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Abstract

1. Maculinea (= Phengaris) species of butterfly have complex life-styles in which the

larvae feed briefly on specific foodplants before entering the final instar, after which
they live as social parasites within Myrmica ant colonies and acquire 98%-99% of
their ultimate biomass by either preying on ant brood (predatory species) or being fed
by worker ants (cuckoo species). Cuckoo species demonstrate two growth forms,
whereby some individuals develop to pupate in 11 months and others remain 23
months in the nest, a strategy that in theory represents the most efficient exploitation
of resources within Myrmica societies. Early studies suggested that development rates
in Maculinea rebeli (referred to by other authors as the xerophilous form of
Maculinea alcon- or M. alcon X) were not plastic but represented an unusual fixed

polymorphism, in which eggs were genetically predetermined as 1- or 2-year larvae.

. We tested this idea in lab experiments using M. rebeli from the French Hautes-Alpes,

with these results: (i) The growth strategy of every individual larva is pre-determined
by the mother either genetically or, less probably, during oogenesis. (ii) Intra-nest
competition and host fitness affects survival and growth but does not influence the
inherent growth strategy. (iii) The ratio of 1- and 2-year developing larvae is initially
about 50:50, although differential survival in crowded nests may alter the ratio of
surviving individuals. (iv) All females tested laid eggs that hatched into both 1- or 2-
year developers. (v) Growth patterns vary between different regions. Larvae from the
Spanish Pyrenees initially grow less than those from the Alps, with a smaller initial

differentiation between the size classes.
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Introduction
Maculinea (= Phengaris) van Eecke, 1915 species oviposit on specific food plants where

their larvae develop quickly to the fourth and final instar but achieve little growth (Elmes et
al., 2001). They then drop to the ground and employ mimetic behaviours, semio-chemicals
and acoustics to trick foraging ants of the genus Myrmica Latreille, 1804 into treating them as
members of their society and carry them into the nest, where they are placed with the ant
brood (Thomas, 1984, 2002; Elmes et al., 1991a; Akino, 1999; Als et al., 2001; Thomas et
al., 2005, 2013; Nash et al., 2008; Barbero et al., 2009). Caterpillars remain underground for
a minimum of 10 months, gaining >98% of their pupal weights in the final instar, an
exceptional growth pattern for any insect (Elmes et al., 2001). All live as social parasites
(sensu Wilson & Holldobler, 1990) of their ant hosts, preying solely on ant larvae and eggs
(predatory species) or being fed directly by the worker ants, often combined with low level
predation during the first pre-hibernation period (cuckoo species) (Elmes et al., 1991a;

Thomas & Elmes 1998; Thomas et al., 2005).

Although certain ants, including Myrmica species, produce larvae that develop in two or more
cohorts at different rates (Elmes et al. 1998), fixed polymorphisms in growth that span >1
year are exceedingly rare in the animal kingdom, having previously been reported from
natural populations — as distinct from laboratory manipulations (Miyatake & Yamagishi 1999;
Lewis 2018) - only from salmonid fish (Gross, 1985) outside the genus Maculinea (Thomas
et al., 1998a). Nevertheless, we found a clear-cut polymorphism in caterpillar growth in both
species of cuckoo Maculinea, M. rebeli (Hirschke, 1904) and M. alcon (Denis and
Schiffermiller, 1775), whereby a proportion of individuals develop to pupate in one year and

the remainder stay two years in the nest (Thomas et al., 1998a; Schonrogge et al., 2000; Als
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et al., 2002). The same apparently applies to some populations of predatory species, but here
the polymorphism may be phenotypically plastic (Schonrogge et al., 2000; Witek et al.,

2006).

In early studies, that included a range of densities of M. rebeli (Elmes et al., 1991b; Thomas
et al.,1998a), we found that ~20%-40% of 4™ instar caterpillars grew rapidly after being
carried into their host ant nest in August, gaining 50%-80% of their final body weight in the
first 10-12 weeks (FDL - fast developing larvae). These then lost up to 50% of body mass
over winter, itself exceptional for a butterfly larva, before growing rapidly in spring to pupate
and eclose in June-July (Fig. 1a from Thomas et al., 1998a). In most populations strong
contest competition occurred between caterpillars for ant attention, and at high densities many
individuals were neglected and died until the cohort was reduced to a sustainable number
(Thomas et al., 1993). The other 60%-80% of caterpillars grew much more slowly (SDL -
slow developing larvae) and were kept by the nurse ants in a different part of the nest where
they were not in direct competition with the FDL. Slow developers grew throughout the
following summer after the FDL had pupated, and by the second winter were 33% heavier
than the weight that their FDL siblings had achieved by the previous winter. They resumed
growth in their second spring and summer, and metamorphosed following a similar trajectory
to the FDL in the previous year, achieving a slightly heavier final body weight than the latter

(Fig. 1a).

