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kin selection; competitors. Here, we test these predictions by making use of a female
dispersal dimorphism in the parasitoid wasp Melittobia australica. We show that
there are two distinct female morphs, which differ in morphology, pattern of
egg production, and dispersal behaviour. As predicted by theory, we found
that greater competition for resources resulted in increased production of
dispersing females. In contrast, we did not find support for the prediction that
high relatedness between competitors increases the production of dispersing
females in Melittobia. Finally, we exploit the close links between the
evolutionary processes leading to selection for dispersal and for biased sex
ratios to examine whether the pattern of dispersal can help distinguish
between competing hypotheses for the lack of sex ratio adjustment in

local mate competition;
Melittobia australica;
sex ratio.

Melittobia.

Introduction

Dispersal is a ubiquitous feature of natural populations,
with important consequences for individual fitness and
population dynamics (Roff & Fairbairn, 1991; Bowler &
Benton, 2005; Ronce, 2007). By enabling the movement
of individuals within their environment, dispersal allows
organisms to exploit new resources and habitats, but
doing so can be costly and involves high risk. For
instance, the capacity for flight is energetically costly,
dispersal increases the mortality risk because of preda-
tion, and there is a risk of not finding a suitable habitat.
Across species, there is considerable variation in patterns
of dispersal, which can encompass movement across a
range of distances, the use of different dispersal mech-
anisms, and which can take place at various life history
stages (Bowler & Benton, 2005; Ronce, 2007). Moreover,
individuals vary in their ability to disperse, and likelihood

Correspondence: Sarah E. Reece, Institute of Evolutionary Biology,
School of Biological Sciences, University of Edinburgh, EH9 3JT
Edinburgh, UK.

Tel.: +44 131 650 5547; fax: +44 131 650 6564;

e-mail: sarah.reece@ed.ac.uk

© 2010 THE AUTHORS. J. EVOL. BIOL.

of doing so — even within the same species — which may
be reflected in (adaptive) morphological differences
between them. For example, in the cricket Gryllus firmus,
long-winged, larger-bodied females disperse, whereas
smaller, short-winged females do not (Roff & Fairbairn,
1991).

A wealth of evolutionary theory has highlighted three
factors that can favour the evolution of dispersal: habitat
quality, inbreeding, and competition between relatives.
Spatiotemporal variation in habitat quality can select for
dispersal because it creates uncertainty in resource
availability — and in this instance, the direct benefits of
dispersal can outweigh the costs (Roff, 1986; Green-
wood-Lee & Taylor, 2001; Leturque & Rousset, 2002). If
inbreeding depression is high and/or inbreeding is
avoided, then this can select for sex-specific dispersal to
find unrelated mates (Motro, 1991; Gandon, 1999; Roze
& Rousset, 2005). When nondispersing individuals must
compete for resources with relatives, Hamilton & May
(1977) showed that dispersal can be favoured to reduce
competition between relatives. In this case, dispersal
is favoured because of its indirect fitness benefits to
social partners, despite any direct costs incurred by the
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dispersing individual, and can be thought of as a
cooperative, potentially altruistic trait (West et al., 2007).

Here, we are concerned with how competition
between relatives influences selection for dispersal. There
have been numerous extensions of Hamilton & May’s
(1977) original model examining more detailed realistic
scenarios to predict the consequences of factors such as
dispersal rate, dispersal distance, population size, popu-
lation dynamics, and age structure (Bulmer & Taylor,
1980; Comins ef al., 1980; Comins, 1982; Motro, 1982a,b,
1991; Frank, 1986b; Frank, 1998; Taylor, 1988, 1994;
Crespi & Taylor, 1990; Taylor & Frank, 1996; Gandon,
1999; Gandon & Michalakis, 1999; Gandon & Rousset,
1999; Irwin & Taylor, 2000; Ronce et al., 2000; Rousset &
Billiard, 2000; Leturque & Rousset, 2002, 2003, 2004;
Rousset & Gandon, 2002; Wild & Taylor, 2004; Roze &
Rousset, 2005; Wild et al., 2006). In contrast, there is a
much smaller amount of experimental work directed at
testing these theoretical predictions, with most empirical
work having focused on the direct costs and benefits of
dispersal, rather than predictions regarding the impor-
tance of social context (Crespi & Taylor, 1990; Roff &
Fairbairn, 1991, 2007; Zera & Denno, 1997).

