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Abstract

This thesis reviews known morphological adaptatiohgollinating fig wasps to figs
(Ficus spp.). It was found out that they are obligatomytunalists of figs and they are selected
to adapt their morphology to the morphology of diglowers and inflorescences. The
selection influences figs as well because they taageqording to wasp’s morphology. Further,
adaptations in physiology and reproductive stratieggollinating fig wasps are mentioned.
All these coadaptations give them the opportundycbspeciate withFicus Based on
cospeciation and coadaptations in figs and waspsy tommon coevolution is generally
proclaimed.

Moreover, facts about known rates of cospeciatietwben figs and nonpollinating fig
wasps are recapitulated. Based on current knowjedigehas been concluded that
nonpollinating fig wasps show lesser or the sante oh cospeciation. The nonpollinating
wasps do not coevolve with the figs as strictlyrespollinators.

Key words: Chalcidoidea, Agaonidae, fig wasp, nonpollinatilggwasp,Ficus coevolution,
cospeciation, morphological coadaptation

Abstrakt

Tato bakal&ska prace zhodnocuje morfologické adaptace opythjittkovych vosiek. U
fikovych vostéek byl zjiSeén obligatorni mutualizmus s fiky (plody fikius- Ficus spp.).
Opylujici fikové vosiky prizpusobuji morfologii svéhoéta morfologii kwta a kwtenstvi
fika. Tato selekce gsobi i na fiky, které se adaptuji dznych morfologickych struktur
vosikek. Déale u opylujicich fikovych vask existuji adaptace fyziologické i reprodok
VSechny tyto koadaptace jim umnii kospeciovat s fiky. Kospeciace a koadaptaciiu &
fikovych vostek predpokladaji jejich spotaou koevoluci.

RovreéZ je v préci shrnuto, co je zndmo oienkospeciace mezi fiky a neopylujicimi
fikovymi vosickami. Na zaklad sowtasnych ¥domosti sei@dpoklada, Zze neopylujici fikové
vosikky kospeciuji s fiky ve stejné nebo menSitanhez opylujici. Z toho vyplyva, ze
spole&na koevoluce neni tak striktni jako u opylujicidkofrych voséek.

Kli ¢éova slova Chalcidoidea, Agaonidae, fikova véish, neopylujici fikova voska, Ficus,
koevoluce, kospeciace, morfologicke koadaptace



1. Introduction

The fig wasps, an abundant group of insects from sluperfamily Chalcidoidea
(Hymenoptera), are all associated with fig treed #aey reproduce in fig inflorescences. Fig
wasps are not monophyletic since they belong toowuar families, e.g. Agaonidae,
Pteromalidae, Torymidae, Orymyridae and Eurytomidael to unplaced subfamilies
Epichrysomallinae and Sycophaginae (Rasplus et1898). Fig wasps depend on figs
because they reproduce inside their organs. Figemdeon some fig wasps because they
pollinate them. The pollinating fig wasps are mdmgptic (Machado et al., 1996)
and constitute the family Agaonidae (Rasplus etl&i98).

Agaonidae represent the only group of pollinatansfigs therefore they play an active
role in sexual reproduction of figs. Thus thereistrong mutualism between figs and those
wasps (Janzen, 1979a). The nonpollinating fig waspse from all of the families mentioned
above except of Agaonidae. Figs are not dependmnt these taxa because the wasps infest
them by means of producing galls or they live ifisgaf other fig wasps. Here they either
feed on plant tissues or on the larva (Kerdelhué Rasplus, 1996). Thus they decrease
the fitness of figs and pollinating wasps.

This bachelor thesis is focused mainly on the nlislmabetween pollinating fig wasps
and figs, how it has evolved, how it is maintaired what types of morphological and other
coadaptations were acquired to be fig's pollinat@@sher part of this thesis deals with
the descriptions how the mutualism is influencechbyipollinating fig wasps as well as with
a summary of phylogenetic relationships betweetinating and nonpollinating species and
their host specificity.

This thesis is a literary basis for the future reashesis. It will deal with coevolution of
parasitoids from the family Torymidae (HymenopteTdnalcidoidea) and their hosts, which
are mostly belonging to the gall-forming insectsy Wasps are the model for studying
coevolution therefore many articles about them haeen published. Other symbiotic
relationships in the superfamily Chalcidoidea hagebeen described so well and that is why
this work is mainly dealing with this mutualismfajs and fig wasps



2. Figs as an environment for development of figpga

Figs are trees from the genuscus Linnaeus, 1753 from the family Moraceae
(Magnoliopsida: Urticales). This is the most numergenus from the family and it contains
more than 850 species (Ramirez, 1970). They grawany woody forms for example as free
standing, stranglers or epiphytes. They are didkib on all continents with tropical and
subtropical climate but they are originally onhorn tropics (Janzen, 1979a). They have
an inflorescence (syconium) which serves as anremwvient for developing fig wasps.
Syconia are usually roundish and green when uniipe. flowers are inside (Fig. 1). Fig
wasps pollinate the female flowers and oviposit itite ovaries of the flowers where their
larvae develop.

There are two types of syconia which are diffeadetl in terms of types and sex of
the flowers. The monoecious type of fig life stopteis characterized by inflorescences
containing both sexes of flowers, male and femaleso(Galil and Eisikowitch, 1968a).
The gynodioecious (i. e. dioecious in means of mauthors - Janzen, 1979a, Weiblen, 2002)
figs contain only female flowers in one type oflanéscence which is called a female
syconium. The other type, called a male syconiumntains female and male flowers (Galil,
1973).

