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abstract: Caterpillars of the butterfly Maculinea rebeli develop as
parasites inside ant colonies. In intensively studied French popula-
tions, about 25% of caterpillars mature within 1 year (fast-developing
larvae [FDL]) and the others after 2 years (slow-developing larvae
[SDL]); all available evidence indicates that this ratio is under the
control of egg-laying females. We present an analytical model to
predict the evolutionarily stable fraction of FDL (pESS). The model
accounts for added winter mortality of SDL, general and kin com-
petition among caterpillars, a competitive advantage of SDL over
newly entering FDL (priority effect), and the avoidance of renewed
infection of ant nests by butterflies in the coming season (segrega-
tion). We come to the following conclusions: (1) all factors listed
above can promote the evolution of delayed development; (2) kin
competition and segregation stabilize pESS near 0.5; and (3) a priority
effect is the only mechanism potentially selecting for . How-p ! 0.5ESS

ever, given the empirical data, pESS is predicted to fall closer to 0.5
than to the 0.25 that has been observed. In this particular system,
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bet hedging cannot explain why more than 50% of larvae postpone
growth. Presumably, other fitness benefits for SDL, for example,
higher fertility or longevity, also contribute to the evolution of de-
layed development. The model presented here may be of general
applicability for systems where maturing individuals compete in
small subgroups.

Keywords: delayed development, growth dimorphism, evolutionarily
stable strategy (ESS), ant-butterfly interaction, social parasitism.

The social parasite of ants Maculinea rebeli Hir. (Lycanidae;
Elmes et al. 1991a; Thomas et al. 1998a) and its congeners
(Schönrogge et al. 2000; Als et al. 2002; Witek et al. 2006)
are remarkable and rare examples of the presence of a
distinct larval growth dimorphism with annual and bi-
ennial development. The time taken to develop into a
mature individual is a critical life-history component of
an individual’s fitness, with delayed development being
almost universally associated with added costs, such as an
increased mortality risk during the prolonged develop-
mental period or an increase in generation time. None-
theless, polymorphism in developmental time has been
described for a number of other insect species (Danks
2002). A straightforward explanation is that some indi-
viduals are constrained by the lack of critical resources to
complete development within a certain time span (e.g.,
Peck and Walton 2005). However, arguments have been
advanced to explain developmental polymorphism on the
basis of adaptive strategies, for example, the avoidance of
kin competition (Ellner 1986; Kobayashi and Yamamura
2000) and the spread of risk in fluctuating environments
(“bet hedging”; Cohen 1966; Ellner 1985; Venable and
Brown 1993; van Dooren and Metz 1998; Hopper 1999;
Menu et al. 2000; Soula and Menu 2003).

In the case of M. rebeli, the most studied of the cuckoo
Maculinea, all caterpillars feed briefly on the flower buds
of an initial food plant, Gentiana cruciata (L.), but further
development depends on their adoption into a specific host
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ant’s nest. Small final-instar caterpillars fall from their gen-
tians on the evening of the final moult and await discovery
by foraging Myrmica ant workers (Elmes et al. 1991b),
whose larvae they mimic through chemical secretions
(Akino et al. 1999) and stridulations (DeVries et al. 1993).
Any Myrmica species will retrieve any M. rebeli larva that
it finds and carry it to the brood chambers of its nest.
Caterpillars do not search for ant colonies, and any in-
dividual not collected within 1–3 days invariably dies
(Elmes et al. 1991b; G. W. Elmes, unpublished data). The
caterpillars then experience a period of integration with
the host colony, with initial survival much higher in the
nests of Myrmica schencki (Emery), whose secretions it
specifically mimics (Akino et al. 1999). Within a week, the
secretion of additional mimetic chemicals ensures that the
M. rebeli caterpillars are nurtured in priority over the ant’s
brood by the nurse ants, which feed them regurgitations,
trophic eggs, and prey (hence the name “cuckoo Macu-
linea”; Thomas et al. 1998a; Schönrogge et al. 2004). In
many M. schencki nests, more M. rebeli caterpillars are
adopted than can be supported by the workers, resulting
in strong density-dependent mortality as the caterpillars
compete for worker attention (contest competition;
Thomas et al. 1993).

After adoption, some M. rebeli larvae grow rapidly, over-
winter as half-grown caterpillars, complete growth in the
following spring, and eclose in early summer to complete
their life cycle; we call these larvae the “fast-developing
larvae” (FDL). Others grow little in the first summer and
overwinter as small caterpillars but grow considerably dur-
ing the early part of the second summer; they survive a
second winter inside the ant colonies and complete their
growth in spring—nearly 2 years after entering the ant
colony (Elmes et al. 1991a; see fig. 3 in Thomas et al.
1998a for growth trajectories). These larvae we call “slow-
developing larvae” (SDL). A more complete description
of life history is presented in various publications by
Thomas, Elmes, and colleagues (Elmes et al. 1991a, 1991b,
1996; Thomas et al. 1991, 1993, 1998b, 2005; Hochberg
et al. 1992, 1994; Thomas and Wardlaw 1992; De Vries et
al. 1993; Akino et al. 1999).