Our main aim is to test empirically a number of
assumptions and predictions arising from theoretical
models of dispersal evolution, with a particular focus
on how dispersal can be favoured because of competition
between relatives. The parasitoid wasp Melittobia austra-
lica exhibits both sex-specific dispersal and a within-sex
dispersal dimorphism: only female offspring disperse, and
amongst females, there is a pronounced dimorphism
between dispersing (long wing) and nondispersing (short
wing) temales (Consoli & Vinson, 2002a; Matthews et al.,
2009). Previously, the relationship between sex alloca-
tion and male dispersal dimorphism has been considered
in fig wasp species, but few studies have considered
female dispersal (Greeff, 1997, 2002; Moore et al., 2006;
Nelson & Greeff, 2009). Dimorphic species generally
provide excellent systems for studying the evolution of
dispersal because the easily identified visible morpholog-
ical differences correspond to different patterns of
resource investment into key life history traits (Roff &
Fairbairn, 1991; Zera & Denno, 1997). Moreover, com-
paring dispersing and nondispersing individuals within
the same species, controls for any ditference because of
phylogeny. We first examine the nature of the dispersal
dimorphism in M. australica by comparing the morphol-
ogy, dispersal behaviour, and life history traits of the two
female morphs. This allows us to test whether morpho-
logical differences between females are indeed associated
with differences in dispersal propensity and trade-offs
between the life history traits of dispersing and non-
dispersing individuals.

Second, we test theoretical predictions for how com-
petition between relatives selects for dispersal by exam-
ining whether the production of non and dispersing
morphs is adjusted in response to local conditions.

Theory predicts that selection for dispersal is increased
when larger numbers of offspring are competing for a
given resource, and when these offspring are related (i.e.
produced by a lower number of mothers; Hamilton &
May, 1977). We manipulated local resource competition
and relatedness by varying the time female foundresses
are given for oviposition (egg laying), and the number
simultaneously ovipositing on a host. Finally, we exam-
ined the correlation between the proportion of dispersing
females and the offspring sex ratio (proportion male
offspring) to test several hypotheses suggested to explain
the unusual lack of facultative sex ratio adjustment in
response to local mate competition (LMC) observed
in Melittobia species (see Discussion).

Methods

Natural history

Melittobia australica (Hymenoptera: Eulophidae) is a
gregarious ectoparasitoid wasp and shares common
natural history with other species in the Melittobia genus
(Van den Assem et al., 1980; Gonzalez et al., 2004a,b;
Matthews et al., 2009). Melittobia species are known to
have an unusually wide host range, although most
commonly parasitize other Hymenoptera (Balfour
Browne, 1922; Freeman & Parnell, 1973; Freeman,
1977, Van den Assem efal, 1980; Dahms, 1984;
Cooperband & Vinson, 2000; Gonzalez et al., 2004b;
Matthews et al., 2009). Pronounced sexual dimorphism is
found across the genus. Males are blind and flightless,
remaining on the natal patch to compete for local mating
opportunities (Buckell, 1928; Dahms, 1984; Gonzalez
et al., 2004b; Matthews et al., 2009). Mating competition
is fierce: males eclose earlier than females and will fight
to the death, employing their highly modified mandibles
in attack to remove limbs and decapitate opponents
(Balfour Browne, 1922; Buckell, 1928; Dahms, 1984;
Abe et al, 2003b, 2005; Hartley & Matthews, 2003;
Innocent et al, 2007, Reece et al, 2007, see also
Hamilton, 1979). The males remaining alive at female
eclosion will mate within the natal host. By contrast,
females have fully functioning eyes and wings, and can
disperse, or may stay to superparasitize the natal host.
Females are able to lay large clutch sizes (200-1000+
depending on the type of host) (e.g. Balfour Browne,
1922; Abe et al., 2005; Innocent et al., 2007; Matthews
et al., 2009) and can adjust their offspring sex ratio
through haplodiploid sex determination — daughters are
produced from fertilized eggs, sons from unfertilized eggs.
Highly female-biased sex ratios have been reported for a
number of species in the Melittobia genus, in the order of
85-95% female offspring for both natural populations
and in the laboratory (Schmieder, 1938; Van den Assem
et al., 1980; Abe et al., 2003b, 2005; Cooperband et al.,
2003; Gonzalez et al, 2004b; Innocent et al., 2007).
Moreover, a lack of sex ratio shift has been shown for
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laboratory populations of several species (Abe et al,
2003b, 2005; Cooperband et al, 2003; Innocent et al.,
2007), despite evidence from the limited studies of
natural populations that foundress number varies, and
thus that there is variation in LMC in natural populations
(Schmieder, 1933; Freeman & Ittyeipe, 1976, 1993; Van
den Assem ef al., 1982; Dahms, 1984; Cooperband et al.,
2003; Matthews ef al., 2009). Previous studies have
identified two distinct female morphs (Schmieder,
1933; Freeman & Ittyeipe, 1976, 1982; Dahms, 1984;
Gonzalez & Matthews, 2008) and have suggested that
morphological ditferences correlate with different pat-
terns of dispersal and the associated life history strategies
(Schmieder, 1933; Freeman & Ittyeipe, 1976, 1982;
Dahms, 1984; Cooperband et al., 2003; Consoli & Vinson,
2002a,b, 2004; Gonzalez et al., 2004a). However, data
accurately describing the morphological differences
between females are scarce, and the associated
differences in life history strategies have not been
formally tested (Consoli & Vinson, 2002a; Matthews
et al,, 2009).