We originally suggested that the polymorphism was probably genetically based, although it
might be triggered as a phenotypic response early in the 4" instar. Like Witek et al. (2006),

we cited bet-hedging as a possible (non-exclusive) selective force engendering this
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polymorphism. However, we considered ergonomic benefits a more likely driver, being an
efficient way to exploit the regular, but seldom abundant, supply of food that occurs over a
long period of the year within temperate ant colonies, which contrasts with the brief pulse of
larval food available to most herbivorous insects, or with the need for plasticity for species
that have very short growing seasons or innutritious foods (Thomas & Elmes 1993; Thomas

et al., 1998a; Schonrogge et al., 2000).

In an ESS model exploring the costs and benefits of evolving polymorphic growth in
Maculinea, Hovestadt et al., (2007) assumed a genetically fixed polymorphism in which all
individual mothers were capable of laying a mixture of FDL and SDL eggs. They concluded:
(i) If two or more larvae are competing for resources within a nest, a genotype for delayed
development (SDL) could become fixed in a population that has the FDL strategy as the norm
(in practice, we had estimated an average of 24 larvae entered each host nest on study sites in
Spain and France, with none sampled [N = 270] receiving a solitary larva: Hochberg et al.,
1991; Thomas et al., 1998b). (ii) Interacting factors favouring a SDL strategy include low
mortality in the 2" winter; competition among siblings in the same host nest; and the
frequency with which a nest moves, taking its cuckoo parasites with it, into gentian-free space
at the start of year 2, i.e. it recruits no caterpillars to compete with the resident SDL in the
second year (Thomas et al., 1997, 1998b). These parameters were important in determining
the overall proportion of two-year developers in a population, but in theory the most this
could be fixed at was 50% (Hovestadt et al., 2007), not the 75% observed surviving to
adulthood by Thomas et al., (1998a). We and others have watched the same female lay
several eggs on the same gentian, and since these reach the 4™ instar at about the same time,

all are likely to be adopted by the same host nest. (iii) The only parameter studied that might
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permit the proportion of SDL to be fixed at values of >50% was a ‘priority effect’ - the extent
to which resident SDL larvae outcompete newly recruited FDL in late summer of year-1 and

spring year-2. Unfortunately, this was the parameter for which there is least empirical data.

Since the oviposition period for M. rebeli is restricted to 3-4 weeks in June-July in our study
regions, coinciding with optimum flower-bud production by Gentiana cruciata L. (Thomas &
Elmes, 2001), it follows that the range of “successful” growth rates must be strongly
constrained if larval development is genetically pre-determined. Clearly, if growth rate is
determined at conception, there should be strong disruptive selection to fix rates around the
optimum for FDL and SDL under average levels of competition, providing it can be shown
that the SDL strategy might in some circumstances be advantageous. Here we present
experimental evidence to test key assumptions for which there was anecdotal, weak or no
evidence in Hovestadt et al.’s (2007) model. (i) Is the growth strategy of each individual larva
pre-determined by its mother? (ii) Does intra-nest larval competition influence growth
strategy? (iii) Is the initial ratio of SDLs <50% as predicted by Hovestadt et al., (2007)? (iv)
Do individual females lay a mixture of eggs that hatch into 1- and 2-year developing larvae,
or into one form only? (v) Do larval growth patterns vary between different regions?
Although we and colleagues have demonstrated the existence of the growth polymorphism in
M. rebeli larvae from the Gap region of the Hautes-Alpes and the Rhdne-Alpes in France, the
Spanish Pyrenees, and the Black Forest, Germany, it is apparently absent from north Italian
(Casacci et al., 2019) and Hungarian populations (A. Tartally pers. comm.) and appeared,
anecdotally, to vary by region in the amount of growth achieved in the first summer and

autumn. In a final experiment, we compared growth rates from Spain and France.
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154
155  Materials and methods

156 Nomenclature
157 The scientific names ascribed to our study species have oscillated over the past 25 years

158  (Tartally et al., 2019) as new studies emerge supporting one view over another and vice versa:
159  further change is likely in the light of, as yet unpublished, completed studies of the larval