Monoecious figs have female flowers with style ldsgranging from short to long and
with different position of ovaries. On the openiofgthe syconium, called ostiole, there are
scales that are closely overlapped forming narnamwnel through which pollinators have to
crawl. All the figs are strictly protogynous whicheans the female flowers mature 3 or 4
weeks before the male ones (Galil and Eisikowil&g8a).

In dioecious figs, male and female syconia grovegziton the same tree or on different
trees (Ramirez, 1980). The structure of the opersrthe same as for monoecious figs (see
above). The male syconia have short-styled fermaleefs and male flowers that grow near
the opening. Female syconia have only long-stydeadale flowers and no male flowers. They

do not need to produce any pollen because no velesfgdop in them (Galil, 1973).
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Fig. 1: Cross section of a ripe syconium (accordacnBamirez, 1969, modified by author)

3. Evolution of the mutualism

The mutualism of figs and fig wasps has been dewadpfor probably 90 million years
old which corresponds with the Late Cretaceousoperit is estimated it started evolving
during the break-up of Gondwana (Machado et al0120It allowed the figs to distribute
pantropically. The pré&icus was a monoecious terrestrial plant. Its infloreseewas not
closed but convex (Ramirez, 1980). The insect metilbn is advantageous in windless
environments, therefore the pfesus was probably a shrub growing in forest floors
(Ramirez, 1976). However, the ancestral state forageae was wind pollination.

Present Agaonidae with primitive traits eat pollgénwvas hypothesized that they evolved
from pre-agaonid that visited open inflorescenceteéd on pollen and maybe to lay eggs in
fig's flowers, leaves or young shoots. Wasps tlahe& on syconia brought probably some
pollen grains that stuck on their bodies duringravipus visit of another inflorescence.
Agaonidae then took advantage of visiting the mefdeence and evolved oviposition into
ovules of the fig flowers. They all oviposit thrduthe whole female pistil, piercing the centre
of the stigma with the ovipositor before the oviios starts. It is because the ovules were
not probably accessible from outside. Because theiaism became advantageous also for
figs, they evolved chemicals to attract the insettgrobably happened before the closure of
syconia. Since the insect attractants drew mangctasthat were possibly harmful for
the plant, the shape of syconium changed from cotwvelosed (Ramirez, 1976).



4. Flowering cycles and life strategies of figs

Flowering cycles ofFicus (Fig. 2) were studied on monoeciousicus Sycomorus
Linnaeus, 1753 in Israel by Galil and Eisikowitcdd®§8a) and in East Africa by the same
authors (1968b). It was found that in Isrkekycomorusioes not produce any seeds whereas
in East Africa it reproduces sexually. It is beaubis tree is not native to Israel and its
natural pollinatorCeratosolen arabicu$/layr, 1906 (Agaonidae) is absent there. Authors of
the study observed flowering phases of figs and ttesponses to presence or absence of
wasps. In IsraelSycophaga sycomoliinnaeus, 1758 (Sycophaginae) was found inside
the syconium. This is not a true pollinator Bf sycomorusbut the fig responds to its
presence.

The first phase of flowering cycles, phase A, chllerefemale, is characterized by
growing of the syconium while the ostiolar openiagtill closed by scales. In the beginning
of the phase B, called female, the scales reledtam opening is formed. It depends on
the wasps whether they enter the syconium or htitely do not enter, the syconium does not
develop any further and after several days it drbpsn the tree. This is caused by
the hormone ethephon which makes the syconium rfg&n(Zeroni et al., 1972) when there
are no larvae developing in the syconia. If a femabhsp comes inside the inflorescence,
the fig goes through the whole developmental cy€igs are dependent on wasps and identify
whether they were entered even though they werepotinated. Afterwards, they let
the wasps to finish their development even tholgtvtasps are not their real pollinators but
only gallers. Upon entrance wasps usually loos& thmgs and even distal parts of their
antennae because the aperture is very narrow. ®briitem even die during the passage.
After burying into syconium, the wasp starts tolpits ovipositor through the centre of the
stigma, down the style as far as it reaches (@atll Eisikowitch, 1969). One egg is generally
oviposited into one flower but not all flowers anéested. Normally, those uninfested flowers
develop into seeds. This is important for the neiahce of the mutualism. The reasons why
wasps do not oviposit into all the flowers will dscussed in the chapter five. The phase C,
called interfloral, encompasses the time of devaleqt of a gall harbouring the wasp larvae.
The phase D, called male, occurs when male floweatire. Male wasps hatch from galls,
mate with females and gnaw holes for them to ldheeinflorescence. Females then search
for other syconia in phase B. Then phase E, caltesdfloral, follows. Now the releasing of

the hormone ethephon is allowed again which mdaméids ripen. Syconia color pink, red or



yellowish which makes them attractive to the fruges. The whole flowering cycle takes six
to seven weeks.

This has been short description of how receptami@sonoecious figs function. They did
not produce any seeds, though, even after therodsea tested out artificial pollination by
meansS. sycomoricovered with pollen grains. There was somethingsing in the wasp’s
behavior that would allow proper pollination (Galihd Eisikowitch, 1968a). This means that
this is an example of utilization of coevolved fgats between mutualists of different species

of the same family (Compton, 1990).