General methods

Our stock population of M. australica — from which we
took all experimental wasps — was established from field
collections made in Shiga, Japan (2000). We cultured all
wasps on Bombus terrestris pupae (Koppert, The Nether-
lands) and reared them at 25 °C with a 16 : 8 light : dark
photoperiod. Development time is in the region of
14 days for males and nondispersing females, and 14—
21 days for dispersing females, under these conditions.
To establish each new generation, we placed groups of
approximately 50 adult females with an unparasitized,
early-stage B. terrestris pupa in 25 x 70 mm glass vials,
stoppered with cotton wool.

Experimental methods — general

We carried out all experiments in two stages: the initial
stage of experimental set up involved the manipulation
of foundress females and used a fully factorial design
common to all experiments (Table 1); we then randomly
allocated replicates to experiments to answer specific
questions for the later stages (involving manipulation of
offspring). A replicate consisted of the offspring gener-
ation produced by a single female foundress or group of
foundresses with a single host for oviposition. In this
initial experimental design, we manipulated the number
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of foundress females able to oviposit on a host, and
simultaneously manipulated the length of time females
were given for oviposition. This created variation in
offspring relatedness across a range of clutch sizes
(Table 1), and thus generated variation in both LMC
and local competition for host resources between
offspring, while allowing us to control for both clutch
size and oviposition period when examining the effect of
foundress number (and vice versa). Specifically, we set up
40 replicates of each of three foundress treatment levels:
groups of 1, 5, or 15 females (a total sample size of 120)
and allowed females to oviposit on their host for 3 or
6 days. Overall, this resulted in six treatment combina-
tions: single females with 3- or 6-day oviposition, groups
of five females with 3- or 6-day oviposition, and groups
of 15 females with 3- or 6-day oviposition (Table 1). We
used mated adult females for all six treatment combina-
tions, chosen at random from stock populations approx-
imately 48 h after emergence (to ensure mating had
occurred), and randomly assigned each female to one of
the six treatment levels. We placed all replicates in
stoppered glass vials with early-stage B. terrestris pupae of
known mass and age, and incubated them at 30 °C until
offspring emergence. We then randomly assigned each
replicate to one of the following experiments to inves-
tigate: (i) morphology; (ii) life history and dispersal
behaviour; and (iii) patterns of morph-ratio and sex
ratio. Specific methods for each of these investigations
are detailed in the following sections. We ensured that
all foundress by oviposition time treatment combina-
tions, and therefore a range of clutch sizes, were
represented within each of the subsequent experiments.
We did not include replicates that failed to produce
offspring, giving a total experimental sample size of 111
replicates.

Morph characterization

We first wanted to establish whether short wing (SW),
long wing (LW), and intermediate (IM) female morphs
existed in M. australica and characterize them. We sam-
pled between 2 and 4 individuals of each morph class at
random from each of 24 replicates, which spanned the
full range of clutch size/foundress number combinations
(see General methods). For each female sampled, we (i)
scored the morph by eye (within 24 h of emergence); (ii)
photographed using an Olympus SZX10 microscope
(with DP20 camera) — with measurements of abdomen
and wing length taken from these pictures; (iii) removed

Table 1 Summary of mean clutch sizes
(+ standard errors; range in brackets) for
experimental treatment combinations

Oviposition time (days)
(foundress x oviposition duration).

Foundress number

1 5 15

3 106 + 29 (17-334) 258 + 28 (67-429) 536 + 64 (130-805)
6 206 + 43 (11-496) 640 + 53 (260-1063) 791 + 70 (147-1265)
© 2010 THE AUTHORS. J. EVOL. BIOL. doi:10.1111/j.1420-9101.2010.02015.x
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the hind-left tibia — later photographed and measured to
control for body size (microscope as above; Godfray,
1994); and (iv) dissected the abdomen on a glass slide
and counted the number of fully developed eggs present
(egg load). We found distinct SW and LW groups, so we
tested for differences between them in key life history
traits — longevity and fecundity — along with differences
in dispersal behaviour.

Longevity

To assess longevity, we randomly chose a single female of
each morph (SW, LW) from each of 45 replicates, which
were spread across initial treatment combinations. We
isolated females in glass vials (10 X 75 mm) 24 h after
emergence (to allow for mating to occur, representative
of natural conditions), and incubated them at 30 °C. We
gave females sugar solution every 3 days via small discs
of filter paper to allow more accurate discrimination of
individual variation in longevity (Rivero & West, 2002).
In addition, we repeated this treatment at 25 and 30 °C
without sugar solution to confirm the overall pattern
of longevity. We checked all vials daily and recorded
the date of death of each female, then we removed,
photographed and measured the rear-left tibia to control
for body size. We recorded natal host mass for all
replicates.

Fecundity

To determine fecundity, we chose 10 SW females and 10
LW females at random, each from a different replicate
vial and we provided them each with an excess of host
resources for oviposition. We placed each female in a
stoppered glass vial with a single B. ferrestris pupa of
known age and mass, for eight days; eggs laid on this host
were considered to be the 1st clutch. After 8 days, we
removed all female foundresses that remained alive and
provided each with a fresh host to lay their 2nd clutch;
after the second 8-day period, we again moved foun-
dresses to new hosts (3rd clutch). This successfully
provided each female with a surplus of host resources,
as only 39% of experimental foundresses laid any eggs
on their 3rd host, laying an average of only 10 eggs
(unpublished data). We collected females after their 3rd
period of oviposition and removed and measured their
rear-left tibias. We incubated all hosts at 30 °C, and at
offspring emergence, we counted, sexed, removed, and
(for females) scored morph of all individuals in each
clutch. We found no significant correlation between host
mass and total clutch size.

