

when lIYIes and fema.les were kept in close proximily,
suggesting that no morph.spedfic olfaetory eues aist.

To determine the smallest amount of food needed daily
to keep the crickets alive for ZO days, a preliminary study
wu undertaken in which groups of cricketS were fed
different ~ounts of food. To minirnize effects of body
size, we chose individuals that were near the average
weight (-0.75 g). A food level of 0.01 g of crushed rabbit
chow pu day was the lowest amount of food necessary
to keep aickets of average weight alive ior 3 weeks.
Although no physiologial or phenotypic analyses were
condueted on the crickets used in the preliminary exper
iment. we assumed that feeding cridets the lowest
amount of food necessary to keep them alive constituted
a notable energetic stress. for praeticai considerations. \Ve
fecl the male crickets in the stressed group 0.03 g of food
ewry third day starting on the day of their fin31 moult.
This leve( of food restriction is comp;1rable ro the Sludy by
Tanaka (1993) of energetic constraints belween fecundily
and macroptery in the cricket M. c:onfimlarlls.

Statistical Analysis

We assessed female choice ior bath treatment groups
(s~and controi) using a goodness-of-fit test with the
null hypothesis that the probability of attraeting a fem3le
should be equal foc uch morph in the male pair. Because
the a priori hypothesis was that SW males should aunet
more femaJes wn LW males. we used a one-tailed 1.2 test
(critical 1.Z:2.71). We assessed oftfilll signifiance for
bath groups with two tests; first. a r test of the number
of pain in which the SW male attraeted the female more
often than the LW male; second, a t test using. p, the
proportion of tilDes within each pair the S'N maie
atttaeted the female (afCsine square-root uansformed). In
the second case. the null model is that p=O.s (p=0.45
when arcsine square-root transformed).

A Student's t test was useeS to test for differences in total
time spent caning for each morph for the ZO days they
were monitomf (sepatilte t tests for suessed and control
groups). Because a priori, SW males are predieted to ail
longer than LW males. we used a one-talled test. To
detemune the effect of age on 'UCetime' calUng patterns,
we plotted cumulative daily means and medians for S'N
and LW crickets for the 20 days they were monitomf. and
daily mea."1 and median ail durations for bath groups.

The effect of caJ( duration and male morph type on
Cemale attraction was iISsessed using the foUowing model.

Y=consrant+C+F+PR+C·F.

whete. Y is female cboice for the longer or moner caUing
male (O=shorter, 1=longer), C=ISW - LWI/SW+LW (rela·
tive cali rate). F Is female choice (or a panicular wing
morph (O.LW, 1=SW), and PR is the pair designation
(eiltegorical variable, N- IS sttessed group; N=6 control
group). From this model. we predieted that, Cor bath
groups, as the relative cali Rte C increases (greater diCfer·
ma in caJJinc betwftn paiœd milles). females should
choose the lonsu<alllng male, Y.I. Because we pre
dicted that SW males would be the longer-alling male
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T.ble 1. Toc.l number of fClNlfa.uncled by micropcerous (SW) .-Id~s (LW) mala pI«ed in uch T-mae

Humber of lerNIes fenWe
.nracted to lNIe

Tc... preference

numeerof .;
P.its LW SW I~ SW>LW

Stresse<i
l S 11 16 Yes
2 4- 8" 12 Yes
l 6" S " No
4 2 16 18 Ya"
S S " 16 Ya
6 2- 8" la Ya-
7 0 .;" 4 Yes'-
S 2 13 15 Ya-
9 0- 8 8 Yes-

la 4 9 13 Va
11 3" S 8 Yes
12 7 6 13 No
13 r 3 S Ya
14 0 6· 6 Yô··
lS 3 la 1] Ya"
Control

1 6 10 16 Ya
2 • 8 12 Yes
3 4 6 le! Ves

• 3 10 13 Ya"
5 S 12 17 Ya"
6 S 6 " Yes

ToUf..the lI:IUf number of ferNIes pet T-mue WC INde • choice for either m./e.. lIeause SW /NIes~ pred"lCted to .ttlKt more fmwes
m.n LW lMIes. the~-tic test wft_~ cr-U1. net Ionferoni corrected). "lndiates which c:rickeU died pretNlturefy.
-1!\lÏlQtes lNt the SW "'* MUiCted signRlQntly more femMs tNn cfd the LW~ (P<O.OI).

•

more often than LW males. the reJationship between Y
and F should aIso be positi~. The regression of Y on F
aIso allowed us ta test for a morph l!ffect on female
attraction whcn C wu held constant. We useeS the vari
able PR ta test the l!ffect of pair on Y beause of the
patentia! non-independence of each data point; b«ause
we monitored each male for 20 days. the regression of Y
on F and C Indudes repeated measures. Because the data
consist of the values 0 and l, the basic assumption of
normality underlying regression analysis 15 violated
(Sokal« Rohlf 1981). 50 we used a logistic regression (SAS
1988) in addition to the multiple Iinear regression.

Despite our effortS ra ensure rhat stressed aickets sur
vived rhe full 20 days of the experiment. some SW and
LW crickets died prematurely (no control crickets died
prematurely). To test for differences in a~rage longevity
between the morphs for those males that died (six LW,
four SW) we used an independent samples r test. Because
a priori we e.'tpected LW males ta be more energeUally
stresse<! than SW males and therefore more Iil;ely ro die
saoner. the Ctest wu one-railed.

RESUlTS

Female Attraction

The goodness-of.fir test results showed that in seven of
the 15 pairs of stressed males there was a signifiant bias

in favour of SW males with respect to the total number of
females auraete<!; in two of the six conuol p..irs there was
.. signifiant bias in favour of SW males (Table 1). SW
males attracted mOre fema[es more often than did LW
males in 13 of the lS pairs of stressed males (z~.=8.07, P<
0.002): a1l of the control pairs showed a bias ln favour of
SW male (%%.=6.00. P<O.O(3). For bath groups. SW
males had a higher probability ofatmeting il female than
LW males (sttessed: p=0.19. t=4.36. P< 0.0001; control:
p=O.66, t:;:6.803. P<O.OOOl; p=probability aCter back
transformation). There was no signifiant difference
betwftn control and stressed groups in the probability of
anraeting a female CC,,,,: 1.34. P=0.20).

Cali Ouration

ln assessing rot..l lime spent alling between the wing
morphs. we used only those males rhat survive<! the full
20 days (stC6Sed group: Il SW and 9 LW; conuol group:
6 SW and 6 LW). The mean : SE 'Iifetime' cali durations
for stressed aickets were 9.34 :0.96 h (SW) and
4.57 % 0.90 h (LW); for control cridets they were
24.51 = J.OO h (SW) and 14.28 ± 4.26 h (LW). Both lreat..
ment (conuol and stressed) and morph type (SW and LW)
~ signifiant effects on toral aU duration (treatment:
FI ratio=S0.3S1, P.O.OOOl: morph: F. ratiozU.5S0.
P=O.OO21. The relative rime spent alling (SW/LW) wn
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Figure 2. Cumu..tive (.. b)~ dMy (c. d) mon Ind mediM1 ail durations for sueued cric*ea; e: micrapteroUS; 0: rNCIOPlerous-

simil~r for bath groups (conuol group: 1.71; stressed
group: 2.04).

For Ihe suessed group. there wu a divergence between
SW and LW lm1es ln cUlly time spent caUing after cUy 10;
LW males called much less on average alter cUy 10 man
they did previously (cumulative Une for LW males leveis
and cUily values were relatively lower man SW values;
Fig. Z). but SW males continued la aU approxiaYlely the
same amount of time belOte and after cUy 10 (cumulative
IIne for SW males wu aImaS! lioear and gtealer tUn LW
daily values; Fig. 2). Similar cali patterns we~ also found
in the control group, except thal the di~cebetween
morphs was not as pronounced as in Ihe stressed group
(Fig. 3). Cumulative medians and cUlly median values for
the stressed group (Fig. Z) revealed similardfect.s, except
thal the divergence between morphs arter cUy 10 wu
even grealer. The use of median values ln place of means
compensates for Ihe effects of ~ few long<alling individ
uals on the avenge cali duralion for any one cUy. Beause
the means and median gnphs were similar. we conduded
tbat no one male (eUher SW 01' LW) inOuenced the
patterns of divergence ln the mans IUPhs. SW males
al50 called longer thm LW males (man cWly values) on
18 of the 20 days of monitoring (Fig. Z).

Female Attraction and C.U Duntion

Because the ~ts of the logistfc regression did nat
differ fIOm the linar rqression (for bath groups), for
simpUdty, 'ft present anly the remits of the alter analy·
sis. We found a signifiant interaction betwftn morph
and au duntion for bath treatmmt groups (Table Z).
Because of the signifiant inleraction between C and F.
md the nORSignifiant PR ram, we further malysed the
data using the foUowing modeL

Y=ccnstant+C,

With the cUla set divided according la the morph prder.
ence of the f~le;subset l(SWPREF) induded ooly those
data points in which the female chose the SW nWe. and
subset zaWPREF) induded ooly those cUla points in
which the fenYle chose the LW nWe. The liIœIihood of a
fernale movinl to the Ionger-aUing male increased with
the relatiw caU rate in the SWPREF subset, but fol' the
LWPREF subset. m.~ ail duration had no effect on
(anale cboiœ for the stRssed poup (Table Z).H~.
caJl duration had a sipiflant effect on (emaie cholce (or
bath subsets in the control group (Table Z). Althoulh the
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Modell dl F P dl F P
C 1 5.161 0.025 1 0.955 0.332
F 1 2.095 0.150 1 8.112 O.OCM
PR 14 1.036 0.422 5 0.433 0.817
C·F 1 10.907 0.001 1 11.474 0.001
Model2 N P N ,
lWPREF
C 39 0.089 0.5912 27 0.]48 0.075
SWPREF
C 110 0.493 0.0001 51 0.427 0.002

Where CeqlUlfs 1~-LW 1/SW.LW. Fdenoles femiie choiee for a pMticu..wing morph (0: LW. 1: SW) and ptt denotes JNÏr dl!sigNlion
(15 in (OUI). lWPW indudes onIy lhose data poinu where the fenwfe chose lM LWIN~ Ind SWPlEFiIldudes onIy mose d.u poinu wtlere
me fem.Je chose (he SW mM!-

use oC the second mode! on the two subsets did not aile»'"
us ta test Cor female preference of nWe morph type,
fenules chose SW males more often wn LW IUles in
both treatment groups, evat when relative ail rate was
not taken into consideration (Table Z)..'~

Longevity

Of thase cricIlm lbat died prematurely. the averase life
~nwas 12.8± 1.7daysrorSWmaJeund 13.7:*: 1.4days
ror LW males (t,,:o:0.414. P<O.69)•
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DISCUSSION

Flight capability. although obviously advan~gous in
certain drcumstanœs. is not wilhout significant costs.
Produdng and maintaining the rught muscles is energeti
cally expensive for maaoplerous crickets (e.g. Mole &
Zen 1993. 1994. in press; Zera et al. 1995).~ing is also
energeticaUy costly. given that me~bolic ptes an
increase up to lo-fold düring bouts of alling (~Ieyet al.
1993). Beause resourœs for muscle mainterYnce are
hypothesized 10 restriet resources available for alUng.
this energetic constraint is predieted to be manifested a:; a
behavioural constraint. A phenotypic trade-off exists
between maaoptery and ca::ïng behaviour in G. finmu;
rrulcrapteraus males caU Iess than micropterous males
and subsequently auraCl fewer fanales (Cmokrak & Roff
19951. The present srudy has shown that this phenotypic
trade..;)fC was maintained for a large pOrtion of an adult
cricket's Iife; the greatest differences occurred when crick·
ets were in their breeding prime (10-20 days). Food
limitation reduce<1 the total amount of time males spent
calling in the stressed group compared with the control
group. but the relative total time Spenl amng (SW/LW>.
and thus the probability Ihal SW males would attract
more females was similar for bath groups. Wilh respect to
the absolute changes. comlYrable effects of food restric·
tion have been documented in IùquDfII ~CII/is. Male
R. vmica/is provided with a high-quality diet aUoate 51')(,
of their daily available energy ta calling but allocate
only 30% la calling when provided a poor-q~lity diet
(Simmons et al. 1992). The present study demonstr.ues
the effeet of resource limitation on a lrade-off that
involves morphology and behaviouraI mate acquisition.

The maintenance of wing dimorphism in male G. fir
mils depends upon the lrade-off between mate acquisi
tion and flight capabüity, which as demonstrated in the
present study can exist under conditions of resource
abundance and severe resource limitation. Provided that
aU individuais are subject to the same resource regime.
the relative fitness oC macroplerous and miaopterous
males. with respect to the probabiJity of attraeting a mate.
remains the Silme. If there is variation in Ihe amount of
resources acquired by males. however. there may be
either a decrease or inaease in the relative fitnesses. For
exarnple, a miaopterous male Ihat oblains only minimal
rations will cali for about the same duration as a well·fed
macropterous male. Hence. we hypothesize that both
males w;1I have the Silme probability of :UlPeting il

Cernale. Thus. although the mean relative fitness may be
the same in an environment with variability in resource
acquisition as in a homogeneous environment. there will
be an inaease in the variance in fitness and a consequent
reduction in Ihe strength of selection. This finding is
imponant because similar trade-offs may be widespread
among dimorphic species in which the dlmorphism is
involved in, or associated wilh. Ihe defence of il territory
and/or the acquisition of mates (reviewed in Roff 1996).