Laboratory rearing experiments strongly indicate that
the “decision” to develop as FDL or SDL is neither con-
strained by limited resources nor due to manipulation by
the ants. (1) The fraction of FDL is not affected by rearing
conditions in the ant colony, such as the amount of food
available or competition with other caterpillars (Elmes et
al. 1991a), as has been reported in other dimorphisms
(Edgerly and Livdahl 1992). Nor is it changed if caterpillars
are raised singly, although both types of larvae grow rel-
atively larger under such optimal conditions. (2) The frac-
tion of FDL does not vary when the caterpillars are reared
by a nonhost species (poorer rearing conditions; Thomas

et al. 1998a). (3) The initial weight of a larva when adopted
(affected by early growth on the food plant) does not
determine subsequent growth strategy in the ant nest—a
heavy larva is as likely to grow slowly as a light one
(Thomas et al. 1998a, based on unpublished results of
detailed laboratory rearing experiments). (4) In the ants,
development and worker behavior are predominately de-
termined by the presence of a queen (Hölldobler and Wil-
son 1990). However, we have never found any evidence
for either a positive or negative “queen effect” on cater-
pillar growth or survival in the cuckoo species of M. rebeli
or Maculinea alcon (Thomas et al. 2005). Further, there is
no evidence that Myrmica larvae ever spend two winters
in the nest. (5) We set up pairs of caterpillars and reared
them with a fairly low number of workers. If development
were in some way manipulated by the worker ants, we
would expect more fast/slow pairs, compared to slow/slow
or fast/fast pairs, than we would get by a simple binomial
distribution based on the overall fraction of fast developers
(0.26) recorded by Thomas et al. (1998a). In fact, the
results almost exactly fitted the expected binomial distri-
bution, suggesting that development is not altered by the
ants but predetermined before the caterpillar enters the
ant nest (G. W. Elmes, unpublished data). (6) We estab-
lished that individual female M. rebeli lay a mixture of
fast- and slow-developing eggs. Our sample size is small
(nine females, each mated once), but we have no evidence
that any female produces only fast- or only slow-devel-
oping offspring (G. W. Elmes, unpublished data).

These observations strongly indicate that the fraction of
caterpillars following the fast or slow growth trajectory is
in some way controlled by the mother during oviposition
(Elmes et al. 1991a; Thomas et al. 1998a). The proportion
of caterpillars taking either trajectory appears to be stable
across two isolated but locally widespread populations of
M. rebeli from the Spanish Pyrenees and the French Alps.
Overall, 0.74 (�0.02 SE) of all larvae followed the slow
development path.

Schönrogge et al. (2000) concluded that a dimorphic
development might be a general consequence of parasit-
izing ant nests, and they presented data for a Microdon
hoverfly and other Maculinea species (see also Als et al.
2002; Witek et al. 2006). In particular, they showed that
growth dimorphism was present in three distinct geo-
graphic races of M. alcon. These data suggest that in M.
alcon, the ratio of fast to slow developers might be nearer
1 : 1; however, neither this nor other studies were repli-
cated on the very large scale that gave the 3 : 1 estimate
for M. rebeli.

Because of the peculiar life history of M. rebeli, standard
explanations (Hopper 1999) for the evolution of diapause
cannot easily be applied, because multiple factors are likely
to be involved. First, the number of caterpillars entering
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Figure 1: Schematic diagram of life cycle of Maculinea rebeli within host ant colonies (after Thomas et al. 1998a). In case 1, caterpillars enter a
previously uninfected colony (first infection) and experience the situation outlined in the upper part of the graph (FDL0 and SDL0); if they enter
an infected colony (reinfection), the situation is as depicted in the bottom part of the graph. Fast-developing larvae (FDL; SDL p

larvae) start to grow immediately for ∼9 weeks; SDL0 delay growth until the next spring. Short dotted arrows labeled “P” indicateslow-developing
time of pupation, and dashed lines indicate periods of dormancy or slow growth. The horizontal bars indicate different phases in development,
with the numbers indicating (average) duration in weeks. Bars are hatched if the cohort suffers from competition by larger larvae, dotted if cohort
competes with smaller larvae, and not filled if cohort does not compete with larvae from any other cohort. Segregation (see text) prevents reinfection
of colonies and thus competition between FDL�1 and SDL0.

an ant colony is typically much larger than the number
of caterpillars that can successfully be raised (Hochberg et
al. 1992, 1994; Thomas et al. 1998b). If colonies are in-
fected by caterpillars at a constant rate, competition would
not be reduced by delayed development. However, some
of the arguments introduced in the next paragraphs will
be relevant only if (substantial) competition among cat-
erpillars occurs. The intensity of overall competition may
thus be a fundamental aspect in the evolution of delayed
development.

Second, there is evidence that the caterpillars adopted
into a nest are frequently siblings (Elmes et al. 1996; J. A.
Thomas, unpublished data). This is a consequence of that
fact that only a small proportion of all gentian buds are
in a suitable developmental stage for oviposition during
the 1–3 days that a typical female butterfly lays eggs
(Thomas and Elmes 2001), combined with a shortage of
gentians on many, often small, sites (Elmes et al. 1996).
Consequently, the eggs of any particular female tend to
be clustered. Larvae from eggs laid on the same day on
the same clump of gentians generally become available for
adoption at the same time and are mostly adopted into
the same nest (Elmes et al. 1991b). It is difficult to estimate
directly what fraction of larvae entering an ant colony are
a single female’s offspring, but field data on the oviposition
behavior of females (Elmes et al. 1996; G. W. Elmes, un-

published data) suggest that it may fall into a range of
0.05–0.25, with higher values occurring on sites with low
food plant densities. Because competition among and
within cohorts of caterpillars is usually intense, it appears
reasonable that avoidance of kin competition is an im-
portant factor driving the evolution of the dimorphic
growth strategy (Ellner 1986; Kobayashi and Yamamura
2000).