Dispersal behaviour

To estimate dispersal propensity, we fitted 20 replicates —
sampling the full range of treatment combinations — with
a one-way dispersal hat, which enables individuals to

leave the host vial, but prevents their return. This
measure is used to indicate the likelihood of individuals
to leave their natal patch. We collected individuals who
‘dispersed’” daily, counted and sexed them, and scored
their morph. We removed all individuals remaining on
the natal host at 4-day intervals — rather than daily - to
allow time for more natural dispersal behaviour of
recently emerged offspring; counted and sexed them,
and scored their morph.

Dispersal, sex ratio, and competition between
relatives

In this experiment, we investigated the production of
offspring morph-ratio (proportion of long-wing females)
and offspring sex ratio (proportion of males) simulta-
neously, varying both the number of foundresses and
the extent of local competition. Females are predicted
to alter the proportion of LW daughters in response
to foundress number, which determines relatedness
between competing offspring (Comins et al, 1980;
Comins, 1982). This is analogous to the extensive sex
ratio literature where it has been shown comprehen-
sively, across numerous species — in particular amongst
parasitoids — that females adjust their sex ratio in
response to an indirect cue of relatedness, foundress
number (West et al., 2005; West, 2009); and do not use
kin recognition or other direct cues of relatedness
(Shuker et al, 2004; Reece et al., 2004). Relatedness
can influence selection in one of two ways: a conditional
or facultative response may occur in response to natural
variation in relatedness; or a fixed response may evolve
over evolutionary time, in response to the average level
of relatedness. Here, we are testing to see whether
females adjust the offspring sex ratio or ratio of dispersal
morphs facultatively, in response to the level of related-
ness they experience on a patch (Herre, 1985, 1987). We
used 12-15 replicates from each initial foundress x time
combination (81 replicates in total; treatments described
previously). These treatment combinations created var-
iation in relatedness across a gradient of clutch sizes and
therefore variation in level of LMC; this allowed us to
distinguish between — and control for — the effects of
increasing clutch size alone, and any additional effects of
high foundress number in the analysis. All foundress
females we used were of LW morph, mimicking the
likely pattern of LW females to disperse to new hosts in
natural populations. We randomly assigned hosts across
treatment levels and measured their mass. We collected
foundresses after the given period of oviposition and
removed, photographed and measured their rear-left
tibia. We then incubated hosts at 30 °C until offspring
emergence. Once offspring began to emerge, we
inspected hosts daily and removed, counted, sexed, and
scored the morph of any emerging offspring. We calcu-
lated total clutch size, female offspring morph-ratio, and
offspring sex ratio for each replicate. We found no
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significant correlation between host mass and total
clutch size (see Table 1: summary of clutch sizes per
treatment combination).

Statistical analysis

We carried out principal component analysis (PCA) on
morphological measurements, including tibia length,
wing length, abdomen length, and egg load as y-variables.
PCA combines these morphological variables to generate
a series of linear variables (principal components), which
best summarize the overall variation in the data set
(Quinn & Keough, 2002). To test the validity of our
morph groupings made by eye, we then performed
discriminant function (DF) analysis upon the resulting
principle component scores, with morph classification (as
assigned by eye) as the x-variable. DF analysis defines
significantly different groups within the dataset and
determines how accurately individuals are assigned to
the original groups by comparison between DF and
original scores (Quinn & Keough, 2002).

We used linear models to test for differences between
morph groups in principal components 1 and 2 (PC1 &
PC2), egg load and body size. We also tested for
differences in the life history traits fecundity and
longevity, and for order effects in the timing of egg
laying in this way. We calculated mean ovigeny index
(OI) for SW and LW females: OI is defined as the
proportion of a females’ lifetime egg complement present
as mature eggs at emergence, and so we calculated the
ratio of average initial egg load to average lifetime
fecundity using data from both the morph description
experiment (for egg load) and from the life history
experiment (for fecundity) (Godfray, 1994; Jervis et al.,
2001; Jervis & Ferns, 2004; Rivero & West, 2002).

We used linear models to test for the effects of
foundress number, oviposition duration, and clutch size
on the offspring morph-ratio females produced, trans-
forming the morph-ratio data using the arcsin-squareroot
transformation. To analyse sex ratio data, which could
not be suitably transformed to analyse with linear
models, we used generalized linear models (GLMs) to
test for variation in sex ratio in response to variation in
foundress number and oviposition duration; we included
clutch size, host mass, and age in the maximal model as
covariates. We used GLMs to analyse untransformed
proportion data, which assume a binomial error distri-
bution and use a logit link function for maximum power
(Hardy & Field, 1998; Wilson & Hardy, 2002). Model
simplification was based upon analysis of deviance,
where changes in deviance are compared to a chi-
squared distribution. We calculated the heterogeneity
factor (HF) to test for overdispersion of data (leading to
possible overestimation of significance); in cases where
HF < 4, we scaled data and tested for significance using
F-tests to correct for overdispersion (Crawley, 1993,
2002, 2007). In all cases, interactions are presented only
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where significant at the level of P < 0.01 (Crawley, 1993,
2002, 2007).