160  semio-chemicals. Here we follow the most recent comprehensive review of the biology of
161  genus (Tartally et al., 2019) and advice of Balletto et al. (2010) in using the familiar (1915)
162  name Maculinea for the genus. However, we recognise that certain authors prefer Phengaris
163  according to Opinion 2399 (2017) (a third name, Glaucopsyche, deemed by many to be

164  correct in the 1990s, is now abandoned). The specific name, rebeli, is equally contentious,
165  with some authors considering it simply a distinctive xerophylic ecotype of Maculinea alcon
166  Denis & Schiff. (e.g. Koubinova et al. 2017; Bereczki et al. 2018), tentatively termed M.

167  alcon X by Tartally et al. (2019) after Tartally et. al. (2014) and Bereczki et al. (2018)

168  concluded that the original Maculinea rebeli, named by Hirschke in 1904, is a third, high
169  altitude ecotype of M. alcon. Here, for clarity and consistency, we follow Cassaci et al.

170 (2019) in retaining the specific name rebeli, which also follows the nomenclature used in
171 twenty-two of the twenty-three references cited here that describe earlier studies of the same
172 ecotype, as well as in most cases the same populations, used in this study of polymorphism.

173 Materials
174 Maculinea rebeli caterpillars and Myrmica schencki Emery, 1895 host ants were collected

175  from the Hautes-Alpes near Gap, south-west France (~1200-1500 m a.s.l) and, for the
176 ~ comparison between regions, from the Spanish Pyrenees near Panticosa (~1400 a.s.l).
177 Myrmica rubra L., which successfully rears larvae under benign laboratory conditions

178  (Wardlaw et al., 1998; Elmes et al., 2004), were collected from Dorset, UK. M. rubra was
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used twice to rear larvae for 7 and 28 days in ‘buckets’ before setting up experiments with the
natural host, M. schencki. All other experiments were established with M. schencki, using
rearing techniques described by Wardlaw et al. (1998), on the same day that the larvae
emerged. Rearing conditions were matched for all treatments, including type of artificial nest,
the number, age and origin of host workers, standardised numbers of ant larvae but no
queens, food supply and temperature regime. Although many individuals were reared through
to pupation in their second year (Fig. 1), most experiments were terminated in September-
December of their second year, when classification between FDL and SDL was unequivocal
but before their captive host ant nests had unduly declined in fitness (Wardlaw et al., 1998).

Analysis was by Minitab or R. We set up nine experiments or studies:

Are bimodal growth rates set or apparent before contact with ants? Is growth strategy
determined by an attribute that is independent of size at the start of the 4™ instar?

We measured the head-widths of 48 full-grown 3" instar larvae extracted from gentian seed
pods to investigate modality, and counted the number of pore cupola glands on their bodies.
We also weighed 71 freshly emerged 4™ instar larvae to investigate putative bimodality prior
to rearing each individual in a separate culture containing 30-40 M. schencki nurse workers.
Just before introduction to ants, we measured the respiration rate, as evidenced by CO,
production, of each individual as a possible indicator of metabolic variation, using a flow-
through analyser model L1-6251 connected to a data acquisition and analysis system (Sable
System, Salt Lake, Utah using Datcan V software); see Nielsen et al. (1999) for further
details. When each caterpillar was actively growing we recorded its behaviour and
interactions with host workers for 100 sec on twelve occasions per larva (3.20 min per larva).

The behaviours included the average number of ants actively attending or guarding a larva,
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the number of ants ‘licking’ its cuticle or posterior gland, and the frequency that the
caterpillar crawled or begged for food (see Elmes et al.,1991a for detailed methods and
definitions). We reared 40 cultures on beyond the first summer to confirm their classification

of individuals as FDL or SDL.

Does competition in ant nests or the fitness of nurse ants determine growth strategy?