LARVAE FUPA ADULT ADULT}

Fig. 2: Flowering cycles of monoecious fig and lifgcle of its pollinator (according to Galil,
1977)

In the dioecious figs, wasps develop in the mat®sia. In the female inflorescences only
seeds can develop due to the length of styles wdnes not allow wasps to reach the ovary
(Galil, 1973). Anyway, a female pollinator has tdex to ensure pollination of the long-styled
flowers. The cycles in this life strategy are sanito the cycles in monoecious figs, even
though they fully conform only to the male sycorgce the female syconia do not have any
male flowers and do not have larvae inside, thepatdlower exactly in the phases described
above. The behaviour of the wasps is also verylainto behaviour of pollinators in
the monoecious figs (Galil, 1973).



5. Conflict of interests

In the evolution of the whole mutualistic systetrere has been one important feature of
figs that made wasps to coevolve with. It is thegtd of the styles of female flowers
(Weiblen, 2002). The monoecious life strategy af thees is the ancestral state (Ramirez,
1980). Change from monoecy to dioecy was accomgaomyeshortening of the ovipositor.
The life strategy ofFicus changed more than once and the length of ovipositways
changed as well (Ramirez, 1980).

It was supposed that monoecious figs evolved tywesyof female flowers with different
lengths of styles (Galil and Eisikowitch, 1968&)was thought that females of pollinators
oviposit only into the short styled flowers becatisar ovipositors could not reach the ovary
of the long styled ones (Galil and Eisikowitch, 88% This would mean that the fig itself
controls the number of seeds infested by pollirratBrmodal distribution of lengths of styles
would be expected. However, the whole theory bngrevhen it was found that lengths of
styles of female flowers are distributed normaljoreover, wasps have ovipositors long
enough to reach most of the flowers (Bronstein,8)98hose two facts have refuted that figs
can control proportion of sites for oviposition.

Anyway, it is true that wasps oviposit only intetlayer of flowers which is closer to the
lumen of the fig (Galil and Eisikowitch, 1969). Whia then the selection pressure on the
wasps not to oviposit into all available ovules amduppress their own individual interests?
How is it possible that the mutualism is still $&gbSeveral hypotheses have been stated to
answer the questions. Abortion of young syconia re@i®@o many wasps developed was
proposed by Murray (1985). If too many wasps lagsgghere are not enough flowers to
produce seeds therefore the fig could drop thesensy. This would create a selection
pressure on the wasps not to over-reproduce bethedeundresses that would lay eggs in
all flowers would have zero fitness. However, nadexce was found for this hypothesis
(Murray, 1985, Nefdt and Compton, 1996). Nevertbelét was found that if there are more
foundresses in one syconium, the clutch size temtle decreased (Bronstein, 1988).

Hypothesis called unbeatable seeds was proposeWdst and Herre (1994). They
observed a situation when pollinators and galliagapites of the tree competed for some
flowers meanwhile others stayed untouched. Thispéagd even though the gallers
oviposited from the outside. It could mean that soffowers are sequestered for seed

production while others for wasp production.



Another theory is called optimization of the ovifios length. The variance in lengths of
flower styles could be increased as a responséedength of ovipositors and the wasps
would be able to reach lower regions of ovariegtHammore, the costs on evolving longer
ovipositor for wasps could be too high in termglifficulties in flight and energy allocation.
In this situation there would be a selection pressan optimizing ovipositor length
(Ganeshaiah et al, 1995).

The ostiolar opening into the syconium could playoke in selecting only wasps up a
specific size (Nefdt and Compton, 1996). The bodg €orrelates with number of eggs a
female is able to develop (Herre, 1989). The seleqiressure on a wasp’s size could result
in lowering the number of eggs one female is abldevelop and the proportion of infested
flowers would decrease. Another role of the ostislats closing short after entering of a
pollinator (Bronstein, 1987). It blocks the openiagd prevents other pollinators from
entering (Nefdt and Compton, 1996). The fig alsgutates the number of foundresses by
termination of the attractive substance productigiainly if more than one wasp passes
through the ostiole, the fig has to arrest its ptige state (Khadari et al, 1995).

Ansett (2001) linked the hypotheses and she pudaish theory that flowers are of
different quality in terms of size. Resolving untadde seeds hypothesis supposed that
flowers closer to the wall of fig are smaller dwegpace limitations. Therefore it is more
advantageous for the wasps to lay eggs into ovaleser to the lumen. They compete for this
site with gallers that also want their larvae tovalep in galls of higher quality. The
optimization of the ovipositor length was also ud#d. The ovipositor lengthening would be
costly not only in energy allocation but also ie @vailability of the long styled ovaries. If a
wasp oviposited into the long styled flowers, itulb secure fewer sources for the larvae.
Moreover, there would be lower chance of beinglieed because males do not easily move
in the layer of flowers which is by the syconiumliw@hey prefer to mate with females in the
other layer of flowers.

Pollination is so important for figs that they stce 55 % of their seeds which are killed
by larval activity (counting in parasites which tdmean half of the seeds). This surprisingly
high percentage can be explained by the need sftdidgpe pollinated and by the fact that the
more fig wasps develop inside of one syconiumptioee pollen is carried away and fitness of
the tree is increased (Janzen, 1979b). Janzen§1@nd later Murray (1985) found out that
this applies only to a certain extent. They samt the number of pollinator female wasps is
advantageous only to a certain number. In cas@mfmany wasps the benefits of pollen

distribution would not exceed the benefits of hgunore seeds. The value of 55 % could be



the value when both partners optimize their fitné¥asps have enough offspring and figs

still have enough seeds to reproduce successfully.

6. Conflict of dioecious figs and their pollinators

The other conflict of interests is between the ipatbr wasps and dioecious figs.
The wasps enter both types of syconia despite dbethey cannot leave any offspring in
the female ones. They die there without possibilityescape (Kjelberg et al., 1987). They
even keep on performing pollinating movements iad their ‘grave’. It is a paradox why
the female wasps enter the syconia and why they dakactive part in pollinating it (Grafen
and Godfray, 1991). It contravenes the individ@éstion.