Third, if nests are infected over several years, SDL grow
under a different competitive regime than FDL: the latter
must compete with both the same year’s FDL and last
year’s SDL for all but the last few weeks of development
(slow developers tend to pupate slightly earlier than com-
peting fast developers). The SDL avoid competition by
growing little until the previous year’s slow developers and
their contemporary fast developers near pupation. Con-
sequently, they tend to be larger than any of the new
caterpillars taken into the nest (fig. 1).

Elmes and colleagues (1991b) show that large (half-
grown) caterpillars are five times more likely to get atten-
tion (grooming and feeding) from worker ants than are
small larvae (!1/4 grown). After living 1 year in an ant
nest, the SDL are larger and presumably so closely inte-
grated with their host’s society that the newly adopted FDL
are neglected after retrieval by foragers and deposition in
the ant brood chamber, especially in nests where the ratio
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Table 1: List of symbols used in text and equations

Symbol Definition Comment (parameter range)

p Fraction of caterpillars developing in first year Evolving strategy parameter (0–1)
L Number of caterpillars competing in ant colony L p � #K
K Carrying capacity of ant colonies No effect on evolution of ESS (0–�)
m Winter survival in second winter Only for SDL (0–1)
�, �′ Intensity of overall competition between caterpillars (0–�)
f, f ′ Fraction of caterpillars entering colony which are offspring of focal female (0–1)
a Competitive advantage of SDL over newly arriving FDL (see text) (0–1); 0 p symmetric competition;

1 p complete dominance of SDL
E Segregation index, i.e., fraction of infected colonies moving away from

host plant neighborhood (see text)
(0–1); 0 p no segregation;

1 p complete segregation
c Added fitness benefits for SDL after emergence, e.g., higher survival,

fecundity
Multiplier for SDL fitness calculated

from model (1–�)
A Number of adults emerging Number of caterpillars surviving until

pupation
g Fraction of emerging adults that are offspring of focal female
O Number of offspring for focal female O p A # g

Note: stable strategy; larvae; larvae. Throughout the text, a subscript “R” at anyESS p evolutionarily SDL p slow-developing FDL p fast-developing

symbol indicates values for the resident strategy, and the subscript “M” indicates values for the mutant (invading) strategy. The subscript “1” relates to

values derived in the first year (FDL) and the subscript “2” to values derived for the second year (SDL). Finally, the subscript “F” is used if a value relates

only to FDL and the suffix “S” if it relates only to SDL. Prime (�′, f ′) indicates values adjusted for feedback effect of resident strategy on competition.

of SDL or ant brood to nurse ants is high (e.g., Elmes et
al. 2004; Schönrogge et al. 2004). There is thus evidence
that resident SDL have a competitive advantage over newly
arriving fast developers that need to grow quickly, espe-
cially when larval numbers exceed the carrying capacity
of the ant colony (see Thomas et al. 1998a; J. A. Thomas,
unpublished data); we term this the “priority effect.” Pri-
ority effects have been documented in some cross-species
examinations (Shorrocks and Bingley 1994; Blaustein and
Margalit 1996) and also within species, for example, sal-
amanders (Eitam et al. 2005).

Fourth, ant nests can, in theory, be infected by new M.
rebeli larvae year after year. However, plant turnover and,
especially, the tendency of infested ant colonies to move
to new locations (taking along the Maculinea caterpillars
already in the nest) remove a fraction of ant colonies into
refuges where they are not at risk of a new infection in
the coming year (Hochberg et al. 1994; Thomas et al. 1997,
1998b; Thomas and Elmes 1998). Such “ergonomic seg-
regation” leads to a separation of this year’s SDL from
next year’s FDL and reduces competition between the two
cohorts of caterpillars (fig. 1); segregation occurs quite
frequently (Thomas et al. 1998a).

The above arguments are nonexclusive, making it dif-
ficult to assess their quantitative contribution to and in-
teraction in the evolution of delayed development of M.
rebeli larvae. A thorough evaluation can thus be based only
on a formal and quantitative model considering the effects
of all of these factors. Here, we present an evolutionarily
stable strategy (ESS) model incorporating all of the above
parameters. We demonstrate that the evolution of delayed

development is in fact adaptive for a wide range of con-
ditions but that only the priority effect can explain why
more than 50% of the caterpillars postpone development
into the second year. However, empirical parameter esti-
mates and model predictions are not in exact agreement,
and we consider additional factors that potentially con-
tribute to the evolution of delayed development.

Model and Results

Using the above considerations, we develop a general an-
alytical model to predict the evolutionarily stable fraction
of caterpillars developing in the first year (pESS; see table
1 for a summary of symbols used throughout the text).
We currently have an accurate knowledge of the fraction
of caterpillars delaying development (∼0.75) but not of
the values of all the parameters likely to affect the ESS.
Thus, a future test of our model requires estimating these
unknown parameters and comparing them with model
predictions.

Model Outline

In the model, we estimate the expected number of off-
spring to emerge from a single ant nest for a focal female
following a given strategy (p). According to Ellner (1986),
there is a fundamental conflict between mother and off-
spring over the optimal fraction of delaying descendants.
In plants, the fraction of seeds delaying germination is
usually under maternal control (Ellner 1986). We make a
similar assumption because it is consistent with the em-
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pirical evidence described in the introduction to this ar-
ticle. We thus assume that for each individual larva, the
decision to develop within 1 or 2 years follows a “coin-
flipping” strategy (cf. Menu and Debouzie 1993; Bulmer
1994), with probabilities for either strategy determined by
the mother’s genotype. In contrast to Ellner’s (1986)
model, caterpillars can delay development for at most one
season (see also Kobayashi and Yamamura 2000). In our
model, we account for (1) the role of added density-
independent winter survival ( ) of the SDL delaying1 � m

development into the second year; (2) the effect of overall
competition between caterpillars (�); (3) the effect of re-
latedness between them, that is, the fraction of all cater-
pillars that are offspring of the focal female (f ); (4) the
consequence of an existing competitive advantage, that is,
priority effect (a) of second-year caterpillars over those
newly entering an ant colony; and (5) the influence of a
fraction (E) of infected ant colonies moving away from
gentian plants and thus avoiding reinfection in the next
season (competitive segregation).