We explored this in four experiments in which we varied the density of workers above and
below the average of 30 workers per larva found, in earlier studies, to be needed to rear an
individual M. rebeli to adulthood in one year (Elmes et al. 1991b; Thomas et al. 1993;
Thomas & Elmes 1998). We also varied the age of nurse workers, thereby altering their
propensity to tend M. rebeli (or their own larvae), for like many social insects, the workers of
Myrmica species display temporal polyethism, in which individual adults progress from
behaving as nurses to becoming foragers as they age (Brian 1979; Holldobler & Wilson
1991). (i) 134 larvae were reared singly from the outset, each with 30-40 freshly hatched M.
schencki nurse workers, to determine the size and proportion of FDL to SDL under conditions
of surplus food, optimum nursing, and no intra-specific competition. (ii) Thirty eight larvae
were reared singly as in (i) but with 40 older, less fit M. schencki nurse workers each. (iii)
Ninety eight larvae were reared as in (i) but with two larvae per ant nest; i.e. under moderate
competition of 15-20 ants per social parasite. This number would usually be adequate to rear
both larvae but might result in one of a pair being neglected if the other could attract more
than its fair share of worker attention (Thomas et al. 1993; Thomas & Elmes 1998). (iv) 143
larvae were reared singly as in (i) but with just 5 old worker ants per larva. (v) To study
whether growth rates were plastic under more intense competition, thirty-three larvae were

reared for 4 weeks post-adoption in large stock nests of Myrmica rubra, then weighed and
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ranked by size. They were then transferred in groups of three into 11 cultures, each containing
30 fresh M. schencki workers. Culture 1 received the 3 smallest caterpillars, culture 2 the next
3 smallest, and so on to culture 11 which had the largest three larvae. Each culture was then
reared under identical conditions of food and temperature regime until the onset of winter
hibernation when each individual was again weighed (Weighta), and later classed as FDL or

SDL.

Is there a maternal effect on growth strategy?

To determine whether an individual adult laid FDL, SDL or a mixture of eggs, we caught
nine newly emerged, copulating female M. rebeli in the Hautes-Alpes, and caged each singly
in a net placed over a suitable G. cruciata plant for oviposition (Thomas & Elmes, 2001)
having ensured that no previous M. rebeli eggs had been laid on it (cuckoo Maculinea have
the most conspicuous eggs and most durable shells of all European butterfly species; Thomas
et al., 1991). Most females started to lay on the same day, and were kept caged on their plants
for 1-3 full days. Each gentian’s flower-shoots were then cut and kept separately in the
laboratory after Wardlaw et al. (1998), until their M. rebeli emerged as 4™ instar larvae. Each
newly moulted larva was weighed and then reared either singly with a culture of 40 M.
schencki workers collected from the same site or, for those from the most fecund parents, in
groups of up to 10 larvae per nest after a maximum of seven singletons had been established

from each parent. Their development as FDL or SDL was monitored

Does growth pattern vary between populations?
We obtained sufficient M. rebeli to compare with populations from the French Alpes from the

Pyrenees, near Panticosa, Spain. As in the previous study (Thomas et al., 1998a), the
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trajectory for FDL is calculated only from larvae that survived to pupation and that for SDL
from larvae that survived to hibernate a second winter combined with data for SDL taken
from the field when the FDL were pre-pupal and reared a further year to pupation in the

laboratory.

Results

Is the growth pattern of an individual larva set or apparent in larvae prior to interacting with
ants?

We found no evidence that any experience or obvious attribute of larvae prior to their
adoption by ants induced them to become FDL or SDL morphs. Neither the respiration rate
prior to adoption (Table 1) nor third-instar larval head-width was correlated with the winter
body weight or subsequent growth path of the final instar. Nor did the initial density of larvae
on G. cruciata influence the weight of pre-adoption larvae leaving the plant (mean larval
weight from <5 eggs laid per gentian stem = 1.644 mg + 0.099 mg s.e.m., N = 26; mean

larval weight from >30 eggs per stem = 1.830 mg £ 0.093 mg s.e.m., N = 122; Tgogs = -1.44, P
= 0.153) or the ratio of individuals that developed along either pathway. For example in Table
2, larvae growing at densities ranging from three to 51 individuals per plant showed no trend
in the ratio of morphs produced across the nine plants, P = 0.664, R? = 2.9%. In addition, the
weight distribution of larvae entering the final instar was invariably unimodal (Fig 2a), and
the initial weight on entering a M. schencki nest did not differ between individuals that
subsequently grew as FDL or SDL (Fig 2b). Hence pre-adoption larval weight was neither a
predictor of mass at the onset of the first winter’s hibernation nor of its eventual development
path (Fig 2c). By contrast, in another experiment where 65 larvae were reared to winter under

similar conditions of surplus resources, we were unable to weigh the larvae until a week after
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their adoption, when they had integrated with their host M. schencki society for 4-7 days and
had started growing, roughly doubling in weight to 3.237 £ 0.961 mg and later achieving an
average hibernation Weighta of 27.78 = 8.82 mg. For this cohort, even 4-7 days with ants
were sufficient to establish a clear correlation between early growth and Weight (Spearman
Rank correlation Rg=¢3 = 0.262, P = 0.035), suggesting that final instar larvae embark on a

fixed growth strategy within a week of their 11-23 months as social parasites.