Firstly, it was hypothesized that females of pa@itors do not have possibility to enter any
other fig than the female one because of flowephgnology (Kjelberg et al., 1987). This
study was conducted dficus caricaLinnaeus, 1753. Only female syconia were foundedo
receptive when male syconia released the pollinEorales. No male syconia in B phase
were found at that time. It would mean that therend selection on wasps to enter female
syconia since they do not have any other optiomfédr and Godfray (1991) opposed that
there has to be some selection pressure on thesvatisprwise the pollination movements in
female figs would have vanished due to neutral wiai. Furthermore, this specific
phenology does not apply to all fig species (Maatral., 2003).

The interests of male and female figs are the ssoribey have to mimic each other and
must not compete. If they competed, the male figslcc be recognizable for wasps and
the mutualism would collapse. For explanation aception has to be made. Hypothetically,
female fig undergoes a mutation that generatests@mbepressure on the wasps to change their
morphology. Wasps, which emerge from male sycornth similar mutation and therefore
similar characteristics to the female syconia, réatter to the change. They would be able to
pollinate the female fig and the mutualism wouldheintained (Grafen and Godfray, 1991).

However, some differences between the types ofrsgcocan be found. The chemical
substances released by male and female figs aredeotical in Ficus carica (Hossaert-
McKey et al., 1994). The diameters of figs at akpeé receptivity are neither identical.
Wasps could therefore find a way how to differeietibetween sexes if they learned how to
link receptivity with diameter (Patel et al., 1995)

It was then hypothesized that wasps searching 8ycanium do not have time to search
for a male one due to their life-span which is d@dddays (Kjellberg et al., 1988) and enter

10



any receptive syconium they find. This hypothesialled selection to rush (Patel et al.,
1995).

Finally, Moore et al. (2003) found another synteesf some theories of conflict of
dioecious figs and their pollinators. They hypothed that pollinators of figs whose sexes are
receptive at different time (as ks carica) can recognize male figs from female. However,
there is strong pressure on them to enter the dinsbuntered inflorescence because they
would not be able to find the one they prefer. Timeans that there is not such a strong
pressure on the figs to disguise their sex. Figesstsexes flower synchronously are selected

to mimic each other so that wasps cannot choosenoale figs.

7. Evolution of dioecy

The evolution of dioecious life strategy in figsutd be linked with adaptation to
seasonality as was thought fer carica in south France (Kjellberg, 1987). Trees with male
syconia were found all year round but trees witindke syconia were found only when
the weather was feasible for production of seedsvé¥er,Ficusis generally a genus from
tropics where no seasonality occurs and dispersfoRicus into seasonal environment is
rather consequence of dioecy than its cause (Keudednd Rasplus, 1996).

Kerdelhué and Rasplus (1996) proposed that evolatia@ioecy was selected by presence
of nonpollinating wasps. Monoecious figs have 3l dayers of female flowers with different
style lengths. The two middle layers are often peatl by gallers that are parasites of figs.
When the number of gallers exceeds a thresholdg thall be a selection pressure on
the monoecious figs to get rid of these flowers tandevelop two types of figs with two types
of flowers, each dedicated to other component pfaduction (pollen transfer and seed
development). This hypothesis was supported byattethat dioecious figs do not have any
gallers larvae that would oviposit from outsideeafpollination of the fig. Conversely, in
monoecious figs half of nonpollinating wasps weoeinfd to be gallers (Kerdelhué and
Rasplus, 1996).

8. Morphological coadaptations of pollinating figsps and figs

There are many morphological and physiological satags in Agaonidae which have
evolved due to their life strategy. The most rerabt& adaptation is the sexual dimorphism,
mainly in relation to male body form. The malesd&avolved to their present appearance due

to conditions of closed and isolated syconium thay never leave (Galil, 1977). They hatch
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as first and search for the galls with female imdlrals that are still in. When a male finds
a gall of a conspecific female, it perforates idamate. Abdominal segments 7 to 9 are
modified to a tubular structure in males. It isaried into the female’s gall telescopically
(Ramirez, 1976). The female stays in its gall dygopulation (Askew, 1968). After mating,
the male of most species gnaws a hole through #ikeofvthe syconium allowing females to
emerge from their native syconium to oviposit ihess. However, irF. carica the ostiole
widens and females leave syconia without the heipades (Galil and Neeman, 1977). Males
of pollinator wasps are always wingless, their eges not developed, the mid legs and
antennae are shortened (Compton, 1989). Some spbdieot develop the mid legs at all, for
example some species of the gemarapusMayr, 1885 (Ramirez, 1991).

In figs of the subgenuSycomorusnd subgenuBicus, the males of some fig wasps have
enlarged cuticular plates, called peritremata, Wwhiare located around spiracles.
The pollinator Ceratosolen capensi&randi, 1955) and some nonpollinating wasps from
the subfamily Sycophaginae (for examfigcophaga cyclostigm@&aterson, 1916) and from
the family Pteromalidae (for exampkpocrypta guineensi$randi, 1916) were amongst
the studied wasp species. The reason for havingeraata is that the figs are filled with fluid
during ripening (phase C and beginning of the plsand the time when males hatch and
have to search for a mate conforms this period. iflade wasps have to survive these
conditions (Compton, 1989%ycophaga cyclostigmaas the species with the most modified
peritremata even though they do not pollinate ifye Shape of the peritrema is elongated and
the inner surface is covered with tiny setae wihily role in repelling water and capturing
air bubbles. The part of the insect's body with rfied peritremata always stays above
the fluid and serves as breathing siphon. In chse male covers itself with the fluid
completely, there will still be bubbles of air oetae so that the wasp does not die (Compton,
1989).