We compared the dispersal behaviour of LW and SW
females using linear mixed-effect models, where the
probability of dispersal was used as the response variable;
morph, clutch size, foundress number and oviposition
time were then included as possible explanatory variables
(and each factor controlled for when assessing signifi-
cance of other variables), and host was included as a
random effect in the model. All multivariate analyses
were carried out using the JMP statistics package (JMP
version 5.0.1.2, Copyright © 1989-2003 sas Institute
Inc., Cary, NC, USA), linear mixed-effect models were
run in Genstat (version 8.1, VSN International, Hemel
Hempstead, UK), and we carried out all further analyses
in R (R version 2.3.1, Copyright © 2006, The R
Foundation for Statistical Computing).

Results

Morph description

We found two distinct female morphs, short wing (SW)
and long wing (LW), which we could accurately identity
with both morphological measurements and by eye. SW
females had relatively short wings and an enlarged
abdomen, whilst LW females had wings longer than
their body and a relatively reduced abdomen size, for a
given body size (Fig. 1). The majority of the variation in
the morphological measurements we took (90%) was
explained by principal components (PCs) 1 and 2 (which
contributed equally; Table 2). Specifically, an increase in

Fig. 1 The two female morphs of Melittobia australica: (a) a long-
wing (LW) female and (b) a short-wing (SW) female (actual size
approximately 1-2 mm).
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Table 2 Results of principal component analysis, showing the
amount of variation explained by principal components 1-4
(eigenvalues); and the contribution (‘loading’) of each y variable
to each principal component (PC 1-4; eigenvectors).

PC 1 PC 2 PC 3 PC 4

Eigenvalue

Percent 1.8439 1.7130 0.2793 0.1638

Cumulative 46.0977 42.8261 6.9813 4.0949

Percent 46.0977 88.9238 95.9051 100.0000
Eigenvectors

Tibia length 0.07682 0.70671 —-0.67456 0.19908

Abdomen length 0.65078 0.28006 0.16501 -0.68617

Wing length —-0.28451 0.64529 0.69077 0.15966

Egg number 0.69974  -0.07568 0.20146 0.68121

wing length for a given body size was associated with a
decrease in both abdomen length and egg load, described
by the negative correlation between the contribution of
wing length, and abdomen length and egg load, to PC 1
(see Table 2). Overall, this suggests that there is a shape
difference between the two morphs, and in addition, we
found a significant difference in this shape parameter
(PC1) between the SW and LW groups (PCI:
Fi157 =153, P<0.001; Fig.2). For both morphs,
increasing body size was associated with a proportional
increase in the size of other morphological traits mea-
sured (positive/near-zero loading for PC2 for all traits;
see Table 2), with no significant difference in body size
(PC2 scores) between SW and LW females (PC2:
Fi 157 = 3.42, P =0.067; Fig. 2). We found the SW and
LW morph groupings were significantly different (with
individuals scored as IM falling in the SW group),
illustrated by the clear difference in SW and LW group
means from DF analysis, based on individuals” scores for
PCI and 2. A number of IM individuals were identified
when scored by eye, and approximately 12% of individ-

PC 2

o 8 o ‘:." f o ® °
30%0000 . % Iio~. * 03'

Qo 3" 1, 'S 300“

PC1

Fig. 2 Score for principal component 1 (PC1) plotted against score
for principal component 2 (PC2), taken from the principal compo-
nent analysis based upon morphological measurements, for sampled
individuals of SW (closed circles) and LW (open circles) morph.

uals (17 of 139) were placed in the alternative group
based upon their morphological measurements, from
that which they were assigned to when scored by eye, by
DF analysis; in nearly all cases, these were IM individ-
uals, which were the most likely to lie on the classifica-
tion boundary between groups. We used these groups,
SW (females scored SW or IM by eye) and LW (females
scored LW by eye) to classify individuals for all further
analyses.

Differences in life history and behaviour

We examined several key life history traits and dispersal
behaviour to test whether morphologically different
females adopt alternative strategies. SW and LW morphs
differed in dispersal behaviour, but not overall body size
or longevity. LW individuals showed a significantly
higher propensity for dispersal from their natal patch
than SW individuals (F; 5; = 550.18, P < 0.001; Fig. 3a).
Although SW females dispersed less than LW females,
the dispersal of SW females — when compared across
replicates of varying clutch size — increased with clutch
size (Fy3; = 85.81, P < 0.001). In contrast, there was no
significant difference in body size (F ;37 = 3.1, P = 0.08)
or longevity (with sugar: F; 194 = 0.092, P = 0.7625; no
sugar: F) 69 = 2.32, P = 0.13; Fig. 3b) between the two
morphological groups. The length of the hind-left tibia,
our measurement of body size, was an average of
0.30 mm (SE + 0.0009) for SW females, and 0.30 mm
(SE + 0.005) for LW females. The mean longevity was
6.7 days (SE +0.2) for SW females and 6.6 days
(SE = 0.2) for LW females, at 30 °C (with sugar; Fig. 3b).