Can growth trajectories with ants be altered by the density of larvae in nests or the fitness of
ants?

We detected no plasticity for larvae to switch between FDL and SDL pathways in response to
conditions in their local nest environment, although a higher proportion of FDL individuals
died under unfavourable conditions. When reared singly under optimum conditions of surplus
(30-40) young nurse ants per larva, the overall weight distribution was unimodal at the onset
of the first winter (Weighta) but there was a clear-cut separation later with the larger half of
the cohort at hibernation growing on to pupate in their first summer (FDL) while all the
smaller individuals were 2-year SDLs (Fig. 3a). The small number of mortalities recorded in
this experiment was independent of size or growth strategy, and the overall ratio of FDL to
SDL was 54% to 46% (N = 117). A similar ratio of 49% FDL to 51% SDL was obtained in a
separate experiment when 39 larvae were reared singly, each with 40 older M. schencki
workers that were less fit to provide nursing activities: under these suboptimal conditions, the
familiar bimodal distribution of weights was clear by the time of the first winter’s hibernation
(Fig 3b). Under moderate competition of two social parasites per nest at densities of 20 young
nurse ants per larva, a bimodal distribution in growth is again apparent (Fig. 3c) but, given

reduced resources, many of the faster-growing larvae died before their first winter leaving a
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realised ratio of 74% SDL to 26% FDL. Finally, when M. rebeli were tended by old nurses
and at very high densities of five ants per larva, all but five of the largest individuals died in
the first few weeks, leaving a highly skewed ratio of 93% SDL to 7% FDL by the first winter
(although the five FDL all survived to adulthood the following July) (Fig. 3d). Further
evidence of a lack of plasticity between growth strategies was provided by raising 33 M.
rebeli larvae in a large stock Myrmica nest for 4 weeks, then dividing them into triplets
ranked by size, with the three smallest individuals (mean weight 1.9 mg) thereafter reared
together with 90 young M. schencki to tend them; the three next smallest larvae reared in a
second identical culture, and so on up to the eleventh culture which contained the three
largest larvae (mean weight 31.1 mg). If larvae could switch between morphs, we might
expect some of the small individuals to win and grow rapidly under the reduced competition
and that some of the largest larvae might lose and grow less well under strong competition
with large peers. However, the results showed that hibernation Weighta depended mostly on
the size attained by each 4 week-old fourth instar at the start of the experiment (Fig 3e,
ranked correlation Rgs=30 = 0.712, P < 0.001), with no evidence that larvae can switch from 2-

year developers to 1-year developers or vice versa.

Do different females lay eggs that produce exclusively 1-year, 2-year, or a mixture of larvae?
All nine female M. rebeli whose eggs were reared separately produced a mix of 1-year and 2-
year larvae (Table 2). Although some individuals laid many eggs, we show results only for
the larvae that were reared singly with abundant resources, using 2-6 solitary larvae from
each female, since many that were reared at high densities in M. schencki nests died
prematurely, exacerbated by the comparatively old age — and hence the low fitness — of nurse

worker ants in nests sampled that year, which contained few pale callows and had shorter
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than usual lifespans. The singletons are the same larvae whose growth patterns are shown in

Fig. 3b.

What is the mechanism leading to fast or slow larval development?

As with the earlier instars of M. rebeli larvae (above), we detected no obvious attribute to
indicate that a final instar larva was a 1-year or 2-year developer. However, some behaviours
were indicative (Table 1). Although we had previously found no difference between the
density of secretory pore cupola glands on the bodies of FDL and SDL, the fast developers
showed significantly enhanced instances of the average number of ants attending or guarding
a larva, the number of ants licking its cuticle (but not its anal gland), and the frequency when
the caterpillar moved or begged for food (Table 1). Of these, the strongest interaction was
with nurse ants ‘licking’ the surface of its tended larva (Fig 4), suggesting that the pore
cupola of fast developers may be more active than those of SDL, even if their densities were

the same.

Does growth strategy vary between regions?