The sexual dimorphism is not only morphological ilm$ome species also a physiological
state. Males oPlatyscapa quadraticep@ayr, 1885) (Agaonidae) inhabit syconia&tus
religiosaLinnaeus, 1753. The internal atmosphere of thersyen does not interchange with
the external in this species. Due to respiratiancentrations of gases change inside of
the syconium compared to the outside. In the pBadeere is 10 % C®and 10 % @ The
male wasps have evolved adaptations to a highbooatioxide content and they perform all
the needed actions to reproduce even in this atneospvhile the females stay intact. When
the males gnaw exit holes in the syconium wall #mel gas contents inside and outside

balance, the female wasps start to fulfill theimdtion (Fig. 2). This implies that lowering of
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CO, concentration serves as a signal for females dweléhe gall, collect pollen and exit
the fig. This process has also consequences fofighebecause they ripen very fast after
wasps leave them. It was proven that ripeningnisell with releasing of the hormone as well
as with changing of the G@ontent (Galil et al., 1973).

Another morphological and behavioral adaptation feasd in the way how the flowers
in syconia were pollinated. There are wasps ttapassive pollinators as the gefigtrapus
in the New World (Ramirez, 1970) and somkastophagaGravenhorst, 1829 species in
the Old World (Ramirez, 1980). Females of theseegedo not have to perform any activity
to get pollen grains onto themselves and therefasecalled a passive pollination. Females of
Blastophaga psendsnnaeus, 1758, the passive pollinator of the camriig (Ficus caricg,
emerge from the galls and crawl towards the ostibhe ostiole is opened and the scales are
loosen in phase D (the males in this species ddigiot gnaw the escape hole). They have to
pass through flush of shed pollen if they wantetave the syconium. When they leave it, they
clean their bodies from pollen and they fly awayse&arch for receptive syconia. Galil and
Neeman (1977) explored how enough pollen can beelban a female wasp to pollinate
enough flowers even though they clean themselvéer Aatching, a female’s abdomen is
swollen due to large water content in its body. etabs the water evaporates and
intersegmental membranes infold, the abdomen shrimk 20-30 %. This happens in
the cavity of syconium when the wasp moves throdgb released pollen. As the
intersegmental membranes infold, they create cancapace for pollen load which
automatically gets onto the wasps’s body.

Unloading pollen and pollination in B phase sycoodgurs also passively for the wasp.
As the female enters the syconium, the ostioletemessure on it which might push some
pollen away from the infolds between segments efahdomen. For the rest of the pollen, it
is the moisture in the syconium that secures itioading. Swelling of the pollinator’s
abdomen restores (Galil and Neeman, 1977).

The other way of carrying pollen is called activalipation and it can be observed for
example in gener®egoscapuameron, 1906 (Ramirez, 197@eratosolenMayr, 1885
(Galil and Eisikowitch, 1968b) and manBlastophaga species (Ramirez, 1980). In
Pegoscapughe wasps use mandibles and front legs to gaingimpollen from the anthers. It
means that they take active part in the pollinabenause those movements are goal-oriented
to pick up pollen (Ramirez, 1970). They move th#gmoto special concavities in the front
coxae where there is one on each of them and tgdired mesosternal (Ramirez 1969).

Ramirez (1969) called these concavities corbicatam honey bee#\pis melliferaLinnaeus,
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1758). Some actively pollinating species possefizereimesosternal or coxal corbiculae
(Ramirez 1969). Corbiculae have evolved at leastetlor four times convergently because
their structures in some agaonid lineages are thfighfferent. They evolved in order to
increase the load of pollen and to facilitate paition (Ramirez, 1978).

The movements for collecting of pollen were obsdrlig Galil and Eiskowitch (1969) in
Ceratosolen arabicusThe wasps alternate movements of forelegs ant polen grains
between the thorax and the forelegs. There are setaoxae of those legs and they are used
to put the lifted pollen from inbetween the thoramd legs to the thoracic corbiculae.
The setae are called coxal combs (Galil and Eisitoby 1969). It seems that there was
simultaneous evolution for the coxal combs andhalerorbiculae because they are connected
functionally. The coxal corbiculae are absent is #pecies.

The wasps after entering the syconium pollinatefithveers of figs also by goal oriented
movements because the corbiculae were found emmtglead female wasps inside of
the inflorescences. It has been proven that potlees not come out of the pockets
spontaneously because it resisted 20 minutes d&irghan ethanol (Ramirez, 1969). When
the wasp comes to a receptive inflorescence, & tegsi, mainly arolia (Galil 1973) of folded
forelegs to attach pollen grains on stigmata aseéris ovipositor into the flower parts (Galil
and Eisikowitch, 1969). This behaviour is differemther in short and long styled flowers in
monoecious figs (Galil and Eisikowitch, 1969) narmale or female figs in dioecious figs
(Galil, 1973). That is why Galil (1973) proposed the female Agaonidae that there is a need
for a stimulus such as a contact of the oviposidh the flower to complete pollination
behavior successfully. Other ways of pollinatioa aating the pollen and regurgitating it in B
phase syconium which can also be called activanabibn. However, this indication is not
entirely confirmed, it is possible that the wasgt jfeeds itself and the pollen covers its body
as in the process of passive pollination (Ramit8s9).