Although SW and LW females did not differ in their
overall fecundity, they did differ in when they produced
eggs. SW females laid a mean total of 316 eggs (SE + 65),
whilst LW females laid a mean total of 478 eggs
(SE £ 104) (Fy0 = 1.12, P=0.30). In contrast, there
was a difference between SW and LW females in both
when they produced and when they laid eggs. Specifi-
cally: (i) SW females had a larger number of eggs
developed at emergence than LW females — SW females
carrying an average of 8.3 eggs (SE = 0.6), and LW
females carrying an average of 0.7 (SE + 0.2) eggs at
emergence (F) ;3¢ = 278, P < 0.001; Fig. 3¢); and (ii) SW
females laid a higher proportion of eggs in the 1st clutch
than LW females, and this pattern was reversed for the
2nd clutch (1Ist clutch, SW 10% more eggs: y7 = 232.7,
P < 0.001; 2nd clutch, LW 9% more eggs: y7 = 183.3,
P < 0.001; Fig. 3d). This pattern was also reflected in the
OI of the two morphs. The OI measure shows where
individuals lie on the continuum between synovigeny
and proovigeny, and is equal to the proportion of a
female’s lifetime eggs produced present at emergence,
which varies from 0 to 1, where 0 represents no eggs
mature at emergence (synovigeny) and 1 represents all
eggs fully developed at emergence (proovigeny) (Jervis
et al, 2001, 2003; Jervis & Ferns, 2004). Whilst all
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and second clutches by SW females (white bars) and LW females (shaded bars). In all cases error bars indicate standard errors.

females were relatively synovigenic (the majority of eggs
are matured after emergence), the OI indicates that SW
females were relatively more proovigenic than LW
females (OIsw = 0.026, Ol w = 0.001).

Patterns of sex ratio and morph-ratio

The proportion of LW females varied significantly with
total clutch size and oviposition period, but not with the
number of females laying eggs (foundress number). We
found no statistically significant variation in the propor-
tion of LW females with increasing foundress number
when controlling for clutch size and oviposition period
(F576 = 0.14, P=0.9; Fig. 4). A higher proportion of
long-wing females (larger morph-ratio) were produced
with both increasing clutch size (F, 75 = 58.9, P < 0.001;
Fig. 4) and also with longer oviposition period
(F578 =41.2, P<0.001; Fig. 4). Considering the sex
ratio, there was a significant increase in sex ratio with
increasing foundress number (F,,5= 3.9, P=0.02;
Fig. 5). However, this represents a very slight shift in
sex ratio of 1.7% males (from 2.4% to 4.1%), as the
number of foundresses was increased from 1 to 15 — in
comparison with the expected 46% shift under LMC
theory (Hamilton, 1967). There was no significant effect
of the duration of oviposition upon offspring sex ratio

(F5,73 = 0.46, P = 0.5; Fig. 5) nor were there any signif-
icant interactions.

Discussion

We have shown that M. australica females have two
morphologically distinct dispersal morphs — long wing
(LW) and short wing (SW) (Figs 1 and 2). SW females
had relatively shorter wings and larger abdomens,
whereas LW females had reduced abdomen size and
wings longer than body length (Fig. 1). Considering their
life history strategies, SW females exhibit a lower
propensity to disperse than LW females, emerge with a
higher proportion of eggs fully developed, and lay a
higher proportion of eggs in their first clutch (Fig. 3). In
contrast, the morphs did not differ in their body size,
longevity, or overall fecundity (Fig. 3). We then consid-
ered whether the ratio of the different female morphs
was adjusted in response to local competition and
relatedness (measured in terms of variation in foundress
number), as predicted by theory. We found that a higher
proportion of long-wing morphs was produced with both
increasing clutch size and longer oviposition period, but
that the proportion of long-wing female offspring did not
vary with the number of foundresses laying eggs on a
patch — which influences the relatedness of competing
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(closed symbols) or 6 days (open symbols). Increasing foundress
number corresponds to higher intensity of local mate competition.
Error bars indicate standard errors.

females that do not disperse (Fig. 4). Our results suggest
that resource competition is the major influence upon
variation in the dispersal rate in Melittobia species.