As expected from previously finding many similar-sized small larvae when sampling nests
for pupae in June in the Pyrenees, we measured a comparable polymorphism in populations
from the Spanish Pyrenees to that in the Hautes-Alpes (Figs. 1b and 1a respectively).
However, growth paths were not identical. A considerable overlap between morphs existed in
initial pre-winter growth in Pyrenean butterfly larvae (for clarity only the inner quartiles are
shown in Fig. 1b). For this population, Weighta is therefore a poor predictor of post-winter
growth, although the 1-year individuals tended to be heavier (Weighta FDL = 21.4 + 5.68 mg,

Weighta SDL = 16.7 £ 5.61 mg., N = 17). Relatively more growth occurred post-winter, and
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FDL appeared to produce smaller (~65-70 mg.) pupae relative to SDL (~80-85 mg.). Our
small sample of individuals produced 21 FDL and 17 SDL - not significantly different from a

50% split between the two morphs (x*1=0.421, P = ns).

Discussion and conclusions

A few species of slow-growing insects possess juvenile periods that can vary phenotypically
by one or more years within the same population, in response to resource availability or
unusual weather (Wigglesworth, 1964; Denno & Dingle, 1981; Williams & Simon, 1995).
However, none was suspected of possessing a fixed polymorphism of annual and biennial
growth paths prior to studies of the two cuckoo species of Maculinea (Elmes et al., 1991b;
Thomas et al., 1998a; Schonrogge et al., 2000). Indeed, among animals, the existence of two
genetically-fixed developmental morphs spanning different years in the wild was known only
from salmonid fish (Gross, 1985). However, artificial polymorphisms in growth rates can be
achieved among Diptera after strong selection in the laboratory (Miyatake & Yamagishi

1999; Lewis 2018).

Our original suggestion (Thomas et al., 1998a) that growth rates for 4™ instar M. rebeli larvae
were fixed was based on the observations that (i) a proportion of SDL were always found in
wild (French Hautes-Alpes) populations and this appeared unrelated to host nest size or
condition; (ii) larvae reared in the laboratory under a wide range of conditions with several
species of host ant, and with <30 ants per larva, generally produced about the same ratio of
75% SDL.: 25% FDL; (iii) although larval competition (crowding) could reduce growth

(Elmes et al., 1991b), caterpillars reared in very crowded conditions nevertheless still showed
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bimodal distributions of caterpillar size after several weeks’ growth in the host nest; in fact
bimodality was often amplified in these circumstances. Here, having described the basic
growth strategies and learnt how to rear the caterpillars over a two year period, we made
experiments designed to answer questions more conclusively. From the results of Figs 1-4

and Tables 1 and 2, we draw five conclusions with reasonable confidence.

The SDL growth strategy is pre-determined by the mother, either genetically or during
oogenesis. The initial Weight, of final instar larvae is affected by the mother, and perhaps by
other environmental factors in the wild, but we have never found any link between Weight,
and subsequent growth strategy of larvae (Figs. 2b,c and 3e). However, a higher Weight, is
important in determining whether a larva survives the one or two day integration period when
adopted by a host nest (Elmes et al., 1991b, Schénrogge et al. 2004) especially when intra-
nest competition is high. We have never been able to force an initially SDL larva to grow
more quickly and, while starvation or other stress can cause a FDL to grow more slowly, we
conclude that a small FDL can never successfully hibernate a second winter. When larvae
were grown in pairs (moderate intra-nest competition) the proportion of SDL pairs and FDL
pairs was similar to that predicted by a binomial allocation based on the overall ratio of
SDL:FDL seen in meta-analysis of experiments (Thomas et al., 1998a). The only ‘plasticity’
we have induced is occasionally to rear a FDL individual through to pupation in its initial
autumn instead of entering hibernation, given surplus food and continuing artificial warmth in

the laboratory, as reported also by Tartally et al. (2005).