Although resource reslriction is probably the masl
Imponant faetor affectlng amng behaviour. It ls not the
only one. Field and laboratory sludles have shown that
ether environmental and social factors can significanUy

affect the caJUng behavieur of a aieUt. In G. fUllOlfi.
pulse duration. pulse period and chirp period decreased
with increasing temperature, although no quantitative
analysis wu c:onducted (Doherty & QUos 1991). PuIse
period and pulse duration haw: also been shown to
decJ'9Se with increasing temperature in G. binulculatus
(Doheny 1985). Simiw temperature e((ects have been
shawn ln olher crickets (O«anlhus sp.; Anurogryllus sp.
(Walker 1962&. b, 1963; Pletwich & Wallœr 1981). The
time of day and photoperiod have measurable e(fects on
aUing behaviour: G. intqa. G. vrletis and G. pmrrsy/wmi.
eus males tend to cali mest at sumet and fust belote dawn
(French & Cade 1987). Cry/lus inkger, G. bimacu/atlls and
G. campestris (Sïmmons 1986; Hissrr.ann 1990; Cade &:
Wyatt 198-1; Cade & Qde 1992) and the grasshopper
Ligurormix coql71mi (Greenfield & SheJly 1985) decrnse
calling lit high densities. presumably beause Ihey shift
their behaviour to searching for mates and defending
territories (Cade &: Wyatt 1984). Similady. as the sex ratio
of females incrcases. call duration decreases (Souroukis &
Cade 1993). Finally. selection by acousLially orienting
flies may affect Ihe alling behaviour of crickets (Cade
1991; Qde & Wyatt 198-1). Reduced calling in G. in~u
and G. rubms is hypothesized to be the result of parasiteid
mes present ln wild populations (Cade 1991). What is
nOI known however. is how different wing morphs are
affected by these environmental and social factors. and
whether the reœiver of the signal (female) ls aIso affected
ln the same manner as the signaUer.

The ultIrnale goal of srudying trade-offs in dlmorphic
spedes is to explain how such constraints mediate the
evolutlon of the IndiYidual traits involved. Such an in~
ligation requites Ulat the constraints be measured on a
phenotypic. physiological and genetic 1ew:1 (Reznick
1985; Stums 1989). Phenotypic analyses are most com
men. but physiologicaJ and genetic anal~ Iag far
behind (Puse & Bull 1988; SIUms 1989). AIthough this
study went beyond simply measuring the trade-off
between wing morph and lime spent calling, funher
analysis is needed to answer how the intermediary Unk
betwftn genetics and phenotype operates. Trade-offs
betwfl!n maaoptery and qg production seen on a phe
notypic Ievei are delermined by a trade-off of resources at
the physiologial level for females of G. rubms (Mole &
Zeta 1993). Te/«1fry//IIS oatmicus (Roft 1989), M. confirma
trIS (Tanaka (993) and G. fimrus (e.g. Roff 1989; Zera et al.
1995). No physiological studies on male cridtets haw:
been condueted 10 determine how resoUfCes are aJlocated
between Ihe 81ght apPMiltus (wings. rught muscles and
Oight fueis) and time spent caUing. We are presenlly
condueting lipid and wing muscJe analyses on different
groups of crickets aaoss different ages and correlaling
changes in these traits with changes in caUing behaviour
lO answer this quesrhm. We have aise fust completed
breeding studies that establish a genetic basis to wing
morph and lime spent calling. and a genetic correlation
between the two traits. In Ught of the genetlc analysis. the
present SNdy indiares ttlat the evolutionarily important
trade-off (as defined by Reznick (985) betwftft wing
morph and time spalt caJling aJso occurs under con
ditions encountered ln the wild and may be a means
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by which the wing dimorphism ls maintained in male
G.(innus.
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Chapter 5. The genetic basis of the trade-off between calling
and wing morph in males of the cricket, Gryllus ';rmus.

The trade-off between macroptery and the Iikelihood of attracting a
female that 1 have shown exists on a phenotypic level will be of no

consequence to the evolution of the traits involved if those traits have no
genetic basis and if there is no genetic correlation between them. In this
chapter, 1have examined the genetic basis of the trade-off by estimating
the heritabilities for cali duration, wing morph and flight muscle weight

using a full-sib breeding design. In addition, 1have estimated the genetic
correlations between cali duration and wing morph and cali duration and
flight muscle weight. This chapter is published in Evolution (Volume

52(4), 1998).
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TIIE GENETTe BASIS OF nIE TRADE-OFF BE1WEEN CA1LING AND

WlNG MORPH IN MALES OF THE CRICIŒt GRYUUS FIRMUS

PE'rEIl CIU'fOItRAItI AND OEREX A. ReFF
lHpan_IfI IJf BiDlIJIY. MeCill U,.ÎlMnÏl,. 1205 Docl~tI, 'mft~/d AlMlfu. MfMlmL Qub« HJA IBI. GrIIddd

'E·_il: c""".bi41,.I6ULJttc,ilLCII

Abstract.-Win..dimorpftums aisl in a .ide lUp oC insccu. 1. wia,-di.-pflic speaa -1IlOf1'h is WÏIIpd. bu
runaianaJ lIi"'c muscla (LW). and is tlipl-apable. wllaeu die adlcr bas mfuad wiap (SW) ad caIUIGl 17. "!1ac
evolulian ud maialCDancc aC will' dilllOf1lllisms is bclieYed la bc duc la uadc-offs bctwcca li"'l capabilicy Md
15lftess·~bled tnilS. Aldaou,la tIlctc arc _"-CS&ablishcd phcaoCypc &rade-of'rs asaoci8lecl .ilh will. dim~1D ia
remale insccu. Ibac only eaisl IWO sladia lhat ba.,e escablisbed a .cacûc buis ID lIIcsc uadc-orr.. lbc~c stud,.
provides die lint eYidcacc ror a Imclically bucd lndc-off ia male illSCClS. spcciftcally i" lIIc Rad cricka G'7Ilu
Jnrt-. BccauIe dIcy bave 10 apcatl cacru 10 aWlllôIÎIl die IIi............. (apecially liP1l11111da~LW .....
are precliCled 10 ail leu .ad dlacr_ 10 8IUKl rcwCl' raula. 1'0 bc oCcYOiUl~ sipilicallCC. call1Iuraciaa. WÏII.
mGrph. and win. musde condition (siu ad Cuaetïan"ity) sh_W ail have masurable hcritabililia aBd ail _ te
ne1ically corrcl:ucd. Dirretenccs bcewcca mclf1IIu in male G.~ ia Ille lilccfillood oC 8Itnetilll a remale wae ccsted
in lIIc Iaboniary ain. a T·mue wlleft ranala cIlosc bel... a LW ....Ie ud a SW male. c.u dutaûoll rar exil
malc wu recorded oa die siada clay or "ule lire. A sil"iliculdirr_ in cali duntioa _ rClUlld bel SW Md
LW mala (SW • 0.16 ~ 0.01. LW • O." ~ 0.01 b). SW males.~ sîpiacandy .... raaafa c&d LW
mala (63.... la 37.). Ali Ille lIailS inyolyed in lbc tndc-orr Iaad sipificaaa hcrilabilities (cafl • 0.75 : 0.33:
win. morP' • 0.22 ~ 0.07: muscle wei,lit • 0.31 ~ 0.09) &ad paelic corRlllioas (call Hel will. lIIOfIIb - -0.46=0.20 ror $W. -0.61 ~ 0.16 for LW; LW cali ud musde wcipc • -0.10 ~ 0.1.). T1lcsc resullS pcaYi. die Ilrsc
doculllClllecl cvidcacc ah. aradc-orfs belwUII a dimorpllic liait ud 1 fteDCSS-tdalCd charaacr in mafes lias a &nctic
bUis and 11_ an he of CYOIUlionary sil"iftcanœ.

K~1 _nû.-Dimorpflism. .c"aic corn:taioa.llerieabililY. uadc-orr..

Recei.,ed Octo4lcr 27.1997. Accepted Mardl 2••1991.
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Discrere morpholo.icaJ van.nion is round in a wide ranle
of spccies. [n many eues dim«phisms in body structure IR
also lSSOCialed wilb bchavioral modifiations mat play an
impolUnc rote in che abitil' co deCend a cerricory or acquire
mates (for a review in anillJals in leneral. sec Cmotralt Ind
Raff 1995). A particular type of dimorphism wilhin the ln·
sectôl is lbac of win. dimorphism in which one morph (ma
croptuous) posscss a func:tional flilht appar.ltus Ind lJIe olher
(mïcropluous) ~ fti.hdess. Win. dimorphism has evolved
independently in most of lhe major orders oCinsccu (Hatrisan
1980; RoU 1986a. 1994a). Althou.h 99.9'" oC III insecu
belone la lbe "winlcd" superordu. PluYlota. IIWIY ,encra
are compased of lpecics that are dimorphic (or win. leneth
or monamorphially winlleu (for Rviews. ICC~yer 1992;
Raff (99401).

The advanlale la beinl ftipt apable is lhe ability la maye
over larae arus and in lbrce dimensional spKe (Rorr 199Oa).
Howcyer. althau.h producïnland mainlaininlthe lonl winas
lhal macropten polSCSS is probably not UUletially si.nif
iant. che ptOduetian and maincenance of die massive lIilht
muscfes is cnulelÏaUy expelUive (Rorr 1989: Mole and Zen
1993; Tanaka 1993). AldIou.h in sorne cases oC dimorphic
variacion one morph may have a reduced filness and bc adopl
inl tlle "ben oC a bad lot" sualelY (EherhardI1982; but see
RoU 1996). die .ide occurrence oC dimorphisms IUliats
Ihat. in cenenl. the dimorphism is maintained in lhe popu
lation as a consequence o(uade-oCC. (GIOU 1914; Rarr 1984;
Hazef cC al. 1990: Karr and Fairbairn 1993; RofC 1996). Winl
dimorplaisms appur 10 be maintaincd by a trade.ofC bclweca
resOUlCes deyoccd 10 dispersal (winp. lIi.hl muscfes. and
ftipt fuels) and lhose deyolcd la reproduction (Rarr 1914;
Oenno et af. 1991; Rorr and Fairbairn 1991; Zen and Cenno

;

1997). la man)' spa:ies of macropceorus iuceu. the lIi,hl
apparalus is IIOlmaintained throulhoat aduillife (winp may
be removed and lIi"'t muscles hÏSlolyud). ud tllcrefore tbe
tnde-ofC may be importanc only durinllhc lime o'Ver which
die lipt apparalus is Cunclional.

Most of the siudies of the cosu of mac:ropluy in win••
dimorphic insee:u have been donc usina (emalcs- (n ,enenf.
microplerous females reproduce carlier and baye a hilher
fecundity than macropcerous females (Rorr 191&; Denno et
al. 1919; RofC and Fairbaim 1991). These cüCfercnc:es are
very IUle in dae sand cricket. G"lllU ftmuu: microplelOus
Cem.les reproduce lilnificancly earlier aClU die final moult
(IWO clays) and produce 60... more eus in a sia-wcet period
lbaa do macropluous females (Roff 19...). Ph)'siolo.ial
studics have shawn that Cecundity dirrereaccs in G. jfm'tls
females are due CO lJae allocation oC rcsources tG reproduccion
in tbc SW (miclOpwous) morph and lhose ta lIilhl apparacus
mainteD.ncc in the LW (maaapcerous) IIIGI1'h (Mole and
Zen 1994a.b).

For a lnde-of( co affect the eyolucion of wina dimorphism.
lhcre musc be a acnecic correlalion betweea lIN: lniu in
volycd. Ihat is. bctwecn win, morph aad reproduction. Wilb
oui a lenctic correlalion. selection for an iJIcreUe in pro
portion mac:roplay will 1101 be ICCOmp&niecl by a decreuc
in filnCSs-reJated traits and will. lherefore. raull in a mono
morphic winccd population. Ocaetic correlations betwccn
winl morph and fecundity have been demonstnted ia femue
G. jinftru (Roff 199Gb. 1994c) and the criclœl AllmI."",6iu
soci," (RafC and Bradford 1996; Rof( et al. (997). indicalin.
lhal the crade-off will modulate the e'YOlutioll of tbese IWO

traits-
Althou.h Ihe UislCftCC of COlIS co mac:roptuy are weU
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documenled in remale insecu. only a few exampla ofcasu
have becn sludied in male insecu. Phcnotypie tncfe-ofTs la
mllcroplery have becn shawn 10 aist in lhrips. coleopterans.
plllnmoppers. walerslridcrs. and 1 hemiplUaft (Craoltrat aad
Rorf 1995; Fairbaim and Praiosi 1991). The above-men
lionee! sludies have demonsldled phenol,pie lrade-offs be
Iwcen morphalolic:al and lire-bislor, traiu in male insccu.
bUl la dale no sludy bas e.umincd die Icnetie: buis of dIcse 
rradc-oers.

(n G. jinJrru. as with man, other Onhopleraas. males are
rel:uivcly sedentary as adulu (Afaandu 1961; Dadour 1990;
Cade and Qde 1992) and annet fcmala by calliAI' A num
bu of componcnu of caJlinl &te taown 10 be imponanl cues
for fernale annclion. of which one of lhe mast importanl
appurs la he 101011 limc SpeAI callial (Table 1). Sludics on
OrlllOplenns have shown that Ihe likelihood of allnctin, a
femalc is typicaUy propanional 10 cali duraliaa (for- refer
ences. sec Table 1). CaJlins is eacraetically demandinl. re.
quirinl on averale. a IO·fold incrcasc in merabolie nte (data
(or seven species (rom Table 1 of aailey CI al. [l9931 and
one specics from Forresl 1991b). A phenatypic tndc-ofrhu
been demonslralcd in male G. jin'lIu• ...,ilh mic:roplerous
males callina lonler and annClÎal morc femaJes lhan ml·
croplcrous males (Cmotrat. and Roer 1995. in pras). Winl
(orm in G. jirmus has 1 silnificanl and hilh hcritabililY (1e1
- 0.65; Ro(( 1986b). (n G•. iIu.,~r. cali boUI lenlth has a
significanl and hilh herillbililJ (0.75: Hcdrict 1911. 1994).
whereas Cade (l911) found in lhe lante lpecia lhat man
niahUy lime spenl allinl Ilso hu a silnificanl berÎlabilily
(0.50). These data IUgcst lhaI dacrc will he additive leneIic
vôlfianc:e for cali duralioft in G. Jin'lIu. and lhat a ICIlelÎc
correlalion belwccn winl morph and cali duntioft is fcasable
(i.e•• balh h1 are hilh). Widaoulalenetic correlation belwcen
lhem. Ihc cvolulion oC winl dimorphism and cali duration
wi Il nol be joinlly constrained. A silaific:anl neplive Icnclie:
correlalion belwet:1I allinl and winl marph wouId man th&l
seleclion aclinl on one lrail would resull in a conelalCd re•

;

IpollS& or lhe other. • necasary rcquircment for any tr&de
olflo be evolulioaarily imponant(Slt:arIIS 1919; Rofl' 19CUc:).

ln the present ltudy wc e.umined the Icnctie buis of the
lradc-ofr belwua winl marph and callinl behavior ia G.
Jin,,,u. addrasinl IWO maia queslions: (1) are the uaiu in·
yolved in mc tndc-ofl' (cali duralion. winl morph and ftiabt
muscle c:ondilion-& masure of the delree of histolysis) lil
nific:anl1y berirable'! and (2) is therc a silnificanl pllClic cor·
relation belwccn cali duralion and winl morpb aad ail du
ralion and ftiaht musc:Jc condition? •

MATEaJALS AND METHODS

Sp«;u DucriptiDn and M~"UNlsDf RHrin.