We assume that the number of adult butterflies (A)
emerging from an ant colony can be scaled to the colony’s
capacity as

KL
A p , (1)

K � L

with

L p �K, (2)

where L is the number of caterpillars competing in an ant
colony and K is the capacity of an ant nest to successfully
raise caterpillars. This equation is convenient and at least
principally catches the observed asymptotic relationship
between the number of Maculinea rebeli caterpillars en-
tering a nest and the number of butterflies successfully
emerging from it (Hochberg et al. 1992, 1994). The average
capacity K clearly affects overall production of butterflies
on any particular site but has, as we see below, no effect
on the evolution of the ESS. We thus scale, without loss
of generality, all results to a value of .K p 1

It is further convenient to scale the number of cater-
pillars entering an ant nest to the colony’s carrying capacity
(eq. [2]). The parameter � thus defines the general level
of competition between caterpillars inside the ant colonies,
and site-specific differences in K and � can be expressed
as differences in � when K is fixed to unity. Field data
collected for M. rebeli typically give andK ≈ 8 � ≈ 3.2
(estimates based on information in Hochberg et al. 1992,
1994; Thomas and Elmes 1998). However, these field data
also indicate a systematic difference between sites where

, which have low densities of gentian food plants� ≈ 2.2

(about 100/ha), and those where , which have high� ≈ 6
plant densities (about 2,000 plants/ha). This is due, on the
one hand, to small differences in the clumping parameters
for gentian distribution and the distribution of eggs on
gentians, and it results in higher values of L on high-
density sites. On the other hand, the average carrying ca-
pacity (K) of nests is greater on low-density sites (see Elmes
et al. 1996) because more host nests live in enemy-free
space (Thomas et al. 1998b).

Without loss of generality, we now focus on the repro-
ductive output of a specific female adopting either the
resident (pR) or a mutant strategy (pM). We assume that a
fraction f of all the caterpillars entering an ant colony is
descended from this focal female (see introduction to this
article).

Invasion of a Pure FDL Population

As a reference, we assume that the population originally
consists of fast-developing caterpillars (FDL) only and that
nests do not segregate ( ). It is straightforward toE p 0
calculate the expected number of offspring emerging from
this ant colony and for the specified (as any other) female
in such a population of pure FDL (hereafter, the term OR

indicates the expected fitness of the resident strategy):

2KL �K 1
O p f p f p f�K . (3)R K � L K(1 � �) 1 � �

By definition, an ESS strategy can resist invasion by any
other strategy (Maynard Smith and Price 1973; Bulmer
1994; Geritz et al. 1998). To find it, we first address the
question of under which conditions a mutant female al-
locating a fraction of its offspring to FDL andp ! 1M

consequently larvae to slow-developing larvae1 � pM

(SDL) could successfully invade a resident population of
pure FDL ( ). Because we assume a population atp p 1R

equilibrium, lifetime reproductive success (R0) is an ap-
propriate fitness measure and a criterion for mutant in-
vasibility (Mylius and Diekmann 1995; Heino et al. 1997;
van Dooren and Metz 1998; Benton and Grant 1999;
Brommer et al. 2004). Consequently, a resident strategy
can resist invasion if the expected number of offspring for
a mutant female (OM) is smaller than that of females fol-
lowing the resident strategy. If otherwise, the mutant strat-
egy invades.

Obviously, a mutant female can expect some offspring
to emerge from both years; that is,

O p O � O . (4)M M, 1 M, 2

In “Fitness Components for a Mutant with Invad-p ! 1M

ing a Resident Population with ” in the appendixp p 1R
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Figure 2: Relationship between the fraction of caterpillars developing in the first year (pM) and the expected number of offspring for a mutant
female invading a population of fast developers ( ) with parameters , , , , and (realistic parametersp p 1.0 K p 1 � p 2.2 f p 0.25 E p 0 m p 0.95R

estimated for sites with low host plant density). Plot a shows the number expected in first year, b that in the second year, and c the total number
over both years. The solid lines in b and c show the number expected under the assumption of competitive symmetry between fast-developing
larvae (FDL) and slow-developing larvae (SDL; ); the dashed lines show the number expected under the assumption of a moderate competitivea p 0
advantage ( ) for SDL over FDL (see text). The dotted line indicates expected offspring number for the resident FDL strategy. Any mutanta p 0.25
with an expected fitness above this threshold line can invade a population of pure FDL.

in the online edition of the American Naturalist, we derive
the equations that allow the magnitude of the two fitness
components OM, 1 and OM, 2 to be estimated. Combining
equations (3) and (A11) (eqq. [A1]–[A36] are in the online
edition of the American Naturalist), the condition for in-
vasion is ; that is,O ! OR M

1 pMf�K ! f�K{1 � � 1 � �(1 � f � fp )M

a (1 � p )mM, 2 M� . (5)}1 � �[1 � f(1 � p )m]M

Note that the right side of this equation collapses to the
left side if we set , the resident strategy. The pa-p p 1M

rameter m accounts for the added mortality risk the SDL
experience in the second winter. At least under laboratory
conditions, winter survival is very high in M. rebeli
(Thomas et al. 1998a), that is, m is typically between 0.9
and 0.95, but it may be lower (e.g., 0.8) under natural
conditions. In addition, from the second autumn onward,
newly adopted FDL will compete with the SDL from the
previous season, requiring us to account for the priority
effect, that is, the competitive dominance of SDL over the
new cohort of FDL. This is achieved by introducing the
model parameter a contained in the term aM, 2 (see eqq.