The evolution of such structures and such behaviagr been induced by the selection
pressure for bringing enough pollen into the syaomiPollen grains are shed away from
the body surface by the scales of the ostiole wivéesps are squeezinng inside. Therefore
only buccal cavity, digestive track, inner sidesokae, sternum and petiolar area are hidden
from the pressure of scales. Therefore it was pe$jtselected for these parts to carry more
pollen (Ramirez, 1978).

Figs have certainly coevolved with their pollinat@nd there are some adaptations that
have evolved primarily or secondarily as a respdoste wasps’ behaviour. The mode of

pollination mentioned above is linked to the numbkanthers and the amount of pollen. In
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the passively pollinated figs, there is much greatember of anthers than in the actively
pollinated ones. In the actively pollinated fighe twasps load enough pollen to pollinate
the other generation and the fig does not havent@st so much energy into pollen
production. In the passively pollinated figs, thexso much pollen that the wasp has to clean
its body after leaving the syconium (Galil and Neem1977, Galil and Meiri, 1981). Other
coadaptation to facilitate pollination might betsoing of the wall of syconium in phase D. It
helps the male pollinating wasps to hole it aftedsgRamirez, 1970).

The ostiole is a very important part of the fig dese its tightness selects for many
features of wasps (Galil, 1977). It serves as adydior other insects and prevents them from
entering the syconium (Ramirez, 1970). It alsodisleery specifically the species of wasps
which can pass through (Galil, 1977). As a respdosthe ostiolar shape, the wasps have
evolved special head shape, modified antennae amdlibles to get inside of the fig (Gallil,
1977). Bigger figs have thicker walls and longesgzaye for the fig wasps to go through so
that their pollinators and other wasps that passutih the ostiole posses elongate and
flattened head shapes. Smaller figs did not exmt & selection pressure on their associated
wasps, which is why they have square heads (vamtMod Compton, 1996). Other reasons
for different shapes of head might be the tightnelsshe scales lining the inner part of
the ostiole. The evidence that head shape has leeevdue to the opening at top of fig
follow. Square shaped and elongated heads seem tortvergent in non related species of
wasps, in the family Agaonidae and in the subfar8ygoecinae (Pteromalidae). The feature
had been lost and then reappeared in history aso$ithe figs fluctuated. There is a counter
pressure on wasps to have smaller heads becausg With long heads is not efficient and
that is why wasps tend to loose this feature whenfigs grow smaller (van Noort and
Compton, 1996). Other coadaptation induced by ttele characteristics are mandibular
appendages and tibial teeth or lamellar structore$ore legs. They have evolved because
they help the wasps to crawl through the ostiokeniRez, 1991).

As mentioned above, a very important interactiotwben figs and wasps is the length of
ovipositors in correlation with the life strateglyfms and therefore with the style length and

position of the ovary (Ramirez, 1980).
9. Species specificity

The mutualism of figs and pollinator fig wasps agueel to be very species specific. It has
been supposed that one section or subsectionofsfigollinated by just one genus of wasps.
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The other assumption was that each fig speciehlysone species of a pollinator that is
specific for it. In other words, the mutualism obeyne to one rule to some extent (Ramirez,
1970). For introducing figs to new areas, it ises=ary the specific pollinator follows the figs
otherwise no pollination occurs, the syconia do matture and fall down from the tree
(Ramirez, 1970). There is one example Wttus sycomoruwhich has been introduced from
East Africa to east and south Mediterranean ardatarpollinatorCeratosolen arabicudid

not follow it. Sycophaga sycomotises this species in Egypt and Israel to devetop i
the seeds. However, it does not pollinate the ftevand the trees reproduce only asexually
(Galil and Eisikowitch, 1968a, Ramirez 1970). Oa tither hand, Ramirez (1970) published
an example of a pollinator that was able to trakeldistance from Costa Rica to Venezuela
where just one isolated fig tree specific for tp@llinator was planted and therefore this
lonely tree could bear viable seeds and reprodeseadly. It means that in some cases
pollinators are able to travel long distances bydrobably depends on chance whether they
reach their host as well as on abiotic factors.

This specialization brings up a question of how gpecies specificity of pollinators and
figs is maintained. There is selection pressuremasps to enter the right fig (Bronstein,
1987). If the insect enteres a wrong species oftlfig pollen would not be compatible, eggs
could not develop in nonpollinated flowers becatissr larvae feed mostly on endosperm
which originates only after pollination (Galil akglsikowitch, 1968a, 1971). Moreover, newly
appeared pollinator would have to compete witheabktblished one (Silvieus et al., 2007).
Firstly, it had been predicted that there mighsbee species-specific odor (Ramirez, 1970,
Bronstein, 1987) and afterwards it was found oat the odor really existed. It is released
through the ostiolar opening and it is attractiee the species of wasp which pollinate
the given fig (van Noort et al., 1989) as well as éther nonpollinating wasps (Bronstein,
1987). Further research showed that the chemicalgekeased mainly from the inside of
the inflorescence and that figs are most attracavethe beginning of their period of
receptivity (beginning of B phase) when they retéeas special chemical compound of
the chemical which is not released at any othgyesfd/are et al., 1993). Fig wasps respond to
presence of the specific chemical by change i tiehaviour and display movements typical
for pollination (Hossaert-McKey et al., 1994). & not only maintaining the species
specificity of the interaction but also a way hawensure that newly emerged wasp would
find syconia in B phase. Tree with such infloresmse=n could be far away because all
the syconia in one tree are always found just i phase of flowering and it could be

difficult to find one (Janzen, 1979&xceptions to this rule can be found only on is&and
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edges of tropics and other places where long dag®es occur (Janzen, 1979b). In stable
conditions, this adaptation serves as a tool hoprégent self-pollination.