GrylllU finlllu is a larae (live weilht. - 0.75 Il. pound
dwellinl cricket found ilS l1Ie Amuian Soudlcasl u far north
as Connecticut (Alcundu 1961; Harrison 19I5)_ Il is usually
round in carly suc:cessianal and ....dy areu• ...,ltic:h hein.
impcrmanent fayor lhe Cvolulion o( winl dimorphism (RaCf
1990a. 1~b).lndividuals in mis a periment orilinaled from
approltimalely 40 individu"s (20 malcs. 20 remaJes) fram a
loc:alil)' in nontlem Rorida (Raer 1916b). SlOdt c:ricJceu wcre
mailSlaincd in me labonlOry al .pprolli....œly 100-300
brecdinl adulu al a lemperalure of 25-30-<: (or .pprolli·
malely 31 Icncralions hefore bcial uscd for die beilavioral
esperimenu. Cricll:eu uscd for lhc upuimenu wae main
tained as nymphs in diJposable mousc cqa (29 x 19 x 13
cm) in iftC1lbalOlS ICt al • phaloperiod of 15 .. lipl, 9 .. clark
and at a tempcnlurc of2re wida ad libihlm food and water
ACier one wcet in .... mollie aau. nymphs~ placed in
4-L buet.eu (diamclU - li cm; beilhl - IS cm) ala density
of 60 nymphs pu buc:1I:et. Food c:onsislCd of c:rusIIcd Purina
rabbil chaw providcd ad libilum. WalU wu proYiclcd by a
loakcd c:hccseclotb wiet. conace:ted la a ..... raenroir in 1
second buctct iDIO which the ftnc buent wu luspeadcd On
die clay ordacic final ecdysis (die day n,mphs beeaIne adulu).
iadividuals wtlcre removed from dIcsc rearinl INcteu and
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Fla. 1. Sdtcrnalic dialranl a( the T·mazc.

pl~ced in individual quartas conlôlininl food and waler unlil
they were six days old. al which lime lhcy w~ uscd ill the
expcrimenl.

üp~rilrl~nltllDai,fI

General S~lup.-Filure 1 shows the T·mue uscd for the
behavioral experimenl. Each agIe wu housed ill an individ
ual Ilass jar and monilored for cali duration and whether lhey
aunclcd a female. Each Ilus jar wu placect ia a buckel th&l
was conneclcd lO IWO olller buckcts by plastic 2-5-cm di- 
ameler lubinl. which lhercby formed • T-mazc. ElplT-maz
es wcre uscd. ail of whick JoVCre placcd ia incubalOrs sel al
a 15:19 L:D pholOperiod and 1re. For cac" T-mazc. IWO
males (one mic:roplefOUS (SWJ. one maaopu:rous (LW» and
a sinIfe female (either LW or SW. chosen al random) wcre
plllced in SepHale baculS u indic:ated in Filure 1. The 2.5
cm lubin. thal intere:ollnec:ted ail dlree buc:kets allowed the
femalcs free acccss 10 lhe malcs' quanus. Canes placed on
the end of each tube lcadinl 10 a malc's quartas prevenled
the female (rom nitinl the buckcl of the aglc shc fini en
lered. The jars bousinl die males -ete paialcd black 10 pre
vcnl lhe male and female from secinl nch otheT. Wire mesll
covered Ihe lop of eacll jar allowinl femafes 10 bear lhe
callin. males. A conlinuous playbac:lt of cricket callinl wu
used 10 provide a COnstanl badtlfOund (Cue and Wyatl
1984).

Malc caUinl was monilored by Rcalistic lie-clip 33-105
microphone (frequency response. 50-15,000 Hz) placed in
e:ach male's jar. Microphones~ connccled 10 ail analol
lo-diailal converter relay system monilored by a computer
thal recorded the lime ofoch incominl silnal. The computer
scanncd Ihe relay syslettl once every second. Cbirp lenllb
;avenles U4 msec (Webb and Roff (991) and are repuled
in boUI lenlths lenerally ucecdinl Olle second (avCRle boUI
lenllh - 1.47s: PC. pas. obs.). Exh microphone pin wu
sel at a level thal would IlÎlPt die telay s~tem only wben
the occupanl of the jar callcd and would nol be trigered by
Ihe bac:klround cali or the cali of lICipborinl crickets. A
simple binary code wu used by the compulu 10 record wben

."

a male caUcd (l - C21lilll.O - nOl caUin&). Every malc was
mOllilorcd (or 23.5 h. Oll day 6 as adults. Da)' 6 wu picked
as lhe belt Olle-day comprimise because c:allinl inc:re:ases up
la day 6 and dlen chanles little afaerward (Cmoltralt ud
Ro(f'. in press). Recordinl belan al 1300 ta ach day and
ended al 1230 h die Dut day (30 min wu spcnl on main
tainiftl die food and water levels and cleuial the T-maze).
After daily aginlcnance wu compleled. die computer wu
reJel and monilOrinl recommenced.

S'ad;". Dui,n.-Sires wcre obtained from CliS laid ill
canh dishes from me lenenl brecdinl stock ofaickets (sec
aboye for dcsc:riCllion). The earth dishes wcre placcd in dis
posabic moUle cales in incubalars set al 15:9 L:D and 28-C.
Nymphs w~ reared in C-L buctets (60 in cach) and main
tainccl uadcr the Ame- pIIolOperiocl aa4 œaaperallIre condi
lions u the elP. Once adull. Ihe males WCIe plac:cd in in
dividual quanas unail six days old, al which time dley werc
IIIOllitored for cali duruioll and fcmale .tuaetiaa. Eleven SW
and II LW sires wcremonicorcd (sires WClepaircd wilh males
that _cre nol uscd for the lenetic UpcrilllClll: sample size
for sires - 22). Arter measuremelll of c:allduntions. die sires
were placed in indiyidual buckelS and allo.... la male wilb
a rcmale (morph picked al random) for approllimately one
weclt. Fem4ales ovipositeel dleireus in lOil in Sl,rofoam cups
durinl Ihis lime. which wcre iacubated under die lame en
vironmental candilions u be(ore. These nymphs (F, paer
Ilion) were maintaincd in 4-L buc:kelS until "ulU, al which
lime the,~ raiscd individually unail sia days old and
lIIOaitored for time speftt callilll and female auractioft. From
each ramil" live SW and live LW male offsprial wcre mon
ilOted (Illas the lotal sample size for the rcmale cboice u
perimeal wu 12 sire pairs + 10 x Il oITsprial - (32). The
remainial crickets from uch famil,. wete raUcd until Aduh
hood 10 oblain an eslÎmate of proportion macraptery far cach
(amil)'. Ail male crictets used in the experimenl wcre pre
IUYCd by rrcezïnl for muscle aulysis.

Macl. CDruli,iDII AllGI,sis.-Pteserved sires and offsprinl
were lUwcd and dissected 10 determine weipland condition
or their dorsal lonliludinal tlipl muscle. The dorsal 10Dli
ludinal tlilht muscles (OLMs) are liluated immedialely ven
tral 10 the dorsal portion of die mesolhGraa Cl'fau and Koch
1994). Muscle condition wu delermincd visually b)' com
parinl muscle color on a thrce-poinl scale: bcile while (0),
paJe pink (1), and briclt red (2). Muscle colar is an illdicator
of functional (red) or ftOnfunetional (while) Ilipl musclcs
(Rady and Josephson 1912). Ail color leSlS wae per(ormcd
by one penOIl (PC) la elimiDale Any variatioa ia vision pero
cepliall amonl caperimenlen. Museles wcre dlen dissected
oui of the cricketS and dricd (or one weeIt al 6Q-C and
weilhed la ail accunc:y or 0.0001 1. Althou&h ail male crick
etS wcre dissce:ted. only LW individuals had masurable ftilht
muscles.

SIGlÙlictll Alftllysis

DacripriH Sldlislia.-We used a l-leSl 10 determine if
silnificaal dirrerenc:cs Uisl belwccll morphs ia cali duratian
(botb sires and orrsprin&> (or the 23.5 Il of ....ilOrinl. Bc
caUle lhe • priori pRdie:tion is lbat SW mala will call1onicr
than LW males. die Nest was one·tailcd.

..-
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where V. - addiüyc ICHlic variaace. V~ - dominance vari
ance. and Vi-cpistatic yariance. Cap efrects wcre oonsil
nificant and. thercfare. Clles were combined.

ln addition 10 die Cull·sib estimaces. wc caIc1IlaICd oC(
sprinl-parent heritability estimarcs rorc:aJ1 duratioa. Beause
these estimales include only V. in die ftumentor. a compar
isan oC Cull·sib and parcnt.offsprinl heritability esümara .1-

(4)

lows us ta delermiae me conrribution of nonacfdilivc erfectl
la chc torallenaîc variance. The offsprinl·p.rent heritability
eslimare for cali duntian wu calculated usinl a rearessian
ar mun offsprinl values on man sire values: wherc the
dependcnt variable. affsprinl cali dunlion - (SW me:an ail
pu Camily) x (proportion SW in Camily) + (LW mun ail
pet' Camily) x (proportion LW in family); and the independenl
variable - sire ail duralian.ln addition ta die ;above analysis
we also ran the reeressioa separately Cor SW IIId LW males
(mun SW arrSprinl ail duration relfCSUd on SW sire cali
duntian. etc).

P/.D1D'Ypic CDrnltltioll EstÜltGl~s.-We alculared phe
nOlypie c:omlations for cali daratian and winl morph and;
LW cali dUnlian and DLM weipL Correlations were cal
culatcd aial orrsprinl values for burh estimalCS- Becausc
family sizes wcre equal. phenotypie correlations wen= al
culalcd usinl a Icncral linear repession oC ail dunlion an
winl morph and DLM wcilht.

Gennic Cornl.rUnt E6tÜfUII~s.-Wc calculalCd lenetie:
correlations Cor LW ail duration IIId winl morph; SW caU
duntion and winl morph; LW cali dunlion and DLM weilht:
and cali dunlion belwun marphs. Because a Ibed numbu
of LW and SW ofCsprinl pu Camily (irrespcctive o( propor
lion mxropcery in che Camily) were meuured. Icnelie: cor
relations could DOl be estimatcd in Ille usai manner (Rare
and Brad(onll996). Hawever.leneticcorrelatiollS (rom (ull
sib data c:an be estimalcd. at leul .pproximalcly. by me Par
son product moment correlation belween family meaftS (Via
1914; Rarr and Preziosi 1994). Maa values per ramily were
calcul.ted by fint calculatine man values per cale (u de
scribcd aboye) and lhen averalinl across calcs.

Slandard erron values Cor die correlation estimales were
alculated usinl (Becker 1995):

R-rz
SE- ---.11-2

RaULTS

PI.~no'YpicRe/aJionsl.;ps

Cali D"",rion.-SW males had silnifiantly Ion1er ail
duntians than LW males (t - -1l.404. d( - 216. P <
0.0001); SW males alld far 0.86 ~ 0.01 h and LW males
Cor 0.64 ~ 0.01 h.

Femtde AnNll:r;oll.-SW males anracted IJ or 131 (63'IJ:
one remale did not movc rcdueînl ltlc IOW sample sizc by
one) (emales dlat made a dlaice (ar a male in die T-mues.
whercu LW males aluaclCd 48 of die 131 (31") Cemales
(Coral Cemales that moved - 110 [offsprinllCStI) + 21 [sire
lesu-I rem.le chlt did not move». As prcdie:ted. SW males
attraeted silnificanlly more fanales ltlan LW males <r 
4.61. P < 0.01).

CIIIl D"",tÜNI tuttl FawIl. Annaaioll.-There wu a sil
nific:ant effeCl o( telative cali duntion an die probabiliry or
altractinl a femalc ("" confidence inle"aI ucludc:d a;
lust-squares estimaciaa lave' - 0.13. P < 0.1 x 10"'):
because me SW male called Ioaler dWllIle LW nWc. the
(anales chose the SW male more (rcqueady. Tbe slope Cor
che model wu sipiftcandy pacer rhan 01lC (6. 1.11; 95..
coftfidence incerval: 1.05-1.21: by lust-squares confidence

(1)

(2)

(3)

e. 100

1, - n bC, n Cl - bCI )·
,.. J-I

We :lSse.ssed female chai" usine a loodness-oC·fit test:
bec:ause the prediction is lhat SW males wiU aunct mare
fem:lles lhan LW males. die leSt wu one·railed (c:ritial x1

- 2.71).
Ta examine the relalioftShip betwun caU duration and the

prob:ability of aur:actinl li Cem:lle we uscd the madel:

P _ b CSI/f - bc..
.~SI/f + Cu,

where P is lhe probability oC a Cemale chaasinl the SW male.
Csw is the aU duralion of the SW male. Ct.. is die cali
durailon oflhe LW male. and bisa constant.ICdIe probability
of anraclin, a female is proportional 10 die relalive cali du
ralion (C). men b - 1. If. u suuestcd by previous analyses
(Crnokrak and Roff 199'l fcmales show a bias Cor SW males
lhen b > 1. Beause the muimum yalue of P is one. if the
bias is suCficiently Ireat die relationship may be curyilinear
with an uymplole at one. Na such curnlure wu Cound in
the present analysis and hcnce wc shall rcstriet our attention
la die above model. Bccause sinlle females wcre used in
each trial. P is a bin:ary variable lakinl yalues oC lCtO (female
chose the LW male) and one (fem.le chose Ihe SW male).
Such dala do nOI Cullill che usumplions of leut-squares rc
gression and. lhererore. wc used a muimum-likelihood ap
proach. The likelibood. L. for a sample in which me number
of SW and LW males chosen is n. and no. respec:tively, is:

The slope. b, wu estimared as lhal which muimized die
above Iikelihood. To provide a lest ar lite slape wc used che
95'IJ confidence interYII estimarcd usinl Wald's method (Wil
kinson 1996. p. 452). In addilidh. Ille lbave modd wu fiued
usina leut squares by minimizinl the mcan square errar.