[A8], [A9] for its derivation); a is constrained to the in-
terval . A value of implies that resources0 ≤ a ≤ 1 a p 0
(ant attendance) are distributed in direct numerical pro-
portion between the FDL and SDL cohorts, that is, that
competition between FDL and SDL is symmetrical. A value
of implies that the SDL collect all the ant attendancea p 1
they need for their development before any surplus ca-
pacity of ant attendance is directed toward FDL, that is,
that SDL completely dominate FDL in competition. In
figure 2, we show how the overall fitness OM compares to
OR. The figure illustrates that under competitive symmetry,
a mutant with pM in the range 0.7–1.0 could invade a
population of pure FDL and that even a fairly weak priority
effect (a) greatly increases the range of mutants pM capable
of invading a pure FDL population.

Finding the ESS (No Segregation)

We now turn to the problem of finding the ESS, that is,
a resident strategy pR that cannot be invaded by any other
mutant strategy. First, we need to relax the assumption
that the resident strategy is ; instead, pR can takep p 1R

any value between 0 and 1. From the point of view of any
female ovipositing in year 0 and following the resident
strategy pR, there are now four different types of adults
emerging over a 2-year period: adults from FDL and SDL
in the first year (A1, F and A1, S, respectively) and the second
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year (A2, F and A2, S, respectively). The expected fitness for
a female (OR, the total number of emerging offspring) thus
depends on the number of these emerging adults and her
relatedness (g) to them. Clearly, the female is related to
neither the A1, S nor the A2, F; that is, . Theg p g p 01, S 2, F

female’s expected fitness can thus be calculated by sum-
mation of the following terms:

O p O � O p A g � A g , (6)R R, 1 R, 2 1, F 1, F 2, S 2, S

where g1, F and g2, S measure her relatedness to adults
emerging from the FDL and SDL in years 1 and 2,
respectively.

In “Expected Offspring for a Female Following the Res-
ident Strategy pR” and “The Effect of Segregation” in the
online edition of the American Naturalist, we derive the
equation that gives the expected number of offspring for
a female following the resident strategy pR including also
the effect of segregation (E; see the introduction to this
article). In addition, we must adjust the parameters � and
f to �′ and f ′ to account for the “feedback” effect the
resident strategy itself has on the values of these environ-
mental parameters (Mylius and Diekmann 1995; Metz et
al. 1996; see “Adjustment of � and f for Resident Strategies

” in the online edition of the American Naturalistp ! 1R

for details). They remain unchanged only for the reference
strategy . In the special case of no segregationp p 1R

( ), summation of equations (A17) and (A18) yieldsE p 0

O p O � OR R, 1 R, 2

p � (a � 1)(1 � p )m � a (1 � p )mR R, 1 R R, 2 R′ ′p f � K .′1 � � [p � (1 � p )m]R R

(7)

When the resident population is not a pure FDL pop-
ulation, we must also consider competition between FDL
and SDL from the previous year in the first season, and
we need an additional term aR, 1 to account for this effect,
as well as aR, 2, which accounts for the priority effect of
SDL over new FDL entering in the next season. Their
derivation is based on the same rationale introduced in
equations (A8) and (A9) for the calculation of aM, 2 but
employs different quantities (eq. [A15]). However, for the
case of a homogeneous population, (seta p aR, 1 R, 2

in eq. [A9] and compare with eq. [A15]). Wep p pM R

can thus multiply through equation (7) and recognize that
(assuming ) it collapses toE p 0

p � (1 � p )mR R′ ′O p f � K ; (8)R ′1 � � [p � (1 � p )m]R R

that is, in a homogeneous population the expected number

of offspring is not affected by the existence of a priority
effect. It is possible to show (eqq. [A33]–[A36]) that in a
homogeneous population, the optimal strategy in the ab-
sence of segregation ( ) is always and mayE p 0 p p 1R

thus be different from the ESS. If segregation occurs, an
analytical solution for the optimal strategy can still be
found but cannot be simplified to a useful expression.

The resident strategy pR will prevail in the population
if its expected number of offspring is larger than that of
any mutant strategy pM. To estimate the expected fitness
of a mutant female whose offspring enter a colony to
compete with resident strategy caterpillars, we again must
distinguish the four different adult types. However, in a
nest with a mutant female, different equations apply (“The
Expected Number of Offspring for a Mutant Female with
Strategy pM” in the online edition of the American Nat-
uralist). The simplified equation (A30) for the case of no
segregation ( ) isE p 0

O p A g � A gM M, 1, F M, 1, F M, 2, S M, 2, S

′ ′(1 � f )p � f p � (a � 1)(1 � p )mR M M,1 R′ ′p � Kf ′ ′ ′1 � � [(1 � f )p � f p � (1 � p )m]R M R

pM ′ ′# � a � KfM, 2′ ′(1 � f )p � f pR M

(1 � p )mM# .′ ′ ′1 � � [p � (1 � f )(1 � p )m � f (1 � p )m]R R M

(9)

To clearly separate the estimates for this situation from
the standard situation with resident strategies only, we
introduce the terms aM, i, AM, i, j, and gM, i, j; see the note to
table 1 for definitions of subscripts.