Intra-nest competition has a major effect on survival and growth but does not influence the

inherent growth strategy. When larvae were reared as singletons with a surplus of fit young
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nurse workers, we obtained an essentially normal distribution of Weighta centred on about
25mg, with almost all the > 25mg individuals being successful FDL and all the smaller ones
entering a second winter (Fig 3a). The ratio was about 50:50. Singletons from known
mothers (Table 1) reared by older workers, which would mostly have been relegated to
foraging duties in a wild Myrmica society (Brian 1979; Holldobler & Wilson 1991), had a
bimodal distribution of Weighta, though the ratio of SDL:FDL was still 50:50 (Fig 3b). We
suggest that this difference was due to a paucity of fit young nurse workers that stressed the
latter colonies, and that under these conditions SDL are less attractive to the workers, receive
less attention, and do not grow to their maximum potential Weighta, whereas the FDL, which
consume far less food, grow fairly normally. As colony stress is increased by reducing the
worker: larva ratio (as in Figs 3c and d) or perhaps in the field due to external fluctuations in
colony food supply, individual larvae receive less attention and only the fastest growing FDL
exceed the target Weighta of ~25 mg and fewer of the slowest SDL do not attain enough
weight to survive the first winter, resulting a preponderance of surviving SDL and an

amplified bimodal pattern of weights among survivors (EImes et al., 2004).

The inherent ratio of SDL:FDL morphs is 50:50. In an ESS model exploring this system,
Hovestadt et al. (2007) predicted that selection for 1-year and 2-year morphs of larvae could
become fixed as an ergonomically efficient way of exploiting resources within a Myrmica
society, but that it was highly unlikely for more than 50% of individuals to be SDL. However,
our original meta-analysis (Thomas et al.,1998a) indicated a 75:25 ratio in favour of SDL, a
ratio that we now realise was skewed by the net effects of high competition in several
experiments rather than the underlying genetic effect. In all three of our new experiments

where larvae were reared singly with surplus ants, we obtained ratios of the two morphs that
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were close Hovestadt’s maximum of 50:50, both when sourced from the French Alps (Figs
3a, b) and the Spanish Pyrenees (Fig 1b). It is also clear that this ratio is inherent when eggs
are laid, since the ratio was also about 50:50 between individuals in cohorts that occurred at
low densities on Gentiana cruciata and which experienced 100% survival from oviposition to
the final instar, indicating that there was no differential mortality of FDL or SDL during

either the egg stage or larval instars 1-3 (e.g Table 2, females A, C, D, E, F, H).

The polymorphism is individual-based rather than population-based. The progeny of nine
females from one population indicated that all parents in this population produce both SDL
and FDL (Table 2). The data are not sufficient to determine whether each female averages a
50:50 ratio, but they indicate that the population does not comprise two types of female
specialising either in a FDL or SDL strategy (Fig 3b). We can also exclude mating with more
than one male as an explanation, since all females in Table 2 were collected as fresh
individuals above the ant nests from which they had just emerged <1 hour earlier, some with

unhardened wings.

Growth patterns vary between different populations. We recorded a similar pattern of an
apparently fixed 50:50 polymorphism in the final larval instar growth of M. rebeli from the
Pyrenees to that in France, although the former grew less than the latter prior to winter under
standardised lab conditions (Fig 1). This might have evolved in response to different temporal
patterns of food supply available to ant nests. Late summers at the Spanish site tend to be
hotter and drier than on the French sites, and there may be less insect prey available for ants:
on the other hand, winter snow melts earlier on the Spanish site and spring/summer is longer

and earlier. Thus, more food may be available in spring and less in autumn on southern sites

Page 18 of 32



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

compared to more northern ones. A similar trend in growth patterns was noted between
populations of M. alcon where populations at different European latitudes are associated with
different ant species (Tartally et al., 2019), with northern populations growing more in
autumn than southern populations (Schonrogge et al., 2000). However, other selective forces
may be decisive. For example, Cassaci et al. (2019) recently found an almost complete
absence of small unequivocally SDL larvae in summer (one individual cf 136 prepupal larvae
or pupae) when sampling seven populations in Italy from the central Apennines to the Alps.
Clearly, further studies of the distribution and pattern of a polymorphism in Maculinea rebeli
are required, and whether the two morphs differ from a 50:50 ratio in populations where it

does exist.

We made little progress in identifying any underlying mechanism by which some larvae grow
quickly and others slowly, beyond finding that FDL move and beg more, and receive more
attention from workers. This again is an area for future research, for example into whether the
pore cupola of FDL produce chemically different (Elmes et al., 2002) or greater quantities of
myrmecophilous secretions. Nevertheless, our results confirm several assumptions made in
Hovestadt et al.’s (2007) ESS model exploring the evolution of dimorphic growth rates in a
social parasite that exploits its host’s trophallactic feeding system. Hovestadt concluded that
ergonomic efficiency was a much more likely agent than bet-hedging in the original selection
and fixing of the polymorphism, but that the two putative benefits are not mutually exclusive.
There is little doubt that under modern practices of land-use, bet-hedging enhances the
persistence of small isolated populations that are not part of a meta-population (Witek et al.
2006; Van Swaay et al. 2009). For example, it may enable this rare and threatened butterfly to