There are many exceptions, though, to the one &rale which firstly did not cross
the minds of researchers that the specificity dosshave to be so strict (Ramirez, 1970).
Wasps sometimes mistake the species of fig theys@pposed to enter. Those errors occur
when a tree is too far from the other conspecifys and therefore there is lack of natural
pollinators. These errors are possibly frequentthey are not visible since many syconia are
pollinated and do not fall from the tree. In ca$alzsence of pollinators, only inflorescences
with other wasp inside stay on the tree. Thosebsaaxamined afterwards (Compton, 1990).
This means that it is similar to the casd-mlus sycomoruandSycophaga sycomoiThe tree
is able to detect the presence of any wasp, matsilgall (Galil and Eisikowitch, 1971).
Compton (1990) described a case vitbus luteaVahl, 1805 and wasps specific to other fig
trees that were found inside. Pollinators of relagpecies of figs were able to produce
progeny in the nonspecific flowers but other wapm unrelated species did not have this
capability. Even the seeds were hybrid but viaBlace errors by pollinators lead to progeny,
it also gives opportunity to adaptation to a neadjonized fig species, mainly if there is free
niche (Weiblen and Bush, 2002).

After the modern molecular methods were introduees,can observe congruence of
phylogenetic trees of wasps and figs. Examining Ipbwlogenies reflect each other leads to
inferences about host specificity and cospeciat®ince the phylogenetic trees are not based
only on morphology they are more exact. The mompdichl traits in wasps might have arisen
as an adaptation to figs and that is why the plefggrased only on morphology could show
polyphyly due to convergence (Herre et al., 1986 as refuted by Weiblen (2001) because
the phylogenies based on both, DNA sequence anghulmgy, showed greater accuracy.
Anyway, it was proven that molecular markers givereninformation than morphological
characters (Weiblen, 2001).

There is a strong objection in finding a relatiapshetween phylogenies of figs and
wasps. We have to be sure that the cladograms baea made accurately. If not,
the inferences we would make about species spigifiould be incorrect either. It was
already stated by Wiebes (1979) that if one expgmesies specificity in the relationship, it is
much easier to find such features in morphologpath sites that would help to reconstruct
the history in the way one expects.

The first study on pollinating wasps and figs basedmolecular markers showed that

there is one to one rule concerning the subsectibfigs and genera of Agaonidae. However,
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colonization events (see chapter 10. Speciation)dcplay role in a lower-scale relationships
(Herre et al., 1996). Other studies confirmed thgaonidae are mostly species specific to
their hosts and they obey the one to one rule igibset al., 2007). It was proposed that it is
because of chemicals released by figs that maini&irspecies specificity of the mutualism
(Silvieus et al., 2007).

On the other hand, one to one rule was not kepifiica by pollinators ofGalolglychia
section ofFicus More genera pollinate one section in this case. gollinators of this section
showed that they are monophyletic but many hostcbes or extinctions happened on lower
taxonomic scale. The host specificity is not heldHer than on section level, subsections
already show incongruence between phylogenies ifitragt al., 2007, Jousselin et al, 2008).

Other recent studies have revealed much greatebewof exceptions from one to one
rule, reaching 50 % of species of pollinators tthatnot obey it. It implies that the extent of
common cospeciations between figs and pollinatrt as high as it was thought (Molbo et
al., 2003). It is because modern techniques of esering microsatellites and mitochondrial
DNA can easily show cryptic species of pollinatassociated with one species of fig (Molbo
et al., 2003). Species undistinguishable from molgdical characters are found in many of
the pollinator genera. They are in the primitivetrapusand also in the derivedegoscapus
(Molbo et al., 2003). The speciation was propogedccur in two possible ways in this case.
One of them is host shifts. It occurred mainlyhié tcryptic species are found in allopatry or
they have deep divergences in DNA when found ors#tmee species dficus (Molbo et al.,
2003). The other proposed way is that the waspsiateewith help ofwWolbachiabacteria
(Haine et al., 2006). Moreover, it was shown that pollinating as well as nonpollinating fig
wasps have much higher prevalencé\afibachiainfection than other insects and arthropods
(Shoemaker et al., 2002) which would favor the thieo

10. Speciation

Generally, the whole superfamily Chalcidoidea ipmsed to be in the period of
speciation because many sibling species can bedfaaneach family (Askew, 1968).
Speciation is ensured by many mechanisms (two efmtiwere already mentioned in
the previous chapter. Other way is the sib-matihgckv gives a chance to speciate to the fig
wasps by itself. It gives an opportunity to col@igolated areas because females will always
have mating partner inside the syconium. Populatiorder conditions of disruptive selection
pressure might be able to speciate fast becausmboéeding. Wasps will not get to
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an inbreeding depression because of small a rateutifreeding in allopatric populations
(Askew, 1968).

Cospeciation due to colonization of another halbafigs is discussed by Michaloud et
al. (1996). It was concluded that there could be ways of cospeciation due to a change in
a fig's ecology and possibly geography. Firstlygsficolonize new environment (dryer or
wetter) in parapatric or allopatric way. Only wasgsich can comply the change due to their
alleles follow it. Then due to the genetic drift @election pressures exerted by
the environment, the volatile attractants can chaagd cospeciation can occur (Fig. 3-left).
The other way of cospeciation can involve two sisfeecies or subspecies of wasps that can
partly overlap in the process of pollination on temecies of figs. The wasps should be both
adapted to ‘their’ specific tree but since they@lated to each other they can be found on the
same tree erroneously. One species of fig thengdsaits habitat and it is followed by the
other wasp species than is adapted to it. Thidtseisuthird species of wasps and figs (Fig. 3-
right).
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Agaonid "A"

Agaonid " A"

HABITAT 2

/ \ Agaonid *a"

ECOLOGICAL SEPARATION

|

Ficus " A" .