A strategy fulfilling the ESS stability criterion (Geritz et
al. 1998) meets the following condition (Bulmer 1994), de-
fined for the special case by equations (8) and (9):E p 0

O 1 O for all p ( p . (10)R M M R

Unfortunately, it was not possible to find a general ana-
lytical solution to this equation (but see below), and we
thus had to rely on numerical approaches to find the ESS
(all done with Mathematica, ver. 4.0; Wolfram Research
1999). Equation (9) gives an implicit and highly nonlinear
relationship between pR and pM. Consequently, we need to
scan the complete pR-pM parameter space to find those
resident strategies pR that satisfy the ESS condition. Figure
3 gives an example of the effect of differing levels of com-
petitive dominance a, larval relatedness f, and overall com-
petition � on the ESS. Intermediate strategies (0 ! p !ESS

) can exist over quite a wide range of values of a as long1
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Figure 3: Difference between expected fitness of resident and mutant strategies for and . In a–c, we set and ,K p 1 m p 0.95 f p 0.25 � p 2.2
values characteristic for sites with low host plant density; in d–f, we set and , values more typical for high-density sites. Values forf p 0.05 � p 6
competitive dominance of slow-developing larvae over fast-developing larvae increase from (a, d) to (b, e) and (c, f ).a p 0 a p 0.05 a p 0.1
Gray areas indicate regions where the resident strategy is superior to the mutant strategy; in white areas, the reverse is true. An evolutionarily stable
strategy (ESS) is thus indicated by a point with gray above and below the main diagonal. In a, the ESS is marked by the circle. If the whole upper
triangle appears in white (as in d), then the ESS is ; if the whole lower triangle is white, then . According to the criteria outlinedp p 1 p p 0ESS ESS

by Geritz et al. (1998), ESSs not equal to 0 or 1 are in fact both ESS and convergence stable and can also invade other close strategies; that is, the
strategies are continuously stable strategies.

as f is high (as in sites with low gentian density) but only
for a small range of a when f is low (as in high-gentian-
density sites). With this procedure, we test for both local
ESS stability and “convergence stability” sensu Geritz et
al. (1998); in fact, all ESS strategies that we0 ! p ! 1ESS

find are also continuously stable strategies.
Equation (9) collapses into equation (8) if both strategy

values are equal ( ). Therefore, an ESS residentp p pR M

strategy can exist only if the null at0 ≤ p ≤ 1 p p pESS R M

is of even order. This fact serves to simplify numerical
straightforward searching, since it provides a suitable initial

point and an exclusion criterion to reject a given resident
strategy without checking the whole possible strategy range.

For the special case of and , that is, thea p 0 E p 0
absence of a priority effect and segregation, an explicit
solution for the ESS does in fact exist; however, the equa-
tion is fairly complicated and of little practical use. Eval-
uation of this equation reveals that the ESS approaches
values as winter survival m approaches valuesp p 0.5ESS

of 1 but that it never falls below this level, whatever the
values for � or f.

For the more general case of , we can plot thea 1 0
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Figure 4: Contour lines showing the dependence of the evolutionarily stable strategy (pESS) on the intensity of competitive dominance of slow-
developing larvae (SDL) over fast-developing larvae (priority effect, a), and changes in the fraction of caterpillars that are an individual female’s
offspring (f ). In a and b, overall competition , a value typical for sites with low host plant (gentian) density; in c and d, , a value� p 2.2 � p 6
typical for high-density sites. In a and c, winter survival for SDL is ; in b and d), it is . Note that pESS tends to increase withm p 0.95 m p 0.8
increasing f if a is large but tends to decline with f if a is small. The heavy contour lines encompass the range of pR observed in the empirical
studies.

numerically derived ESS in a two-dimensional plane de-
fined by a and f (fig. 4). The rationale for presenting results
in this way is that (1) the empirical estimates for these
two parameters are less reliable than those for m, �, and
K; (2) they have the strongest effect on the ESS; and (3)
they show an interesting interaction in their effect on the
ESS. Figure 4 shows that pESS is highly sensitive to the
presence of a priority effect (a), especially on sites where

gentian density is high; in other words, when winter sur-
vival m is high and the fraction f of caterpillars derived
from a single female is low, a small change in a would
dramatically change the ESS.

However, this sensitivity declines as f becomes larger,
and the ESS (potentially) covers a wider range as winter
mortality declines. Evidently, the ESS shifts closer to 0.5
if the fraction f of caterpillars expected to derive from a
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single female increases. This is due to the fact that delaying
development of too many offspring also enhances the level
of kin competition between siblings in the second season
and is thus not favored by selection. The best estimates
for f (∼0.25) in low-gentian-density sites, as well as lab-
oratory estimates for winter survival ( ), are inm p 0.95
fact of the appropriate magnitude to stabilize the ESS in
the range observed in empirical studies. However, for high-
density sites (which are much rarer than low-density sites
in the field; Elmes et al. 1996), f values seem to be too
low to bring the predicted ESS into the range actually
observed: the model predicts that an even smaller fraction
of caterpillars should develop in the first year. Assuming
lower values for winter mortality, which may be more
realistic for natural conditions, improves the situation
slightly. However, the ESS should nonetheless be highly
sensitive to changes in either m or the strength of a—a
result in disagreement with the observed stability of the
fraction of caterpillars delaying their development
(Thomas et al. 1998a).