survive single years when no flowers of its initial food plant, G. cruciata, are available for
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oviposition, due to intensive hay-cuts or excessive trampling by cattle (which find G. cruciata

unpalatable), events that we have occasionally witnessed on study sites in the Hautes-Alpes.
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Table 1 Interactions between worker ants and Maculinea rebeli larvae reared singly in Myrmica

schencki nests. Pearson Correlation R values, df = 67, *** P <0.001, ** P <0.01

FDL Respiratory No. ants Larvae crawl | Larvae beg
rate attending
Larval respiratory rate -0.126
No. ants attending 0.311 0.007
Larvae crawl -0.003 -0.062 -0.201
Larvae beg 0.185 0.019 -0.030 0.499***
Ants lick cuticle 0.330** -0.100 0.576*** 0.345** 0.430***
Lick anal gland 0.033 -0.110 0.092 0.347** 0.165
Ants guard larva 0.051 0.081 0.781*** -0.522*** -0.336**
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Table 2 The progeny of individual females. Due to differential survival by FDL and SDL when reared

at high densities, results are given only for the 3-6 individual larvae per female that were reared singly

with 40 Myrmica schencki nurses per larva

Female number No. of eggs laid Fast developers Slow developers
per foodplant
A 13 3 3
B 51 3 2
C 3 2 1
D 3 1 1
E 10 2 2
F 5 3 1
G 21 1 4
H 16 2 4
I 21 2 3

Page 28 of 32
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Figure 1. Polymorphic growth by final instar larvae of Maculinea rebeli reared at a range of natural

densities in Myrmica schencki nests from field and lab data combined. Populations from: (a) the

Hautes-Alpes, France + 50- and 95-percentiles (redrawn from Thomas et al., 1998a, which also

contains images of the two growth classes); (b) the Pyrenees, Spain + inner quartiles.
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665  Figure 2. Weight distribution of newly moulted final instar Maculinea rebeli larvae before they

666  encounter ants: (a) Weights are best described by a unimodal curve; (b) Initial weights of larvae that
667 are later classed as 1-year (FDL) and 2-year (SDL) individuals are the same; circle = mean, two-tailed
668  t=-0.50, 374, P = 0.618 ns ; Thus (c) initial larval weight shows no correlation to Weight,, attained
669 by alarva prior to its 1% winter hibernation (P = 0.552, R* = 0.9%, N = 39) and does not indicate

670  whether an individual becomes a fast (solid circle) or slow (open circle) developer.
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Figure 3. Effects of larval density and host fitness on weight distributions of final instar Maculinea
rebeli larvae prior to their 1st winter hibernation, and their subsequent classification after growing as
1-year (hatched) or 2-year (black) developers. All larvae were reared with their natural host Myrmica
schencki: (a) Larvae reared singly with 30-40 young nurse ants, N = 134, white = individuals that died
before classification as FDL (chequered columns) or SDL (black). (b) Larvae reared singly, each with
40 older nurse ants per larva; N = 39. (¢) As (a) but 2 larvae per nest, i.e. 20 ants per larva; N = 98,
surviving larvae only are shown. (d) larvae reared at high densities of 6 larvae per worker ant, initial
N = 143 larvae of which 76 mainly FDL individuals died before reaching 1st winter hibernation. (e)
Competition between larvae ranked by size after living communally for 4 weeks (Weight,) in one
large Myrmica nest, thereafter reared as eleven triplets (N = 33 larvae) for 6 weeks (Weight,) in
standardised cultures containing the 3 smallest individuals together upwards to the three largest
together. Despite the wide range of competition for resources, larvae were already fixed on an
unchanging development path by week 4 with ants: ranked correlation, Weight, (4 weeks) cf Weighta

(10 weeks): R4=30 = 0.712, P < 0.001.
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687  Figure 4. Ant attention and larval development. The mean number of worker ants ‘licking’ the cuticle

688  of an individual larva at any one time correlated closely with the Weight(A) of the larva prior to

689  hibernation in its first winter. Filled circles indicate (FDL) larvae that later pupated after 1 year; open

690  circles indicate SDL larvae that successfully hibernated a second winter, when the experiment

691  stopped; individuals indicated by a plus died.
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