Wc used ANOVA 10 determine ir diCCerenc:es uistl be
Iween DLM weilht amanl muscle color croups. Because the
a priori prediction is ahat fUIICaional muscles (IrouP 2) will
be larler than nonfunclional muscles (IrouP 0). rhc lesl wu
one-lailcd.

H~rilQbiUly Esrimcrru.-Full-sib herilability estimales
were calculated usinl nesled (ales nested wichin families)
ANOVA and thejacltkniCe (Simons and Rarf 1996). As both
eJlimales laye almast idealial rcsults wc present only lhose
(rom the ANOVA. Heritability estimales alculared were:
lime spent callinl (SW and LW "p....ce. .nd SW + LW).
wina marph Cusinllhe threshold model. for details. su Roff
1997), and DLM weilht oC macropleroUS males. Full-sib es
limales of heritabililY include (Beckcr 1995):

1 1
VII + i Vci + iVi

Vp

•
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TAU.2. Sumrnaty of herilabililY atiawes usia& Ille full-lib aad
parcnl-off5pnal "ysg.

TA.LIl J. SumdWY of paetic conelatioD CSIÏID8Les (r... =SE).
Ali cancWiODI ... Pla6icalllJy dîlfcral (nxn zao•

DISCUSSION

AllhoulII nilht c:apabilily can be advanlalCOUS undu con
ditions o( habilal cbanle. il is Dot wilhoUl COSU. Produeina
and maintaininl the nipl appantus (winp. winl muscles.
and nilht fuels) is e1ICflctically opensiv. (Mole and Zen
1993. 1994a.,b; Tanaka 1993; Zeta el al. 1994). The cnerl'
needed to main~illtheflilht muscles is hypothcsizcd ta con
strain tcsourc:es lJIat could be used for callinl in males. Pre
vious studies on male G. jfrmlU ha"e shawn lbc existence of
a phenolypic tradc-o(f betwccn mac:roplCr7 and callinl
(Cmoltrak and RoCf I99S) and lhalthe trade-off uisu under

H~ritllbililytUul G~II.tic CD""~{lIIiQII ûtÎmlltu

Ali heritability cstimales wcre silnificanl. "cept (or the
oCfsprinl·parcnl hcricabililY of cali duralion (or SW crickeu
(Table 2). The (ull-sib and offsprinl-parenl heri~bility Q

limales Cor SW Ind LW <:311 dunlion. SW + LW ail dUfOUioD•
and DLM weiJht ..cre very similu. indie:atial 1....1 nonad
dilive ICncüc YWiaacc (domillanc:e and cpisr.sÏ$) conlribures
reJalively liule 10 the baicability eslimaa.cs..

Tbrec of the (our pnetic correlations .cre hilhly silnif
ianl (Table 3). As prcdieted. with an incrcuc in proportion
mac:roptery in a (amily me mun SW ud LW cali dunlion
dCct'e&Ses (Fil. 2). la addilion. for LW males ia ach family.
U lhe man DLM wcipt incruses Ille man LW cali dunlion
decreased (Fil- J). The silnificanl Icnetic: correlalion dem
OftllnLCS a ICDClic buis ta lbc tnde-orr. l'be lenetie cor·
relalion belwœn winl morphs (or cali duratioft wu nonsil
nificanl (rA - 0.13 : 0.22. Il - 22. df - l, P - 0.561).
sUllestinlthal selection for cali duralion ia one morph will
nOI be coftltnincd by the other morpho Howcvcr, the IUle
standard errar does 1101 prec:Jude aa evolulionaril, important
lenetie correlation: a larler sample siR is required la answcr
mis question.

-0.10 =0.14-0.46 =G.2O
-0.61 =0.16

LW caU dUraiioa
SW cali dunaion

T.... .. ~SE ,.
Full-lib cslim.IQ
SW calI dur.llion 0.61 ~ 0.21 110 0.002
LW calI duralion 0.11 ~ 0.21 109- 0.002
SW + LWeall 0.75 ~ O.3J 219 0.04
Win, motph 0.22 ~ 0.07 "- 0.01
DLM wapl _. 0.31 ~ 0.09 109 0.007
Orrspr1n,-~1eslimalu

0.61 ~ 0.39 Il 0.151SW ail duraiion
LW ail duralion 1.07 ~ 0.34 Il 0.012
SW + LW caU o.n ~ 0.13 22 0.0001

.. Note: ...~ liza ct-IIC iti_ _ 1nÎI1"..e: ..1olIM
full.llib ali-.a .. ilIdi _ uafIl r ...-. .Iûdl la
_ lJ"IIIOf'iGa .......-rJ' cqe Ca- a.- r-Ip): ........
patCAl nti_ rar SW .... LW ait ....,...rqraIi_ 01_ al,
'plln....1__ lite ..al_ (SW oifJpriIl, _ SW lira ... LWoifJprill,
<Ml LW .ira); SW + LW aU ....ioa it ...pau_ 01 _ oifJpri••
nlua aa lire .al.. rar l1oi11 Wllae •• lia - 1 (_ LW ......
clicd durilll uperi_J. • - 12 r....tics JI 1 a..,. .... ' ....Il' - ...

inlerval: 1.01-1.27). indialinl an crfeet of m..le morph type
in addilion co relalive cali duralion on the probôlbilily of
alfractinl a fcmaJe. AllhoUlh Clacre is a diCference betWCCft
Ihe predieted slope nlue of one and the caJcuJated value of
1.17. il is nol substanlial. indicalinllhal relative c:a.l1 dunlion
is much more importanl ID female choic:e lhan male morph
lype (i.e.• SubSlilutinl a C-value of 0.57 (man relôllive cali
duration for ail cric:kets) into the model lives P - 0.67.
indic::uing lhalthe rcl..tive cerect of m..le morph type is 0.10
c:ompared la the relalive ail duntion crfect of 0..57).

DLM W~i6ht.-Themcaa ~ SE DLM wcilht for die Ihrec
muscle conditions wcre: 0.0029 ~ 0.0006 1 (beiac wbite. Il

- 21); 0.0058 =0.00091 (pale pink. Il - 22); 0.0075 ~

0.00031 (brick Rd. Il - 67). Muscles wilh diCfercnl colon
Md 1~D1ly diffcrent man weillus (II - 110. F.~ 
43.283. P - 0.0001). As pmllcled. (unclional red muscles
wen:: heavier IMn nonfunaional while muscles.

PII~nDtypic CD"~/.lliDn.r.-Bolh phenolypic correlalions
wen:: hilhly silnificanl; cali duracion and winl morpho r 
-0.61 =O.OS. Il - 218. d( - l. P - O.OOOl; LW cali and
DLM weilht. r - -0.32 =0.09. Il - 109. df - 1. P 
0.001.
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both Id libitum food and raourcc ralfictioll (Cmoknk and
Roff. in press). As in the previous Itudy. in the present sbldy
we found a silniliant phcaotypie tnde-orr betweea ma
cropcery and the probability ofattraelinl a femalc: SW males
Iltn<:1ed a li,niliantl)' palet" numba' of fanales than LW
males. This difrcrence il due 10 differences in relaliYC cali
dUr2cion belween the nIOlJIlls: SW males called lonlerdurinl
1 24-h pcriod Ihan LW males_ ln addition. females prefencd
the SW male even when caU cffecas werc accoualCd for ia
the model. On a lenetie Icwcl. wc (ound Ih&t die tniu in
volved in the tndc-off (cali dUrilion. winl DIOlJlh. ftipi
muscle weilht) are ail lilniftcandy hcritable. The ICHtÎC
correlacions belwua die traiu (LW cali duralioa and win,
mOll'h. SW cali duracion ancl Jl'inl morpho LW cali duracion
and "ilhC muscle weÎlht) were also ail lilniliant and III
nelacivc. This is. la the bat o(our knowledlc. the fint study
of trade-offs belween a dimorphic lflIit and filJless-relllCd
lraits in males la have demonstnted the uiscence of a le
necially bascd trade-off.

Trldc-orrs are a ccntral facct of life-history evolutioa
(Stcarru 1977. 1989; Bell 19S0; Runick 19&5: van Noord·
wijk and de Ionl 1'86: Peue and.Bull 1911). The stu~yof
lrade-orfs is imponanl because traits rarely evalve as slnlle
units. In addition. because dlere is ulully a finile Imount of
rcsources available rD be IlIoc:ared ra difCerenc (uncrions in
~n orlanism. comperilion ~monl lnits for resoun:es is in
evitable (Pcase and BuU 19I5). The mast commenly mu
sured lrade-o(fl are pheaotypic becausc analyses on this level
are relalively simple comparcd 10 aleneti~ analysis (Slearns
(989). A lenelie anal'Iis of Inde-o((s requires heritatlility
cslimales of the individual I.raÏts involved and lenetic cor
relation eslimAles belwun lliese nits. The present Iludy has
fulfilled bath o( these rcquirements. Our comparisoll of full
sib Ind parent-offsprial IIcritability estimatcs rewealecl lhat
nonaddilive cffecu conlfibule lilde 10 the heritability ali
males: in addition la the relatively hi'" heritability alimales.
this weuld man mal lhe craiu in queslion- will rapidly re·
spond la seleclion. . '.

The aenclic correlaClons belween caU durallOIl and wlnl
morph reponed hcre indicace .thal the trade-o!f' is relal~vely

hiah in malnitude and nepClvL Therefore, ln a relallvcl,

unslable habitat. Iithou'" selection will favor macroplerous
males. because of Ihc neaAtive lenclic correlaticn between
winl morph and caU duralion. seleclion favarinllhe illCRlle
in proponion macroplery in a population will result in a mean
decreasc iD caU duration amonl the macroplCfOUS males.
Thus. mac:roplerous males from a population that is predom
iMlely micropterous will have relatively lonprcall duralions
than mxrapceorus males (rom a populaliCJn 1IIat is predom
iUlely macropcerous. Bcause loaler-callinl males baye: a
hilher probability of attraetinl femala. nriation in propor
lion maCJOpcery will result in chanles in the relative firnesses
between microprcrous and macroplcrous males. III this w.y.
dlae aeneticaUy based tnde-affs will mediace the cvolution
oC winl dimarpbism in a population.

Ta fully uaderstaad a biololÏcal lyslClll, il is crucial 10
euminc tbc pflellOmenon in question oa ail possible le"els.
The bchaYioral trade-off betwcen macrapcery and callia, bc·
havior ill G. jf""," males bu becn Ihldied by us on a phe
aotypic and lenclic Icwcl. Previous studia bave shown lhat
a behayioral uade-offuisu and lhat dlis vade-off is affeded
by anilable reIOllfCes (Crnokrall: and Rorr 1995. in press).
Allhou'" the presnt laudy caamines the uade-off on the
sinlle most important level. the IC1ICIic: Icwcl. Ihcte is Still a
Jack of in(ormation concetninl how lenelics is uanslared inlo
the phenotype:. Sceaue die aradc-orr il belie:ved 10 be a re
sourcc:·basc:d rrade-orr wherc a ftnile &IIIOUnl of raourccs
mUlt be panitioncd betwcea maintaininl die lIi",t apparaNl
and callinl. il is important 10 YCrify dlis bypolhesis by u
aminin, tbc trade-orr on a pbysiololic:a1 lem. A phYliolol
ical cndc-off c:an be MIIIed on a pbeaorypic levcl if an
orpnism bas the ability 10 maiiale lu behaviQf' 10 c:ompen
laie for a sIIonf.1I in melabolic resourecs. la G. Jfnn'". ma
crop.erous fanales partially compensaœ Ga a behavioralleyel
(or the physiololical Irade-of( betWUll macropcery and eu
production by catinl more food dlan miCfOplCfOUS (emales
(Mole and Zen 1994.). Althoulh in one espcrinwu wim G.
finn'" LW (emales appearcd 10 compensate far Ihc: physia
IOlical rrade-off by catinl more lhan SW females (Mole and
Zcra 1994.). this bu not becn observed in four otber u
perimenll with G_ JinnlU (Roff 19M. 1919. 1994a; Roff el
al. 1997) and one with G. "'HItS (Mole aad Zen I99J). We
are presendy aaa!yzin, data (rom the physiololical upen
ments la decenninc which traits are involved in the macrop
lery-caU trade-orf in malc G. Ji""'". Ta dale. wc baye de
ICrmined lbat silnificanl neillive lenelie correlations uist
belwecn cali duration and ftilht muscle wei,ht (this papcr)
and lIilht muscle weilhland proportion IIIICfOpcery (Cmot
rait Ind Roff. unpubl. dala). As hypolhesised. thac raults
conlirm ....t dM: phenotypic trade-off is anderpinned by a
trade-orr on a physiololieal level.
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Chapter 6. The influence of lipid stores and flight muscle
condition on cali duration and its costs in males of the cricket,

Gryllus 'i,mus.