Effect of Segregation

So far we have not accounted for the effect of segregation
(see the introduction to this article). Field observations in-
dicate that a fraction E as large as 0.6 of infected colonies
succeed in moving their nests away from the domain of
host plants (Elmes et al. 1996; Thomas et al. 1997). Evi-
dently, the SDL carried along with such a colony will not
have to compete at all with new FDL in the following season.
A first, naive consideration may thus lead to the conclusion
that segregation benefits the SDL only and should
strengthen the selection for delayed development. However,
segregation implies—if the whole population is in a steady
state—that the number of ant colonies removed due to
emigration into safe areas must be replaced by a similar
number of uninfected colonies (Thomas et al. 1997). These
colonies will provide opportunities for FDL to develop free
of competition from SDL from the previous year (see fig.
1). This is especially true if a is strong, because the SDL
would not profit much from segregation if they dominate
the FDL anyway.

Thus, with segregation, FDL and SDL compete in only
a fraction of colonies, while they develop indepen-1 � E
dently of competition with the other cohort in a fraction
E of colonies (eqq. [A17], [A18], [A30]). The effect of
segregation on the ESS is presented in figure 5. It is obvious
that increased segregation tends to stabilize the ESS at
values closer to 0.5 and diminishes sensitivity to changes
in a. This result makes sense, because both cohorts benefit
from segregation, and the optimal strategy in the case of
complete segregation would clearly be 0.5 (if ) nom p 1
matter what the priority effect. The latter, in fact, becomes

irrelevant with complete segregation because the FDL and
SDL from different seasons would never compete. The
important message from figure 5 is that—given the em-
pirical evidence for segregation—the priority effect would
have to be stronger than currently plausible to obtain an
ESS in the range actually observed.

Conclusions

The model presented here accounts for a number of factors
that are all likely to affect the evolution of delayed de-
velopment in Maculinea rebeli. It demonstrates that com-
binations of parameter values for the priority effect (a),
the fraction of competing siblings (f ), winter survival (m),
and segregation (E) can account for any observable frac-
tion of SDL in the range between 0 and 1. Interestingly,
changes in overall competition � are of minor influence
when , which is the minimum value estimated for� 1 2
any field site; however, a minimum competition is� 1 1
required for the evolution of delayed development. This
result is in itself important because we need not assume
that time or energy constraints are responsible for delayed
larval development. However, the main problem is that
realistic combinations of parameters do not fix the ESS in
the region of , the observed value. General com-p ≈ 0.25R

petition and kin competition alone cannot drive pR below
0.5 (cf. Kobayashi and Yamamura 2000). In the presence
of sibling competition, natural selection will favor strat-
egies that increase the overall success of sibling larvae and
not just the success of an individual caterpillar. This tends
to be maximized when pR is close to 0.5, even if the winter
mortality of SDL is very low. A similar conclusion holds
for the effect of segregation, which strongly selects for
delayed development but never for (see figs. 4,p ! 0.5ESS

5 for ). Thus, among all the parameters includeda p 0
in our model, the priority effect is the only mechanism
that theoretically allows for the evolution of pESS values
lower than 0.5.

Unfortunately, empirical information on parameter val-
ues in M. rebeli is incomplete. Estimates of �, m, and E
are fairly reliable, but that for f was only crudely and
indirectly derived. Current field estimates indicate a high
probability of segregation (E of nearly 0.6). Natural values
might be lower, especially on sites with lower gentian den-
sities, but E is probably always 10.25. At these levels, only
a very large priority effect (high a) could bring predicted
values for the ESS into the range observed by Thomas et
al. (1998a), that is, a ratio of 3 : 1 in favor of SDL (fig.
5b, 5c, 5e, 5f ). There are no field estimates of a, but the
data obtained from one laboratory experiment suggest that
the priority effect is quite small. However, it is not un-
reasonable to assume that under (severe) field conditions,
resident half-grown SDL might have considerable com-
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Figure 5: Effect of a segregation effect (E) on the evolutionarily stable strategy under a parameter combination typical for small sites ( ,� p 2.2
; a–c) and a combination more characteristic for large sites ( , ; d–f ). Left, segregation ; middle, ; right,f p 0.25 � p 6 f p 0.05 E p 0.0 E p 0.25
. The heavy contour lines encompass the range of pR observed in the empirical studies.E p 0.5

petitive advantages over newly adopted FDL. An attempt
to estimate this parameter in wild populations of M. rebeli
is therefore key to future research on this system, but in
the light of the current empirical evidence, we concede
that the fit between our model’s prediction and empirical
observation is unsatisfactory.

Although the model incorporates four different mech-
anisms (overall competition, kin competition, the priority
effect, and segregation) that can singly or jointly select for
delayed development, additional factors could be involved.
For example, environmental variability in the form of ca-
tastrophes affecting the egg or adult population could af-
fect the evolution of developmental strategies. Strong
environmental variability favors the “dilution” of repro-
ductive investment in space and/or time. Bet hedging has
been the primary argument to explain the evolution of
dormancy in seeds (Cohen 1966; Ellner and Shmida 1981;
Ellner 1985), crustaceans (Maffei et al. 2005), and insects
(Menu and Desouhant 2002; Soula and Menu 2003). Dor-
mancy is analogous in some ways to dispersal in space