Dispersal

How does the dispersal polymorphism in Melittobia
compare with our understanding of dispersal polymor-
phism more generally? Across a range of polymorphic
insect species, a trade-off between dispersal and other
fitness-related life history traits has often been found,
which most commonly manifests as increased fecundity
coupled with decreased age of first reproduction for the
nondispersing morph (Roff, 1984; Roff & Fairbairn, 1991;
Zera & Denno, 1997). In contrast, we found no difference
in absolute fecundity between LW and SW females.
However, SW females did have greater initial investment
in egg production (higher OI), and laid a higher propor-
tion of eggs earlier, suggesting that SW females have an
earlier age of first reproduction — previous work suggests
that SW Melittobia females start to lay eggs soon after
locating hosts, whereas LW females must develop eggs
before laying (Matthews et al., 2009). The majority of
studies have found no difference in longevity between
morphs, as we have now shown is also the case for
M. australica (Roff, 1984; Roff & Fairbairn, 1991). One
possible explanation for the discrepancy between pre-
dicted life history trade-offs and experimental data is that
— particularly in the case of parasitoids — differences in life
history traits such as fecundity and longevity are unlikely
to manifest fully under laboratory conditions (Jervis
et al., 2001, 2003; Jervis & Ferns, 2004; Godfray, 1994).
Nonetheless, physiological differences between morphs
have been shown in other species, where nutrients were
allocated differentially to different life history traits (Zera
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Fig. 5 Mean brood sex ratios (proportion male offspring) across
treatments of varying foundress number (1, 5 or 15 females), when
females were given either 3 days (closed symbols) or 6 days (open
symbols) for oviposition. Increasing foundress number corresponds
to increasing intensity of local mate competition. The error bars
indicate standard errors.

& Denno, 1997). Furthermore, a number of studies have
shown that dispersal itself — and in particular, the
capacity for flight — is energetically costly, largely because
the wing muscles of dispersing individuals are costly to
develop and maintain, which may result in a compen-
satory decrease in metabolic rate (Roff et al., 2003; Roff &
Gelinas, 2003; Roff & Fairbairn, 2007; Nespolo et al.,
2008). In addition, differences between morphs in
longevity and fecundity may be more complex than
predicted under experimental conditions, and testing
these traits simultaneously may better reflect competi-
tion between morphs under natural conditions.
Morphological differences between dispersal morphs
have previously been shown to correspond to dispersal
ability, usually higher in the winged morph (Roff &
Fairbairn, 1991; Socha & Zemek, 2003). At the popula-
tion level, a higher proportion of winged individuals has
been found to correlate with both the increasing pres-
ence of wing muscles and an increasing behavioural
propensity of long-wing individuals to disperse (Roff &
Fairbairn, 1991). We have shown that LW females have a
higher propensity to disperse, and that dispersal propen-
sity increases along with the proportion of long-wing
morphs — associated with increasing clutch size (Figs 3
and 4). However, the rate of long-wing dispersal is less
than 100%, and an interesting extension of these
experiments could consider the variation in dispersal
probability within morph groups. The process of morph
determination is less well understood, with evidence that
genetic, hormonal, and environmental influences may be
important (Roff, 1984; Zera & Denno, 1997; Roff &
Gelinas, 2003). Previous work on Melittobia species
suggests that morph determination is neither solely
genetically or hormonally controlled (Consoli & Vinson,
2002a,b, 2004; Consoli et al., 2004), and our experimen-
tal results provide indirect evidence that environmental
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conditions are important, as the proportion of long-wing
morphs was most strongly influenced by clutch size -
which correlates with resource availability. Further work
is needed to consider the potential for maternal or
offspring control of morph determination, and further
studies of natural populations are required to assess
dispersal patterns, the extent of overlapping generations,
and foundress number variation.

Dispersal theory suggests that competition between
relatives can be important in the evolution of dispersal
(Hamilton & May, 1977; Comins et al., 1980; Comins,
1982). Theory predicts that higher levels of dispersal will
be favoured if fewer foundresses lay eggs on each patch,
because this leads to a greater mean relatedness between
the competing nondispersers in the local population
(Comins ef al., 1980; 1982). Our data provide no support
for this prediction in relation to Melittobia (Fig. 4),
suggesting that variation in relatedness has little influ-
ence on selection for facultative adjustment of dispersal
by females. However, relatedness could still be important
in this species if a fixed response has evolved in response
to average relatedness over evolutionary time (which
cannot be addressed with this data). A possible explana-
tion for this lack of conditional response to variation in
relatedness could be that there is no selection on females
to respond to variation in foundress number (the cue
commonly used by female insects to assess relatedness), if
most females are solitary; in this case, we would expect a
fixed rate of offspring dispersal (Herre, 1987). This is
unlikely as data from natural populations of Melittobia
suggest that foundress number does vary (Freeman &
Ittyeipe, 1976; Freeman, 1977; Gonzalez et al., 2004b;
Matthews et al., 2009). Alternatively, if the females on
natural patches are all highly related, then variation in
foundress number does not equate to substantial varia-
tion in offspring relatedness; in this case, we would also
expect no variation in dispersal strategy (Frank, 1998).