Having established ths.t a trade-off ta macroptery exists on a phenotypic

and genetic level and that the trade-off will most likely be important under

conditions experienced in the wild, the final chapter in this thesis will

attempt ta answer the question: how do traits mast proximate ta the

energetics of the trade-off function within the trade-off. Traits that are

most proximate ta the energetics of the trade-off (lipids and flight

muscles) are predicted to exhibit greater trade-offs with calling than traits

more distant from the energetics of the trade-off (wing morph). This

chapter was written for publication in Oecologia.
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Abstract.-Among the orthoptera, wing dimorphism where one morph is
long-winged (macropterous) and flight capable, while the other is short·
winged (micropterous) and flight incapable, is relatively common. In

addition ta long wings, macropterous individuals also produce and

maintain a functional flight apparatus, which includes dorsal longitudinal
flight muscles (OLM) and flight fuels. Although macropterous individuals

can fly and therefore avoid successional changes in their habitat, they

are at a energetic disadvantage in terms of fecundity: macropterous

females produce fewer eggs than micropterous females. In the cricket,

Gryllus firmus, in addition to the fecundity trade-offs demonstrated in

females, there exist trade-offs to macroptery in males. Previous studies

have shown that macropterous males cali less and therefore attract fewer

females. In this study we examine variation in the primary traits involved

in the trade-off; flight muscles and lipid stores. We find that as OLM

condition 90es from a non-functional to a functional state cali duration

decreases, and as relative lipid weight increases cali duration increases

in both morphs. When crickets are subject to a resource stress, mean

cali duration, mean lipid weight and mean body weight ail decreased

significantly. We found that the traits examined, body weight and lipid

weight, had signifieant heritabilities. Although our previous studies found

significant genetie correlations between cali duration and proportion

macroptery and cali duration and DLM weight, for this study, none of the

measured genetic correlations were found to be signifieant. Traits that

are most proximate ta the energetics of the trade-oft (OLM condition and

cali duration), show less variability in the trade-off (more negative

correlations), compared to traits more distant to the trade-off (wing morph
and cali duration).
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Discrete morphologies exist in a wide range of species (Roft 1996). In

many cases dimorphisms in body structure are al50 associated with

behavioural modifications that frequently play an important role in

dispersal and in the ability to defend a territory or acquire mates

(Cmokrak and Roft 1995). A common dimorphism in insects is wing

dimorphism where one morph, macropterous, is long-winged and flight

capable while the other morph, micropterous, is short-winged and flight

less (Harrison 1980; Roft 1986, 1994a). Wing dimorphisms are believed

ta be maintained in populations due te trade-ofts between the

advantages of dispersal and the costs to maintaining the flight apparatus

(Raft 1984, 1986; Denne et al. 1991; Roft and Fairbaim 1991). Among

wing dimorphic insects, trade-ofts between macroptery and reproductive

potential have been weil studied in females. In general, micropterous

females reproduce earlier and have a higher fecundity than

macropterous females (Roft 1986; Denno et al. 1989; Roft and Fairbaim

1991 ). Although there are many examples of phenotypic trade-ofts

between body morphology and reproductive potential in females, in only

two species has it been determined that the trade-ofts have a genetic

basis (Raft 1990, 1994b; Roft and Bradford 1996; Roft et al. 1997). In

males of dimorphic insects, few examples of a trade-off between

reproductive fitness and wing morphology have been demonstrated (for

a review see Crnokrak and Roft 1995), and only one study has

established a genetic basis to the trade-off (Cmokrak and Roft 1998a).

Because many trade-ofts probably involve a constraint on the

amount of resources that can be partitioned between difterent functions,

examination of traits directly involved in the trade-oft requires an

investigation of the intemal resource store of morphs. The trade-off we

are concemed with here is that between wing morph and cali duration in

males of the cricket G. firmus. Macropterous males, due to the energetic

costs associated with having to maintain the flight apparatus (wings, flight

muscles, flight fuels), are hypothesized to be energetically constrained

with respect to the energy needed to produce the energetically

expensive calling song (Bailey et al. 1993). Macropterous males are

predicted to cali less than micropterous males and therefore attract fewer

females. Previous studies have shown that a phenotypic trade-off exists

(Cmokrak and Roft 1995) and that the traits involved have a genetic
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basis (Crnokrak and Roff 1998a). The trade-off is believed to be

mediated by energetic resources partitioned between flight muscle

maintenance and calling. Large muscles are believed to be more taxing

to maintain than small muscles (Mole and Zera 1993, 1994; Zera et al.

1997). In addition to size, functional muscles (indicated by a red colour

for presence of mitochondria and cytochrome; Ready and Josephson

1982; Shiga et al. 1991; Gomi et al. 1995) are hypothesized to be much

more costly to maintain than partially functional or non-functional

muscles (Mole and Zera 1993; for a review see Zera et al. 1997).

Energetic resources in crickets include carbohydrates and lipids.
Because carbohydrates are used up soon after activity (Nachtigal 1974;

Crabtree and Newsholme 1975), it is primarily lipids that make up the

energetic resources of individuals (Beenakkers et al. 1981; Rankin and

Burchsted 1992). Lipid flight fuels (triglycerides) are hypothesized to be

energetically expensive to synthesize because of their high calorie

content (Stryer 1988). Previous studies on migratory insects have found

higher total lipid and triglyceride content of migratory vs. sedentary adult

phases of a number of species (Uvarov 1966; Nwanze et al. 1976; Gunn

and Gatehouse 1987). In G. firmus, macropterous crickets were found to

have 38% higher triglyceride levels than mieropterous crickets, while

non-triglyceride lipid levels did not differ between morphs (Zera and Mole

1994; Zera et al. 1994). In addition, a negative correlation between

triglyceride and non-triglyceride lipid was found in macropterous but not

micropterous crickets, suggesting that a trade-off exists due to a

constraint in the total amount of lipid that can be biosynthesized (Zera et

al. 1994). Therefore, if macropters have high triglyceride levels

compared to non-triglycerides, then total Iipid content is predicted ta be

greater in macropterous males than micropterous males. But if

triglyceride levels are relatively low, then total lipid content may be only

slightly larger or equal in macropterous as compared to micropterous

males. Because non-triglyceride lipids are also believed to be the

primary energy source for calling, there should also be a positive

relationship between relative lipid weight and time spent calling. What is

not known is whether these traits are involved, whether they have a

genetic basis and whether these traits operate within the trade-oft as

hypothesized.
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We hypothesize that an evolutionarily important trade-off to
macroptery exists in male G. firmus that involves the primary

components of the flight apparatus (wings, flight muscles) and the

internai resource stores (Iipids). Specifically, we address the following

hypotheses:
1) a trade-off exists between flight muscle condition and time spent

calling. Our previous study in G. firmus males demonstrated a negative

genetic correlation between DLM weight and cali duration (Cmokrak and

Roft 1998a). But large muscles are not always functional, and these non

functional muscles do not require as much resources to maintain

compared to functional muscles. Because functional muscles require

more resources to maintain in a working state, fewer resources will be

available for calling, therefore, crickets with functional muscles should

calliess.

2} Because lipids are the primary energy stores in crickets and the

primary energy used for calling, then crickets with larger lipid stores are

predicted to cali longer than crickets with smalter Iipid stores. Due to the

complications of triglyceride and non-triglyceride lipid levels, we make no

a-priori prediction as ta which wing morph will have a higher total Iipid
content.

3} Crickets subject to a resource stress are hypothesized to have more

pronounced trade-offs, because restricted resources are believed to

exacerbate the resource Iimited condition in macopterous males.

Resource stressed crickets should have lower lipid stores and body

weights than ad libitum fed crickets.

4) The variability of the trade-off is predicted to decrease as one

examines traits that are most proximate to the basis of the trade-off.

Specifically, we predict that the negative correlation will be greater

between cali duration and DLM condition than between cali duration and

wing morph because the correlation is predicted ta decline with distance

from the trait due to the addition of environmental variance.

S} Ali of the traits involved in the trade-off: body weight and lipid weight,

are predicted to have a genetic basis and be genetically correlated with

DLM weight and cali duration. For this paper we have used the data of

flight muscle weight, flight muscle condition, body weight and lipid weight

obtained from crickets used for the previous three studies dealing with
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trade-ofts to macroptery in G. firmus males (Cmokrak and Roft 1995,

1998a,b).

Materials and methods
1. Species des.cription and methods of rearing
For simplicity we shall designate the three experiments as Expt 1

(Cmokrak and Roft 1995), Expt 2 (Cmokrak and Roft 1998a) and Expt 3

(Crnokrak and Roff 1998b). For general rearing conditions for the

individual experiments of crickets see Cmokrak and Roft (1995). On the

day of their final ecdysis (the day nymphs became adults), we placed

males in individual buckets containing, 1) ad libitum food and water

(Expts 1 and 2), or 2) restricted amount of food (0.03 9 every third day)

and ad libitum water (Expt 3).

2. Experimental design

2.1. Cali monitoring for Expts 1, 2 and 3.- Following final eclosion,

we placed each male in an individual glass jar (9cm in diameter) with ad

libitum food and water (restricted food for Expt 3). Crickets monitored for

Expts 1 and 2 were monitored for one day, day six of adult life. We used

crickets that were six days old because preliminary analysis indicated

that by this day cali duration levels off and remains constant thereafter

(Cade and Wyatt 1984; Cmokrak and Roft 1998b). Crickets monitored in

Expt 3 were measured every day from the first day of eclosion up to 20

days as adults. We monitored crickets for 20 days only since field studies

on rangeland grasshoppers have shown that mortality is about 5C,Ig per

day (Onsager and Hewitt 1982); thus after 20 days, most individuals in a.

population are dead. We used a continuous playback of cricket calling to

provide a constant background in each incubator because male crickets

tend to cali more often when they hear others cali (Cade and Wyatt

1984).

We monitored male calling using a Realistic tie-clip 33-105

microphone (frequency response, 50-15000 Hz) placed in each malels

jar. Microphones were connected to an analog-to-digital converter relay

system monitored by a computer that recorded the time of each incoming

signal. The gain of each microphone was set at a level that would trigger

the relay system only when the occupant of the jar called and not by the
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background cali or the calls of neighbouring crickets. For one day of

monitoring, each male was monitored for a 23.5h.

We used 47 males (22 LW, 25 SW) in Expt 1. Three SW males

were monitored for cali duration, but since they were not paired up with

LW males, were not scored for female attraction (for details see Cmokrak

and Roft 1995). For Expt 2, we set up 22 families with" 5 SW and 5 LW

males measured per family. A total of 110 SW and 110 LW offspring

were measured (for details see Cmokrak and Roft 1998a). For Expt 3,

we used 6 SW and 6 LW crickets for the control group and 15 SW and 15

LW crickets for the food restricted group (for details see Cmokrak and

Roft 1998b).

2.2. DLM dissection and Iipid extraction. ..Ali crickets were

preserved by freezing. Once thawed, crickets were dissected to remove

the dorsal longitudinal flight muscles (OLM) that are immediately below

the dorsal mesolhoracic covering (Du Porte 1920; Srihari et al. 1975;

Pfau and Koch 1994). Although ail crickets were dissected, only LW

crickets had measurable OLM, therefore, ail SW DLM weights were

scored as O. We assessed DLM condition on a three point scale: D-white,

1-pink, and 2-brick red. A red colour indicates the presence of

mitochondria which means the muscles are functional (Mole and Zera

1993; Zera et al. 1997). Ali colour tests were done by one person (P.C.)

ta avoid any discrepancies between experimenters. Once the DLM were

dissected, they were placed on a numbered, pre-weighed, microscope

coverslip placed in an aven set al 60 Oc for at least 3 days. Once dried,

DLM were measured on a Mettler digital scale to 4 decimal places. After

the DLM were dissected out, the crickets were placed in 25ml pre

weighted vials with a 10ml solution of 2:1 vol:vol methanol:chloroform

(Lee et al. 1975). Crickets were left in this solution for at least seven days

ta ensure that ail of the lipids precipitated out into the solution. The

solution precipitates out ail of the different lipids found in crickets

(triglycerides, phosolipids, sterols and hydrocarbons) (Lee et al. 1975).

Sefore being removed trom the vials, crickets were washed with

approximately 1ml of solution to ensure that no lipids adhered ta the

bodies. The crickets were then placed on pre-weighed coverslips in an

aven set at 60 Oc for approximately one week. After one week the

cricket's dry body weight was measured on a Mettler scale ta 4 decimal
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places. The remaining vials with lipids and solution were placed in the

same aven to evaporate off the chloroformlmethanol solution leaving the

Iipids in the vial. Lipid weight was measured as the difference in weight

between vial weight + lipid weight subtracted from the previously

measured vial weight.

3. Statistical analyses
3. 1. Hypotheses 1 and 2. - We grouped Expts 1 and 2 together

since ail variables were measured on day 6 and analysis indicated no

difference between these two experiments. We assessed the effect of

body weight, DLM condition, lipid weight and experiment on cali duration

for the combined Expts 1 and 2 using the multiple regression model

(coefficients omitted):

cali duration=eonstant + body wt. + DLM condition + lipid M. + experiment + interactions (1),

where interactions=all 2-way interactions of the independent variables

with experiment (body wt. x experiment, DLM condition x experiment,

lipid wt. x experiment). DLM condition is a categorical variable. We

excluded Expt 3 since crickets measured for this experiment were

measured on day 20. We ran model 1 for LW and SW males separately

because SW males were not scored for DLM condition. The remaining

interactions between the independent variables (body wt. x DLM
condition, body wt. x Iipid wt. and DLM condition x lipid wt.) were tested

using Spearman correlations (SW and LW males grouped together) to

test for colinearity. Testing for colinearity among the independent traits is

important when the relationship between one trait is measured against

many independent traits .hat are strongly correlated with each other.

We also calculated the Spearman correlation between DLM

weight and DLM condition using Expts 1 and 2 to determine if functional

muscles are larger than non-functional muscles.

3.2. Hypothesis 3. -To determine if a resource stress affects Iipid

weight we analyzed the effect of body weight, wing morph and treatment

on lipid weight using the regression model for Expt 3:

Iipid weight=constant + body wt. + morph + treatment + interactions (2) .
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We also analyzed the affect of wing morph and treatment on body weight

using Expt 3 and the regression model:

body wt.=constant + morph + treatment + interactions (3).

The analysis of models 2 and 3 included both LW and SW males.

3.3. Hypothesis 4.- To determine if the magnitude of the trade·off

increases with the proximity of the trait to the energetics of the trade-off,

we compared phenotypic correlations between 1) cali duration and wing

morph and between 2) cali duration and DLM condition. Correlations

were calculated using oftspring values from Expt 2. Because family sizes

were equal, phenotypic correlations were calculated using a general

Iinear regression. We compared the phenotypic correlations between

cali duration and DLM condition calculated here with the previously

published phenotypic correlation between cali duration and wing morph

(Cmokrak and Roft 1998a) using Z-scores (Sokal and Rohlf 1981).

Because we predict, a-priori, that the correlation between DLM condition

and cali duration will be greater than the correlation between wing morph
and cali duration, the test was 1-tailed.

3.4. Hypothesis 5. - Full-sib heritability estimates were calculated

using nested (cages nested within families) ANOVA and the Jackknife

(Simons and Roft 1996). As both estimates gave almost identical results

we present only those from the ANOVA. Heritability estimates calculated

were: dry body weight and lipid weight. Cage effects were non·

significant and, therefore, cages were combined.