(Hanski 1988; Hopper 1999) and has recently been sug-
gested as a factor that might drive the evolution of delayed
development in Maculinea nausithous and Maculinea tel-
eius (Witek et al. 2006). In the case of M. rebeli, risk
spreading may be an added benefit of delaying, but we
believe that it cannot explain why nearly 75% of cater-
pillars delay growth for one season. First, M. rebeli pop-
ulations are remarkably stable (Elmes et al. 1996; Thomas
et al. 1998b; Nowicki et al. 2005) compared to those of
other butterfly species. This could be an effect of bet hedg-
ing itself (Ellner 1985), but more likely is the consequence
of the great stability of the host ant populations that usually
are the limiting resource for the growth of Maculinea pop-
ulations (Thomas et al. 1998b). More important, the large
fraction of caterpillars delaying is not compatible with the
observation that there are no ≥3-year developers (Thomas
et al. 1998a), despite laboratory rearing of many hundreds
of caterpillars, including many SDL collected from the wild
in their second year of growth. Under a bet-hedging hy-
pothesis, a large fraction of SDL would indicate a high
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Figure 6: Exchangeability of the effect of the priority effect (a) with some added benefit (c) for slow-developing larvae (SDL) emerging after eclosion.
Winter survival for SDL (m) is 0.9 in all plots. Top, low-density sites; bottom, high-density sites. Values for two levels of segregation are given. The
heavy contour lines encompass the range of pR observed in empirical studies.

probability of environmental catastrophes (there is no em-
pirical evidence of this) and/or very low costs of delaying
(Bouteiller 1998). Yet one would then expect a substantial
proportion of caterpillars to delay development for even
longer time spans (Ellner 1985; Philippi 1993; Maffei et
al. 2005). If, on the other hand, caterpillars for some reason
cannot delay development for more than one winter, it
would not make sense to bet more than 50% of the off-
spring on the second year if that cannot be predicted to
be better than the next season. The only exception could
be the presence of a biennial cycle in environmental con-
ditions, because the majority of caterpillars would be de-
posited in good years (by definition) and should delay for

one season to emerge in a good year again, but there is
no evidence of such cycles in habitat conditions or pop-
ulation size in the Maculinea populations studied (and
such predictable cycles would not be in agreement with
the concept of bet hedging anymore).

However, there is mounting evidence (Schönrogge et al.
2000) that SDL are also present in other lowland popu-
lations of M. rebeli and in the closely related Maculinea
alcon but that they occur at ratios nearer 1 : 1. This may
also be the case in other Maculinea species (Witek et al.
2006). It would thus be desirable to additionally account
for the benefits of bet hedging in an extended model.
Unfortunately, under variable environmental conditions,
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lifetime reproductive success is not an appropriate measure
of fitness (e.g., Heino et al. 1997; van Dooren and Metz
1998). Finding an ESS in such an extended version of the
model will presumably be possible only by performing
simulation experiments.

This leaves the possibility that SDL gain additional ben-
efits from delayed growth besides the priority effect. We
suggest three nonexclusive candidates. (1) In the first
weeks after adoption, many fast-developing caterpillars are
infested by a specialized parasitoid, Ichneumon eumerus
(Wesmael), which enters Myrmica schencki nests to ovi-
posit in only those caterpillars that are above a certain
size, killing up to 50% of M. rebeli larvae (infected indi-
viduals die 10 months later, when their pupae produce
wasps). We have weak anecdotal evidence that, despite
their large size, SDL evade parasitism in their second year
(Thomas and Elmes 1993; Thomas et al. 2002, 2005) and
thus carry a smaller risk than FDL. (2) About 98% of the
ultimate biomass of each larva is acquired through feeding
in the ant nest. After emergence, adults from SDL are
somewhat heavier, and hence presumably more fecund,
than those from FDL (Thomas and Elmes 1998). We have
not measured the potential benefits of such a size advan-
tage for Maculinea, but it is widely accepted that larger
individuals within insect populations are fitter. This is
mainly because large adults tend to live longer (both
sexes), large females lay more eggs—for example, in the
moths Orgyia (Tammaru et al. 2002)—and the eggs that
they lay are more fertile, while large males may be more
successful at attracting mates (e.g., Wigglesworth 1972;
Peters and Barbosa 1977). For example, a 7% increase in
body weight (as observed in SDL M. rebeli, compared to
FDL) corresponds to a 27% average increase in eggs laid
by the bug Podiscus rostralis (Zanuncio et al. 2002) and a
12% average increase in eggs laid by the lepidopteran
Streblote panda (Calvo and Molina 2005). (3) Adults from
SDL emerge earlier in the season than those from FDL
(fig. 1). Eventually, this provides certain benefits, for ex-
ample, with respect to mating opportunities or quality of
egg deposition sites. These combined differences may give
SDL an advantage in survival, mating opportunities, or
the number of eggs they can produce, suggesting a trade-
off between growth strategy and reproductive capability
(cf. Abrams et al. 1996).

Accounting for such benefits in our model does not
introduce any complications, because we simply need to
multiply the fitness contribution from SDL by some con-
stant . Obviously, with an appropriate value of c, thec 1 1
fitness landscapes presented in the figures could be shifted
into a range that better corresponds to empirical obser-
vation. Testing whether such benefits do exist is a priority
for future studies. In figure 6, we show which combina-
tions of priority effect and the aforementioned added ben-

efits would lead to the evolution of pESS in the empirically
observed range.

We conclude that quite unlikely combinations of pa-
rameters are required to lead to the evolution of the ob-
served ratio of SDL to FDL. This has led us to consider
other mechanisms that might also be involved and has
helped to prioritize future research efforts on the M. alcon/
M. rebeli system. Furthermore, while our model has been
designed for a specific situation occurring in that host-
parasite system, it is structurally quite general and pre-
sumably applies to other systems of social parasitism. We
can expect to find delayed development (dispersal in time)
to evolve whenever close relatives compete over limited
resources within a single season but not across seasons. In
addition, the model may apply to situations where com-
petition occurs in small groups on resources that are not
always accessible. However, delayed development is es-
pecially likely to evolve when slowly maturing individuals
gain a competitive benefit over fast developers.
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