Theory also predicts that the number of competitors
can influence dispersal decisions, where an increase in
the number of competitors for resources on a patch will
favour an increased rate of dispersal (Hamilton & May,
1977; Ronce et al., 2000; Consoli & Vinson, 2002a). We
found support for this prediction, with an increasing
proportion of long-wing females produced with increas-
ing clutch size (Fig. 4). Increasing foundress number has
two potential effects, lowering average relatedness, but
also influencing the number of competitors; in this case,
the effect of increased competition appears to be much
more important. Previous studies on Melittobia species
have also shown that SW females develop from the first
eggs laid, and all later eggs develop into LW females
(Consoli & Vinson, 2002b, 2004; Abe et al, 2005;
Matthews et al., 2009); here, we found indirect support
for this pattern, as the proportion of LW females
emerging increased throughout the oviposition period.
Increasing competition for resources is expected to result
in the production of more LW female offspring because
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the amount of resources available for oviposition
decreases, and females must therefore disperse to find
new hosts. Similarly, the pattern of producing SW
females earlier in oviposition may be as a result of the
low value of producing late-developing SW females: once
the early-developing SW have laid eggs on the natal host,
few resources remain for further oviposition by later SW.

Dispersal and sex allocation

The sex ratio behaviour of Melittobia poses a significant
problem for sex allocation theory, as an exceptional case
in a field that otherwise has extremely strong empirical
support, and therefore needs to be explained (West et al.,
2005; West, 2009). When offspring of one sex disperse
less, related members of the nondispersing sex experience
a greater degree of competition, and so selection favours a
sex ratio biased towards the dispersing sex (Hamilton,
1967; Bulmer & Taylor, 1980; Taylor, 1981). Hamilton
(1967) showed that when mating occurs before only the
females disperse, a female-biased sex ratio is favoured,
which becomes less biased as more females lay eggs per
patch. However, Melittobia females do not adjust their
offspring sex ratios in response to the number of foun-
dresses laying eggs per patch (Fig. 5; Abe ef al., 2003a,b,
2005; Cooperband et al.,, 2003; Innocent et al., 2007),
widely observed to be the cue for facultative sex ratio
adjustment across insect species (West, 2009). Several
hypotheses have been proposed for the lack of sex ratio
shift in these species: that foundress number does not
vary in natural populations, high relatedness between
foundress females, and fatal fighting between males
(Herre, 1987; Frank, 1998; Abe et al.,, 2003a, 2007). Lack
of variation in foundress number in natural populations
would result in no selection for adjustment of sex ratio
(Herre, 1987). Alternatively, if co-founding females are
highly related, a female-biased sex ratio is predicted
irrespective of foundress number, as there is little varia-
tion in relatedness between competing males in this
case (Frank, 1998). Finally, fatal fighting between male
Melittobia could select against the production of sons and
favour a lack of sex ratio shift in response to LMC (Abe
et al., 2003a, 2007; see also Shuker et al., 2005). Although
evidence supports the occurrence of multiple foundress
scenarios (Schmieder, 1933; Freeman & Ittyeipe, 1976,
1993; Van den Assem et al, 1982; Cooperband et al.,
2003; Matthews et al., 2009), empirical data give mixed
support to the idea that selection because of male fighting
can fully explain the sex ratio (Freeman & Ittyeipe, 1976;
Abe et al., 2003a,b, 2005, 2007; Innocent et al., 2007), and
there is no conclusive explanation for this unusual
pattern of sex allocation at present.

Given that the same selective forces influence both sex
ratios and dispersal (Bulmer & Taylor, 1980; Motro,
1991; Taylor, 1994; Frank, 1998; Perrin & Mazalov, 2000;
Rousset & Billiard, 2000; Leturque & Rousset, 2003,
2004; Wild & Taylor, 2004), can the pattern of dispersal
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in Melittobia help us explain its unusual sex ratio
behaviour? The various possible explanations of a lack
of sex ratio adjustment in Melittobia wasps have different
consequences for the evolution of dispersal. Theory
predicts that just as an increasing number of foundresses
laying eggs per patch selects for less female-biased sex
ratios (Hamilton, 1967), it also selects for lower rates of
dispersal (Comins et al., 1980; Comins, 1982), which, in
this case, translates into a higher proportion of the short-
wing morph. The male fighting hypothesis does predict
variation in dispersal under LMC: in this case, male
fighting selects against sex ratio adjustment with variable
foundress number, but does not select against variation
in female dispersal rate (Abe ef al, 2003a, 2007). In
contrast, if the lack of sex ratio adjustment is because of
foundress number (N) not normally varying (Herre,
1987), or high relatedness between foundresses (Frank,
1985, 1986a,b; Abe et al., 2005), then, as supported by
our data, we would not expect the proportion of long-
wing females to be varied with the number of foundress
females. However, the lack of influence of foundress
number on both sex ratio adjustment and variation in
the proportion of long-wing morphs should not be seen
as definitive evidence against the male fighting hypoth-
esis, because there are other possible reasons why the
proportion of long-wing morphs is not varied (see
previous section). Extensions of existing theoretical
models that more closely describe key aspects of the
biology of Melittobia species may allow more specific
predictions for dispersal to be made, considering for
instance the allocation of resources to LW and SW
daughters, and the dispersal probabilities of each morph.
Moreover, data on natural variation in foundress num-
ber, the potential for overlapping generations of females,
and patterns of sex ratio and morph production are
limited. Therefore, the key next step is to obtain a greater
amount of information about the population structure of
natural populations of Melittobia.
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