We calculated genetic correlations for: 1) Iipid weight and SW+LW

cali duration, 2) lipid weight and DLM weight, 3) lipid weight and wing

morph, and 4) DLM weight and wing morpho Because a fixed number of

LW and SW offspring per family, irrespective of proportion macroptery in

the family, were measured, genetic correlations could not be estimated in

the usual manner (Roff and Bradford 1996). However, genetic

correlations from full-sib data can be estimated, at least approximately,

by the Pearson product moment correlation between family means (Via

1984; Roft and Preziosi 1994). Mean values per family were calculated

by first calculating mean values per cage (as described above) and then

averaging across cages.
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Standard errors values for the correlation estimates were

calculated using (Becker 1995):

g_r2

S.E.= --.
n-2

Results
1. Hypotheses 1 and 2: Crickets with non-functional muscles and large

Iipid stores should cali longer than crickets with functional muscles and

small lipid stores.

The results of the regression analysis using Expts 1 and 2 revealed

signifieant effects of ail of the independent variables for both the SW and

LW male analyses (Table 1). The two way interactions with experiment

were ail signifieant, except for body wt. x experiment in SW males and

DLM condition x experiment in LW males, indicating that there are

signifieant differences between Expts 1 and 2 in the relationship of the

independent variables with cali duration. For LW males, as predicted,

cali duration decreases as DLM condition varies from non-funetional to

functional (Table 1, Fig 1). In addition, for both SW and LW males, as
was hypothesized, cali duration increases as lipid weight inereases

(Table 1, Fig 2). The signifieant relationship between cali duration and

body weight for Expts 1 and 2 ehanged direction in SW and LW males: in

SW males the relationship is positive, in LW males it's negative (Table 1).

None of the correlations between the independent variables (body wt.

and DLM condition, body wt. and lipid wt., DLM condition and Iipid wt.)

were signifieant, indieating no signifieant effeets of colinearity between

the traits. As predicted, functional muscles were signifieantly heavier

than non-functional muscles (f!=O.57±O.07, n=131; Fig 1e).

2. Hypothesis 3: Lipid and body weights should be lower in ration-limited

crickets.

As predieted, mean lipid weights were signifieantly greater in the control

group than the food restrieted group and SW males had signifieantly

larger lipid weights than LW males (control=O.OSO±O.012, O.022±O.012

(SW, LW); resource restricted=O.001±O.001, O.001±O.0001 (SW, LW);

Table 2). Wing morph and treatment had highly significant effects on
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body wt. (see Table 2 for details). SW males had significantly larger

body weights than LW males (Table 2). As predicted, the food restricted

group had significantly lower body weights than the control group for

both wing morphs {control=O.200±O.012g, O.153±O.020g (SW, LW);

resource restricted=O.129±O.006, O.113±O.OOS (SW, LW».

3. Hypothesis 4: Correlation between cali duration and DLM condition

will be greater than between cali duration and wing morpho

As predicted, the correlation between cali duration and DLM condition

(r=-O.86±O.03, n=131) was significantly larger (Z=5.24, P=O.0001) than

the previously reported correlation between cali duration and wing

morph (r=-O.61±O.OS, n=219).

4. Hypothesis 5: Traits will be heritab/e and genetically corre/ated.

Ali traits hypothesized ta be involved in the trade-off have significant

heritabilities. The heritability estimates for both body weight (O.26±O.13,

n=219, P=O.OS) and lipid weight (O.17±O.07, n=219, P=O.04) were both

significant (for heritabilities of wing morph, cali duration and DLM weight

see Cmokrak and Roft 1998a).

None of the genetic correlations measured for this study were

significantly difterent than zero (see Cmokrak and Roff 1998a for other

significant correlations). Since the non-significant correlations are ail

relatively small (cali duration and lipid weight=O.09±O.22, lipid weight

and DLM weight=O.14±O.22, lipid weight and wing morph=O.04±O.22,

DLM weight and wing morph=O.19±O.22), much larger sample sizes are

needed to obtain reasonably low standard error values.

Discussion

Previous studies on G. firmus males have demonstrated that

macropterous males cali less and attract fewer fem~les than

micropterous males (Crnokrak and Roff 1995). In addition, the traits

involved in this trade-off, wing morph and cali duration, had significant

heritabilities and significant genetic correlations (Table 2 and 3, Cmokrak

and Roff 1998a). For this study, we have demonstrated that an

evolutionarily important trade-off exists that involves the energetic

resources of male G. firmus (lipids stores). The data for this study

originated from the dissection of crickets used from previous experiments

on trade-offs to macroptery (Crnokrak and Raft 1995; 1998a,b). As
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hypothesized, trade-offs exist between DLM condition and cali duration

for the eombined Expts 1 and 2: crickets with functional DLM, had

signitieantly lower mean cali durations than crickets with non-functional

DLM (Fig 1a&b). Lipid weight had significant effects on cali duration for

both experiments; as hypothesized. cali duration increases as lipid

weight increases (Fig 2a&b). For the resource restricted crickets,

signifieant effects of wing morph and treatment on lipid weight were

found: the control group had significantly larger Iipid weights than the

food restricted group for both SW and LW males. Body weight was also

found ta be significantly different between morphs tor the resource

restriction experiment with SW males having larger body weights than

LW males (Table 2), indicating that LW males maybe more energetically

stressed than SW males. In addition, food restricted crickets had lower

body weights than ad libitum fed crickets. We also found that the
variability in the trade-off decreased as we examined traits that were

more proximate to the energetics of the trade-off; the correlation between

cali duration and DLM condition was significantly greater than the

correlation between cali duration and wing morpho The heritability

estimates for body weight and lipid weight were significantly different

than zero. Although our previous study found signifieant genetic

correlations between wing morph and cali duration and cali duration and

DLM weight (Cmokrak and Raft 1998a), none of the genetic correlations

measured for this study were significantly different than zero. Ali of the

genetic correlations had relatively high standard errors. Although

previous studies have examined the energetic costs to macroptery in

male G. firmus (Zera et al. 1994, 1997), this study is the tirst to

demonstrate directly that an energetic trade-off exists to macroptery in

males of a dimorphic insect. In addition, to the best of our knowledge,

these are the only quantitative data available in a male dimorphic insect

ta demonstrate the fitness gain due ta microptery in comparing flight

muscle variation and lipid weight.

We found significant variation in DLM weight and DLM condition

between morphs and between experiments. Muscles develop during the

last instar of nymphal development (Roff 1989). Once fully developed

DLM can vary dramatically among females of the same age (Young

1965; Pener 1985; Raft 1989). When crickets are six days old, 50% of
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the LW G. firmus females show signs of wing muscle histolysis (Raft

1989; Zera et al. 1997). By day five, ail female SW crickets have
histolyzed muscles (Zera et al. 1997). Similar patterns of developmental

changes in DLM were found in males (Zera et al. 1997). Once DLM
histolyze, the trade-off is believed to be substantially reduced because
the major resource eonstraint to fecundity is now no longer an important

consideration (Zera et al. 1997). Our experiments have shown that in
male G. f;rmus, DLM weight when measured on day 6 of adult life is
substantially larger (0.006g compared ta 0.001 g) than when measured

on day 20 (Fig. le). Since we assessed DLM weight on only 2 difterent

days (day 6 and 20), we were not able ta determine when muscles start
to be histolyzed. Nevertheless, when using DLM condition to assess
degree of histolysis, we found that by day 6, 41 % of LW males dissected

showed signs of histolysis. We also found that a signifieant relationship

exists between LW cali duration and DLM condition for the combined
Expts 1 and 2. As DLM condition varied from non-functional to functional,

cali duration for LW males deereased (Fig 1a&b). We cannot explain

why the slopes of the relationship between LW cali duration and DLM
condition are different for the phenotypic and genetic experiments (Expts
1 and 2 respectively). Due to DLM histolysis, the relationship between

LW cali duration and DLM weight for the resource restriction experiment

is non-signifieant because by day 20 of adult Iife the wing muscles have

been fully histolyzed. The phenotypic correlation between DLM weight

and LW cali duration previously published was -0.32±O.09 (Cmokrak and
Roft 1998a). We found that the trade-off with cali duration was much less
variable when we used DLM condition (r.=-0.86±O.03) in place of DLM

weight or wing moph (r.=-O.61±O.OS). In addition, we found that functional

muscles are large while non-functional muscles are small (r.=O.57±O.07).

This is a similar finding to other published studies of muscle condition

and weight in G. firmus (Zera et al. 1997). Tc the best of our knowledge

this is the tirst study to have published the relationship between DLM
condition and cali duration in a wing dimorphic insecte

Although the relationship between cali duration and DLM

condition seems relatively clear, the same is not necessarily true for cali

duration and lipid weight. Although lipids are believed to be the primary

energy resources used for calling, interpretation of our experiments is
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complicated by the fact that there are different types of Iipids used for
different functions. Crickets use non-triglyceride lipids for use in the daily
energy budget, while macropters are known to synthesize triglycerides

specifically for flying (see introduction). Since triglycerides are believed

to be energetically expensive to produce, and because they are part of
the flight apparatus, they are therefore important to the trade-off. The
method we have used to extract lipids from crickets does not allow us to
separate non-triglyceride Iipids from triglycerides. This complicates

matters since LW males may have larger total lipid stores than SW

males, but not ail of the Iipids may be used for calling. Since Zera et al.
(1997) demonstrated a negative correlation between triglyceride and
non-triglyceride levels in macropterous G. firmus, micropterous males

may have greater lipid stores for calling. On the other hand, under

resource restricted conditions, LW males may be at an energetic

advantage compared to SW males since they may be able to use the

triglyceride Iipids to satisfy their daily metabolic needs. Despite these
complications, we found significant relationships between cali duration

and Iipid weight for Expts 1 and 2. In addition, the relationship was in the
predicted direction for these experiments. As relative lipid weight

increased, so did cali duration. An interesting finding was that no
significant difference within morphs in mean lipid weight was found

between the three experiments. Expt 1 and 2 crickets were measured on

day six while the resource restricted crickets were measured on day 20.
This suggests that lipid weight was invariant with age for SW males. For

LW males there was a decrease with age but it was not significant. The

resource restricted crickets, on the other hand, had substantially lower

Iipid weights, as was hypothesized. Although Iipid weight has a

significant heritability, we found no significant genetic correlations with

cali duration, DLM weight and wing morpho This does not mean that no

such correlations exist, because the non-signifieant result could be due
to low sample sizes.

One important observation that becomes apparent trom our
studies is that the relative variability of the trade-oft to macroptery

changes depending on whieh traits are examined. The correlation

between cali duration and wing morph previously measured was

-O.61±O.OS (Cmokrak and Roft 1998a), indicating that a moderately high
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phenotypic correlation exists between morphological traits that are
relatively far removed from the energetic trade-off to macroptery. When
we measured traits that were directly associated with the trade-off, we

find that the correlation is mueh greater in magnitude (cali duration and

DLM condition=-O.86±O.03). Thus our previous estimate of the variability
of the trade-off to macroptery in male G. firmus was an underestimate.
Similar underestimates were found in G. firmus females where fecundity

was much higher (50% greater gain) in females with white versus red

DLM than was in females that were mieropterous versus macropterous
(Zera et al. 1997). Although we do not know whether DLM condition is
heritable (we eannot calculate a heritability for this categorieal variable),

the correlation comparisons using DLM condition versus wing morph

indicated that DLM condition was the more informative of the two traits.

This makes sense since we found that large muscles were sometimes

categorized as pink or white which indicates that they are partially

functional or non-functional. The metabolic and energetic needs of these

large, non-functional muscles is going to be much lower than large
functional muscles. Therefore using cali duration and DLM condition

allows us to estimate the magnitude of the macroptery trade-off in male
G. firmus more accurately than using DLM weight, and much more

accurately than using wing morpho
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Table 1 Regression analysis to test the effect of body weight, DLM

condition, lipid weight and experiment on cali duration using the model:

cali duration~constant+bodywt.+DLM condition+/ipid wt.+interactions.

Separate analyses are for SW and LW males of Expts 1 and 2 (n=131).

Note: body wt.=dry body weight (g); expt=O(Expt 1), 1(Expt 2)

variable coefficient t P

SW males

bodywt. 11.893 2.072 0.040
Iipid wt. 16.687 5.487 0.00001
expt. 1.819 2.558 0.012
body wt. x expt. -11.363 -1.915 0.058
Iipid wt. x expt. -16.469 -5.378 0.00001
LW males
body wt. -16.346 -5.000 0.0001
DLM condition -0.064 -1.543 0.050
Iipid wt. 16.422 8.579 0.00001
expt. -1.278 -2.917 0.0042
body wt. x expt. 15.807 4.638 0.00001

DLM condition x expt. -0.017 -0.367 0.714
lipid wt. X expt. -16.401 -8.475 0.00001
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• Table 2 Analysis of Expt 3 to test the hypothesis that restrieted resources
increase the magnitude of the trade-off. Note: morpfJ=O (LW), 1 (SW);

treatment=O (control), 1 (resource restricted)

80

variable coefficient t p

model 1: lipid weight=constant+body wt.+morph+treatment+interactions

morph 0.171 2.896 0.004
body wt. 0.316 2.002 0.055
treatment -0.015 -1.968 0.030
morph x body 0.696 1.740 0.091
wt. x treatment

morph x body M. -0.992 -2.505 0.017

morph x treatment -0.137 -2.311 0.027

model 2: body weight=constant+morph+treatment

•

morph

treatment
0.017
-0.021

2.629

-2.908

0.012

0.006



•

•

Figure Captions

Fig. 1 LW cali duration (in hours) as a function of DLM condition for a)

Expt 1, b) Expt 2, and c) DLM weight as a function of DLM condition.

Note: DLM condition: O=non-functional, 1=partially functional, 2=fully
functional.

Fig. 2 Cali duration (SW and LW in hours) as a function of lipid weight for

a) Expt 1. b) Expt 2.
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General Conclusion
Studies of Iife history evolution have shown that trade-offs are one of the

primary factors involved in the evolution of traits closely related to fitness

(Steams 19n, 1989; Reznick 1985; Peace and Bull 1988). Despite the

tact that phenotypic trade-offs have been weil documented (see Steams
1989 for examples), some studies have shown no significant trade-offs,

while a number of studies have shown positive correlations between
fitness related traits (Garland 1988; Brodie 1989, 1991, 1993).

Experiments that involve the artificial manipulation of traits are more

successful at measuring trade-offs than experiments in which the
association of individual traits are simply recorded under laboratory
conditions (~ell and Koufopanou 1986; van Noordwijk and de Jong

1986; Tatar and Carey 1995). This is presumably because without the
artificial manipulation of resources/traits, the benign conditions of a

laboratory mask any trade-offs that would normally be present in the wild.
For trade-offs to affect the independent evolution of the component traits,

they must, (1) be genetically based (heritable component in the

independent traits and a negative genetic correlation between the traits)
and (2) be prevalent under conditions found in the wild (Stearns 1989).

The most commonly measured traits in studies of trade-offs are those
most proximate to fitness, for example, reproductive potential or timing

events such as age at maturity (Stearns 1989; van Noordwijk and de

Jong 1986). Few studies have examined Iife history trade-offs that
involve behavioural traits. For example, a trade-off between territorial

defense and survivorship was observed in the lizard Sceloporus jarrovi
when subjects were injected with testosterone (Marier et al. 1995). In two
spider species, Nephila claviceps and N. macula ta, a negative

correlation between weight gain and the size of the web spun was found

only at high food levels (Higgins 1995). Although examples of

behavioural trade-offs exist, very few studies have examined the genetic

basis of these trade-offs. This thesis examined the trade-off between

wing morphology and cali behaviour in males of the wing dimorphic

cricket, Gryllus firmus. lt is the first study to have examined and

quantified the genetic basis of the behavioural traits involved in the trade

off between wing morph and the likelihood of attracting a female in males

of a dimorphic insect. 1 also examined how variation in resources (as
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would be experienced in the wild) affected the magnitude of the trade-off.
This study was also the tirst in a male insect to demonstrate the fitness

gain due to microptery in comparing traits most proximate to the

energetics of the trade-off (flight muscle variation and lipid weight). Two

of the six chapters of this thesis were devoted to examining issues
integral, but secondary, to the behavioural trade-off in G. firmus males;

(1) the effect of selection on the genetic architecture of traits (most

importantly dominance variance) and (2) whether inbreeding depression

is an important factor in the wild and whether it is greater in the wild than

in captive conditions. As hypothesized, traits subject to strong selection
had significantly larger dominance variance components than traits

subject to weaker selection and inbreeding depression was substantially

higher in wild populations than in captive ones.
Although 1 have established a genetic basis to the component

traits in the trade-off and also significant genetic correlations, it is not

known if these heritabilities and genetic correlations will be significant in

the wild. Although 1have demonstrated that under restricted resources in
the laboratory, the trade-off is maintained, it is not known if environmental

variance would result in non-significant heritabilities and correlations in

the wild. Environmental variance in the wild is predicted to increase the
phenotypic variance (Vp) component of heritability estimates (Falconer

1989). Because heritability is genetic variance expressed as a function
of phenotypic variance, increasing Vp would decrease h2 estimates. If

Vp is large enough, the h2 estimates will be non-significant. In addition,

genetic correlations are believed to be even more sensitive to

. environmental variance, making them extremely difficult to estimate in the
wild (Falconer 1989). Because of this, it is commonly believed that

estimates of heritability and genetic correlations in the controlled

laboratory setting are not applicable to the situation encountered in the

wild. If phenotypic variance is large and heritabilities and genetic

correlations are non-~ignificant in the wild, then the component traits will

not respond ta selection (Falconer 1989). In addition, even if heritability

estimates are high, if the total genetic variance is primarily non-additive

genetic variance, then the traits will not respond to selection (Fisher

1930; Lynch 1994). A comparison of heritability estimates made in the

laboratory and the wild by Weigensberg and Raft (1996) revealed that
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not only were wild estimates significantly different than zero, but they
were also, on average, larger than laboratory estimates. In addition, the

companson of my full-sib and parent-offspring heritability estimates for
cali duration revealed that most of the genetic variance is additive

(chapter 5). Therefore, the heritability estimates calculated for this thesis,

will probably be evolutionarily important in the wild. Whether the same

can be said of the genetic correlation estimates, at this time is unknown.

ln conclusion, 1 have successfully demonstrated that a trade-off

important to the evolution of wing dimorphism exists in male G. firmus.
Although 1 have shown that a trade-off exists between macroptery and

the likelihood of attracting a female, and that the eomponent traits

involved have a genetic basis, it is still poorly understood how the trade

oft is mediated on a physiologieal levaI. Wing morph, although a

discretely varying trait, is believed to be controlled in part by a

continuously varying amount of juvenile hormone (JH; see Roft and

Fairbairn 1991 and references therein). JH is not only believed ta be a

controlling factor in wing morph, but also a number of other traits of the

flight apparatus. Flight propensity, degree of development and timing of

histolysis of wing muscles and flight fuel synthesis are ail believed ta be

controlled by the titre of JH in a cricket (see Roff and Fairbairn for a

discussion). Therefore, seleeting on one of these traits (eg. proportion

macroptery in a population) will result in a change in the mean JH levels

in a population and ultimately affect ail of the other traits controlled by JH.

Although evidence of such correlated responses ta selection exists in

female G. firmus (see Introduction), no research has been done in males.

ln addition, it is not known if variation in JH titre affects calling behaviour

in males. Research into how JH titre responds to selection is one of the

most important aspects involved in the evolution of wing dimorphisms in

G. firmus because JH has such wide sweeping effects on so many

components of the flight apparatus.
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tiU'rWPlant 0.00

gralnslspike 0.17

1000g1atn ftlQIlt O.UI

nanteSt index 'lfo 0.17

S9tU lengtft 0.00

spill.,.tslSPlk. 0.83

pWtt neigtlt 0.15
Cueuml$

m.1O (melOn) Wl8 rengtll 0.83 l<itn:langnIang et id.. t 992

days ta tirs! na",.. 0.73

• fruilSfPlant 1.00

fruit weigN 1.00

flUl1 -.gNIpIant 1.00

soluble SCUdS 1.00

Md llrmneSs 0.23

Il.sn 0.14

~. inclu 0.26

nel 1.00

VIII1 uaet 1.00
Frag.-na

J( anan.1SSèl (tleny) ~IOc:rownrtlt 0.60 O.sa Creognlon ana SmoU1. 1991

soluèle sc'ic1s altll.nl 0.07 0.2. Sna.l990

lltratallf. aClCS coment 0.17 0.36
GOSSYf'lum

days ta lIaweratDonlum (coacn) 0.62 Ternat ana Singn 1992

plant heIgtIt 0."2

bollshllant 0.00

SHCI-conon Y'.ldIglant 0.00

SftCS Y'.ldfplant 0.00

Um Y1e1d/glant 0.00

nalO lefl9U1 0.&2

gmnln1l~' 0.01

SlId inaex 0.00

Hm indu 0.00
Gossyr;IIum

~ soan le. N.1a&!l1&I1 ana Ratw;;Uatnvftlrsutum (conen) o.n
1992
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unafannrty I1IUo 0.75

libre 6neness 0.78

matunty c=oentdent 0.75
HelivlllJus
~ (sunIIOwert pW1t lIelgfIt 0.10 0.1& Miller and HamrnonG 1991

Slem diameter 0.28 O.5i
HolSle.n
Cow c1ays ogen O.OZ 0.5& Hoacne4e 1991

c1ays coen (150) 0.01 0.19

semee ll'Inad 0.01 0-6,

seMa II_nad (91) 0.03 0.79

mtlk V'okS 0.06 0.13 Temgelman ana Bum5lC!. t990a

laI 'fI81d 0.24 0.43

linaI 5CQM 0.15 0-50 T.mpeIman ana Bt.ImSIae 199Qb

goneral aIlP_ranca 0.12 0.47

clalIY cnatader 0.03 o.n
capaCity 0.16 0.36

lWIlIl 0.07 0..23

fHl and legS 0.07 0.40

mamma'Y system 0.13 0.47

fora Ultder 0.11 0.45

,..ruader 0.08 0..3fi

rNlk ytol<l 0.04 YlIIlAauen 01 IL 1991

mdk lat contenl 0.03
Jersey

calUe statu.. 0.05 0.12 Thomas Il al. 1985

SU8f19lh 0.10 0.29

c:..'Y CIl8rader 0-71 0.81

foot ilngle 0.14 0.56

rur leÇS 0.01 0.07

rumo ilIgle 0.28 0.&8

rumoMdth 0.45 O.ES

lare Ultder 0.60 0.79

rar udder lleJgfU 0.55 0.73

rur uclder WIdlh 0.49 0.75

udderceplh 0.14 0.35

SU$04lnso'Y ligamenl 0.38 0.72

IIiiI placement 0.20 0.55
UOIaD UanalumIlI" ilnd

purpureus (beanl plant netgnt 0.72 cnanarasekllaran 1992

slem lllrlh 0.50

• 0' pnmamtS 0.96

• ct seeondiInes 0.86

• of (laves 063

lufanla 0.S9

gnlon fCldder yMtld 0.76

d'Y -.;nI C, ..., 0.73

d'Y -..gfIt 0' stem 0.71

d'Y weigI'It/pIant 0.77

d'Y maaer pfOdUCllOn 0.76
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carolane altlIent 0.59

N03 c:ontenI 0..50

phaSQllOI\l$ conlenl 0..50

c:rude grol8d1 0.74

potaSSIUm al"le"t O.lM

ca/d1mI al""nl 0.83
Lycopflrsu:on

0.00 0.00 FooIana ana Jones 1991fISl:1JIfItItlJ (IOIMIo) gemllnaoon ome

~DO"mun 0.17 0.45 KœIk et al 1991

l/\llt sugar Ic:eumulaaan 0..50 Slommel ana Maynes 1993

gtuc:ose:fltlCloH raao 0.00
Orycrotagus

llCdy~nt 0.55 0.57 Lukeranr el al 1992CUftlO.IJus (rabblt)
Otyn

0.63 0.47 Sllenoy et IL 1991sallV<r{rlCel l'rot.." c:cnIent

bUer numtler 0.49 leu ana sne" 1991

Ry. plant ne.gnl 0.58 IZdellSiu 1992

spake Jenc;p!l 0.17

peesunde lengt/l 0.24
S~C1:IJarum

SlJD (5U9iIr-canel bnx value 0.27 0.33 HogiInn 1971

wete;jnUstool 0.05 0.22

stalkSJstool 0.00 0.00

_Jgnllstalk 0.00 0.00

grade 0.14 O."
I~ Pln:enlage 0.3«5

onx value 0.23 HogiInn 19n

cane YI_Id 0.59

welgnUStilk o.oe
relraetomeler SOIiC1S 0.24 Hogann et 1'- 1981

staJk numelr 0.42

s13lk diamller 0.29

slalk IlngUI 0.31

VOIwne 01 Slcol 0.50

Sesame rlSlStilllC:I 10 d\lrccaI rot 0.92 Sinnarnafllllall'il ana Oas 1992

Sugaroeel llOllJn9 rlSlS13nc:e 0.08 Jolliffe ana Annur 1993

wnell plant n.tgnt 0.25 Singnl990

bllir numa.r 0.37

gl1llnstnr 0.37

gram _.gfll 0.37

yield/plent O~

ZSiI
mal/S(coml r1ISlSl3nCe 10 nead smu1 0.11 BernarGO Il al. 1992

_tance to alm Inl IPIlId 1.00 Blng ana Gultlnl 1991

osmoac Idjustmenl 0.32 0.75 Gu.. ana Wassom 1993

gram YI_Id 0.26 ~_ralJnllllclland UlTlkey 1993

grain lIlClIltlUe 0.00

root lOGgJIlg 0.28

sl&lk I04gIng 0.81

eV lletgtIt 0.24

plant nelgnl 0.17
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sllIanq date 0.00

po"" dale 0.00

ptloIphorus ~bDn 0.45

yi.ld 0.36

••r length 0.41

..,. alamelM 0.04

numoer of Iulmld rCIWS 0.03

weighU1QO IulmelS 0.12

grain ytelClIglat1t Q..57

days ta SIlle 0.45

plant lIetgI1t 0.37

arl*gftt 0.40

larrengm 0.24

..,. lfiameler 0.67

Iulrt* rowsIAr 0.35

'OO-Umel -.gtIt: 0.40

zasgar ana Slngn 1990
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Appendix 2. A list of species, trait type, outbred fitness, inbred fitness
values and calculated levels of inbreeding depression for birds,
mammals, poikilotherms and plants measured in the wild. Note:

s:: 1 inbred A 1 bd" d" h" h" ·f" . Ilu = - bd; rte n re =In Icates W le specles were artl ICla y
out re

inbred; Sig.?=indicates which estimates of outbred fitness values are
significantly greater than inbred fitness values; *=indicates that the trait
type was inappropriate tor the analysis (outbred<inbred) and could not

be modified; **=indicates that the trait was modified tram outbred<inbred

to oubred>inbred for the analysis.
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El)'fhtotMlm 11IIlI1a1HNll % lrul1 prodotllon 7S 333 1 0656 yu Y" .ilrdo' "Il, IltII5

lood ploOOClion 41.2 10.5 1 0745 ve'
Iyor.go lood ma.. 36 38 1 .0056 no

GIù~ % H8d11lOl1bor'llld" 868 07l oOlI02 VIII no Schoen 1983

%,~ lJIlrminalooll 554 BS 1 ·055 yot

%le«Ilog o.lllblcshmeni '00 68 0,31 Y"
% &urvlv.1 0.5 025 05 Y'*
IYO. IlOd production 669 7.53 .o.I2e no

• UlIs., pef p\lnl 551 4.IB 0241 no
'0"'11'10 l1lnoss 1 057 043 Y"

~sII-WI." IlOdw. 1.58,1.50 1.44,121 0.141 Y" ~ Hescllol' Pligo 1995

goll1llnlllon IUCCotS 38 32,3857 2788,2268 0.;M2 Y"
% lulYiv.," 87,5 712 0186 ~

hNIlhelghl 27.4 236 0,138 yet

Umn.nrllü~ • Ilotfefl pli' pianI 683,5& 2, 6J 50,1.508,68 ft 011 no yet J.... 1978

planl helghl 22.1,207,188 183,185, lU 0.11 yet

IlOd plI,llowll 108,09,077 0.50,0.53,054 042 .,...

LobcrIloI ClIQ•• lurvllll'" 100 64 046 V'" flO John'Ion 1992

ber nurile," 100 55 045 no
% IIowerlng" 100 47 053 .,...
nollor'llllty" 100 29 071 .,...

Lobcflul .....'1C.I 'low., numbe," 100 71 028 Y" YU' John.'on 1992

nol foRIll1y" 100 46 054 YU.

1allum mull,'u'um hllad!ng dalu' 1566 1832 ·0177 YliS YU' Polan. "Ialll IlllI9
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ldlel helghl IDe 27 9196 0151 'fIl5

• 'p~elel5 388 3J85 o 1:I!8 ye5

glume leRg'" 1262 IU2 0.1<14 yu

'1~larl 22022 17359 0212 yn

leedwelQhl 2.1l 288 0007 yes

SMMI~ IIIf1IÙliJ % plogeny IUMYIlI 6B 50 1 0265 yes pa Oudlill 1990

IOlllltuilmeSi ll8 40 1 0.592 ves
'NIMI P'ogeIlV Irtnen 99 25 1 0747 yes
Ieed numbe, per lrull 834 730 1 0125 Vos
leed meu.11\111 0023 0022 1 0043 llO

SdRN OfIg.Jlll '" ..... germWilod '401 1341 1 0039 yes llO AIl\mIIl 1S92

jwenlle lI'OWlh ra'. 00277 0.0324 1 .(J.17 llO

'" lNdIing lurvivAl 87 69 1 0.119 llO

'" oIIlf11lng 'lIpllldudive 495 465 1 0061 llO

plenlllle 140 80 1 0429 va
'lIoweBplocluced 54 40 1 0259 yes
mulllpliclllVl IlInl.. 0074 006 1 0.189 flO

ZOJIWI min leodHI 0437,0273 0.306,0211 1,1 02S3 va yes Ruc...l....u. 1995

mel" IIlIIen 1.0, \0 0.1,0.795 \,\ 02S3 vu
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Appendix 3. Raw data for the three experiments using Gryllus firmus
males. Where: wing morph: O=LW, 1=SW; pair #: indicates pair
designation of each male; cali dur.: cali duration in hours; DLM wt.: dorsal
longitudinal muscle weight (g); DLM condition: dorsal longitudinal
muscle condition: O=white, 1=beigelpink, 2=brick red; female: whether or
not a male attracted a female in a T-maze; cage #: cage designation of
females for quantitative genetic experiment; treatment: O=control,
1=resource restricted.
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Experlmenl 1

wlng morph pair. cali dur. (h) dry body wt. DlM wt. DLM condillon IIpld wl. 'emalo

1 0.0 1.0 0.0550 0.1220 0.0075 1.0 0,0322 no
2 0,0 2.0 0.7430 0.1324 0.0051 1.0 0.0612
3 0.0 3.0 0,8940 0.1134 0.0063 1.0 0.0536 no
4 0.0 4.0 0.1740 0.1256 0.0091 2,0 0.0211 yu
5 0.0 5.0 0.0220 0.1222 0.0101 2.0 0.0113 no
6 0.0 6.0 1,2900 0.1433 0.0032 0.0 0.0679 ye.
7 0.0 7.0 1.9840 0.0923 0.0012 0.0 0.0621
8 0.0 8.0 1.1110 0.1342 0.0064 2.0 0.0568 no
9 0.0 9.0 0.2880 0.1300 0.0070 2.0 0.0357 no

ID 0.0 10.0 0.1570 0.1287 0.0034 0.0 0.0216 yes
11 0.0 11.0 1.2320 0.1177 0.0067 2.0 0.0522 no
12 0.0 12.0 0.2660 0.1290 0.0078 2.0 0.0432 no
13 0.0 13.0 0.7090 0,1178 0.0043 2.0 0.0418 no
14 0.0 14.0 0.7250 0.1109 0.0053 2.0 0.0217 ye.
15 0.0 15.0 0.1800 0.1432 0.0074 2.0 0.0116 no
18 0.0 16.0 0.6290 0.1188 0.0021 0.0 0.0387 no
17 0.0 17.0 0.3660 0.1256 0.0011 0.0 0.0227 no
18 0.0 18.0 0.2100 0.1300 0.0084 1.0 0.0467 yll
19 0.0 19.0 0.5870 0.1249 0.0048 1.0 0.0122 no
20 0.0 20.0 0.3340 0.1221 0.0072 2.0 0.0098 no
21 0.0 21.0 0.4200 0.1287 0.0038 0.0 0.0218 no
22 0.0 22.0 0.5300 0.1203 0.0058 2.0 0.0542 no
23 1.0 1.0 2.6020 0.1218 0.0000 0.0182 ve.
24 1.0 2.0 2.0190 0.1243 0.0000 0.0875
25 1.0 3.0 0.5280 0.1387 0.0000 0.0568 ye.
26 1.0 4.0 2.8890 0.1322 0.0000 0.0765 no
27 '.0 5.0 0.7420 0.'300 0.0000 0.0452 ye.
28 1.0 8.0 0.2890 O., 178 0.0000 0.0358 no
29 1.0 7.0 0.7470 0.1121 0.0000 0.0421
30 1.0 8.0 0.9200 0.1276 0.0000 0.0327 ye.
31 1.0 9.0 2.2010 0.1294 0.0000 0.0584 ye.
32 1.0 10,0 0.5390 0.1238 0.0000 0.0321 no
33 1.0 11.0 1.0780 0.1281 0.0000 0.0433 ye.
34 1.0 12.0 0.4840 0.1232 0.0000 0.0210 ye.
35 1.0 13.0 1.0890 0.1304 0.0000 0.0121 yos
36 1.0 14.0 1.8300 0.1226 0.0000 0.0185 no
37 1.0 15.0 0.B090 0.'298 0.0000 0.023' ye.
38 1.0 18.0 1.2900 0.1145 0.0000 0.0178 y81
39 1.0 17.0 0.9460 0.0945 0.0000 0.0218 yel
40 1.0 18.0 0.5030 0.0921 0.0000 0.0432 no
41 1,0 19.0 0.6790 0.1167 0.0000 0.0463 yel
42 1.0 20.0 0.5590 0.1178 0.0000 0.0671 ye. ' .
43 1.0 21.0 0.3650 0.1254 0.0000 0.0219 yu
H 1,0 22.0 0.9990 0.1156 0.0000 0.0352 ye.
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Exporimenl 2

wlng morph pair. cage. cali dur. (h) dry body wl. DLM wl. DLM condlllon IIpld wl. 'orna le

181 1,0 71.0 \.0 0.5260 0.0930 0.0000 0.0130 no
182 1,0 72.0 1.0 0.6450 0.1270 0.0000 0.0160 no
183 1,0 73.0 2.0 0.8000 0.1280 0,0000 0.0210 yos
184 \.0 74.0 2,0 0,5000 0.1240 0.0000 0.0150 no
185 1.0 75.0 2,0 0,6480 0.1260 0.0000 0.0170 no
186 1.0 76.0 1.0 0.7720 0.1220 0.0000 0.4600 no
187 1.0 77.0 2,0 1.1200 0.1120 0.0000 0.0440 yos
188 1.0 78.0 \.0 1.0230 0.1500 0.0000 0.0400 yell
189 1.0 79.0 2.0 0.5950 0.1600 0.0000 0.0380 no
190 1.0 80.0 \.0 1.0670 0.1260 0.0000 0.0520 Vel

~ 191 1.0 81.0 2.0 0.7980 0.1400 0.0000 0.0330 yes
192 1.0 82.0 2.0 0.9590 0.1390 0.0000 0.0280 yel
193 1.0 83.0 1.0 1.1190 0.1470 0.0000 0.0290 no
194 1.0 84.0 1.0 0.5800 0.1300 0.0000 0.0340 no
195 1.0 85.0 1.0 0.5330 0.1230 0.0000 0.0300 no
196 1.0 86.0 1.0 0.7020 0.1390 0.0000 0.0200 yel
197 1.0 87.0 2.0 0.8260 0.1320 0.0000 0.0170 yel
198 1.0 88.0 2.0 0.8540 0.0930 0.0000 0.0190 no
199 1.0 89,0 2.0 0.5700 0,1130 0,0000 0.0230 no
200 1,0 90,0 1.0 0,5010 0.1290 0,0000 0.0300 no
201 1.0 91.0 1.0 0.8630 0.1200 0.0000 0.0400 yell
202 1.0 92.0 2.0 0.9660 0.1360 0.0000 0.0440 yell
203 1.0 93.0 2.0 0.8090 0.1570 0.0000 0.0370 yu
204 1.0 94.0 1.0 0.8600 0.1500 0.0000 0.0360 no
205 1.0 95.0 1.0 0.7150 0.1500 0.0000 0.0420 no
206 1.0 96.0 1.0 0.9290 0.1370 0.0000 0.0570 ye.
207 1.0 97.0 1.0 0.8540 0,0980 0.0000 0.0550 no
208 1.0 98.0 2.0 1.0940 0.0790 0.0000 0.0670 no
209 LO 99.0 2,0 1.0110 0.0990 0.0000 0.0620 no
210 1.0 100.0 1.0 1,0100 0.0860 0.0000 0.0450 yel
211 1.0 101.0 1.0 0.9100 0.1200 0.0000 0.0570 no
212 1.0 102.0 2.0 1.0230 0.1430 0.0000 0.0540 no
213 1.0 103.0 2.0 1.0950 0.1530 0.0000 0.0500 VOl
214 1.0 104.0 1.0 0.9400 0.1380 0.0000 0.0020 yel
215 1.0 105.0 2.0 0.9590 0.1550 0.0000 0.0530 no
216 1.0 106.0 2.0 0.7990 0.1210 0.0000 0.0250 no
217 1.0 107.0 2.0 0.6490 0.1330 0.0000 0.0320 no
218 1.0 108.0 1.0 0.7560 0.1630 0.0000 0.Ot80 VOl
219 1.0 109.0 1 0 0.7380 0.1310 0.0000 0,0090 no
220 1.0 110.0 1 0 0.9060 0.1320 0.0000 0.0230 Vos
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E~porlmon' 3

wlng morph pa" /1 lolal cali (hl dry body wl. DLM wl. DLM condlUon IIpld wl. lamale Ir081me"'

1 0.0 1.0 5.8090 0.1120 0.0000 0,0 0,0000 5 1.0
2 0,0 2.0 7,6630 0.0990 0,0000 0,0 0,0030 4 1.0
3 0.0 3.0 2.8940 0.0940 0.0000 0.0 0.0040 6 1,0
4 0.0 4,0 4.4470 0.1130 0.0000 0,0 0.0000 2 1.0
5 0.0 5.0 5.6990 0.1320 0.0011 1.0 0.0000 5 1.0
6 0.0 6.0 3.6470 0.1220 0.0010 0.0 0,0000 2 1.0
7 0,0 7.0 8.0080 O,lUO 0.0020 1.0 0.0010 0 1.0
8 0.0 8.0 0.2460 0,0980 0.0000 0.0 0.0000 2 1.0
9 0.0 9,0 0.2130 0.0830 0.0000 0,0 0.0000 0 1.0

10 0.0 10.0 6.6280 0.1330 0.0000 0.0 0.0000 4 1.0
11 0.0 11.0 3.2710 0.1140 0.0010 0.0 0.0020 3 1.0
12 0.0 12.0 8.3060 0.1540 0,0000 0.0 0.0050 7 1.0
13 0.0 13.0 0.5670 0.0870 0.0010 0.0 0.0000 2 1.0
14 0.0 14.0 0.6990 0.0880 0.0030 1.0 0.0000 0 1.0
15 0,0 15.0 3.2760 0.1260 0.0000 0.0 0,0000 3 1.0
16 1.0 1.0 9.3490 0.1240 0.0000 0.0000 11 1.0
17 1,0 2.0 3.9670 0.1150 0.0000 0,0000 8 1.0
16 1.0 3.0 7.7370 0.1130 0.0000 0.0020 5 1.0
19 1.0 4.0 10.2360 0.1430 0.0000 0.0010 16 1.0
20 1.0 5.0 9.2990 0.1650 0.0000 0.0010 11 1.0
21 1.0 6.0 ".3050 0.1220 0.0000 0.0010 ft 1.0
22 1.0 7.0 7.6530 0.1320 0.0000 0.0010 4 1.0
23 1.0 8.0 10,8770 0.1650 0.0000 0.0040 13 1.0
24 1.0 9.0 11.5700 0.1320 0.0000 0.0000 8 1.0
25 1.0 10.0 14.6190 0.1220 0,0000 0.0070 9 1.0
26 1.0 11.0 10.2200 0.1550 0.0000 0.0000 8 1.0
27 1.0 12.0 4.0960 0.1110 0.0000 0.0000 6 1.0
28 1.0 13.0 3.6780 0.0980 0.0000 0,0000 3 1.0
29 1.0 14.0 1.2390 0.0830 0.0000 0.0000 6 1.0
30 1.0 15.0 11.1140 0.1280 0,0000 0.0050 10 1.0
31 0.0 21.8550 0.1420 0.0000 0.0 0.0040 6 0,0
32 0.0 0.2240 0.0990 0.0000 O,Q 0.0030 4 0.0
33 0.0 22,3730 0.1490 0.0020 0.0 0.0520 4 0.0
34 0.0 3.9590 0.1120 0.0000 0.0 0.0020 3 0.0
3S 0.0 12.3970 0.1230 0.0010 1.0 O.OOBO 5 0.0
36 0.0 24.8990 0.1560 0.0020 1.0 0.0640 5 0.0
37 1.0 24.4160 0.1640 0.0000 0.0740 10 0.0
38 1.0 24.9450 O. '330 0.0000 0.0830 8 0.0
39 1.0 19.7960 0.1420 0.0000 0.0210 6 0.0
40 1.0 14.3700 0.1320 0.0000 0.0490 '0 0.0
41 1.0 36.2000 0.1760 0.0000 0.0080 '2 0.0
42 1,0 27.3450 0,1540 0.0000 0.0650 8 0.0
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