CO-SPECIATION

Agaonid "B"

: Agaonid A" Agaonid "B"
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? Agaonid "Cr
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Fig. 3: Parapatric or allopatric speciation. Fieushanges its habitat from A to B. It adapts
and speciates to Ficus B. An Agaonid follows thange so that it speciates to Agaonid B
(left). Speciation involving sister species of wasggaonid A and B overlap in their
geographic distribution and both pollinate Ficus Acus A changes its habitat and only
Agaonid B is able to adapt to such environmentyTwh cospeciate to Ficus C and Agaonid
C (right) (according to Michaloud et al., 1996)

Speciation in figs had certainly a high rate silbe genus has about 850 species.
The point is that the closed pollination (only féemale pollinating wasps entering) offers
a chance for speciation without geographic fragetesr even though it is not sure whether it
can work in complete sympatry (Ramirez, 1970). Téxample is similar to the one
mentioned by Michaloud et al. (1996). Pollinatars hich a fig is attractive enter it, mating
occurs inside the syconium, often between brotrerd sisters (Askew, 1968). Their
descendants will possess the ability to find figthvgpecific volatile chemicals that were
attractive for their parents. Just one mutationthe preferences of the wasps or in
the chemical compound released by the figs is eméagthe pollinator to fail to find its host
(Ramirez, 1970, Silvieus et al., 2007).
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11. Species specificity and speciation in nonpatlimg fig wasps

Recently the nonpollinating wasps have become gsuto many studies. Their ecology
(West and Herre, 1994) and phylogenies (Machadd. ei1996) have been examined. | will
focus mainly on species specificity and ways ofcg&den between gallers and figs and
between parasitoids of pollinators or these galléfwse categories have to be separated
because differences in ecology and morphology ease different results in phylogenies.
Moreover, some incongruence in phylogenies of hastsassociated animals can lead to new
hypotheses about ecology of the relationship (dus008).

Gallers ApocryptophagusAsshmead 1904, Sycophaginae), that were studied/éplen
and Bush (2002) and by Silvieus et al. (2007), osipfrom the outside of the wall of
syconium. They have very long ovipositors in ortiempierce the wall of syconium. Their
larvae feed on proliferating nucellar cells thag produced with no need for pollination. For
gallers and figs, the species specificity was nanfl to obey the one to one rule since many
non-sister species of wasps were found on one epe@gifig (Silvieus et al., 2007). It was
reasoned by different rate of speciation in nonpaling wasps from pollinating wasps.
Larvae of gallers are not dependent on pollinatbfigs thus the host shifts are easier for
them. In pollinating species, the host shifts amitéd by compatibility of pollen and
developing of endosperm as food for larvae. Moreogellers can speciate in sympatry by
means of changing the ovipositor length and theeefloeir niche (Weiblen and Bush, 2002).
It was found that some sister specieéd\pbcryptophagusliffer in ovipositor length by 2 mm.
Species with shorter ovipositors lay eggs througbhnger syconia because their walls are
thinner. This sympatric speciation therefore ocedirdue to change in timing of oviposition
(Weiblen and Bush, 2002).

Other examination of fig’s gallers was conductedOtitesellinae (Pteromalidae). They
also oviposit from the outside of the fig. They whgreater host specificity to figs than
Apocryptophagudn the previous study. The reason might be thay tare attracted by
the same chemicals as pollinators because theysdlthe fig in B phase when it is receptive
for pollinators (Jousselin et al., 2006).

Lopez-Vaamonde (2001) examined species speciflodtyveen pollinators and their
parasitoids. It showed that parasitoids do notthgricospeciate with their hosts. Anyway,
some cospeciations occurred since their frequenay significantly higher than could be
caused by chance. Silvieus et al. (2007) found plagasitoids of pollinators were even less

species specific than the gallers in the same stitidy because too narrow specialization is
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a risk to extinction (Silvieus et al., 2007). Tluign also explain the trend in very wide host
specificity in parasitoids of gallerfApocryptaWiebes 1966, Sycorectinae, Pteromalidae).
The gallers have orders of magnitude smaller pojulaizes than pollinators. Parasitoid thus
cannot specialize; they have to adjust the hoggeaan their ability to find a host and to
the probability of extinction of the host (Silvieasal., 2007).

Compared to previously mentioned examples, Jousstlial. (2008) found out that
nonpollinating fig wasps reflect the host phylogetyeast to the same extent as pollinators.
It was studied on figs from sectio®aloglychig their pollinators and both, gallers
(Otitesellinae) and parasitoids (species of the ugehilotrypesis Forster, 1878,
Pteromalidae). They argued that nonpollinatingwigsps show also many adaptations that
preclude frequent host shifts: the ovipositors deéinitely adapted to fig wall thickness.
The gallers had do develop specific galling procéss was already mentioned, many fig
wasps tend to recognize figs thanks to the volaikeactants they release. The species

specificity of nonpollinating fig wasps can thendmnparable to the pollinator’s one.

12. Sex ratio and male dimorphism in fig wasps

The sex ratio of fig wasps is biased towards fembkrause of local mate competition
in closed syconia (Hamilton, 1967) and becausenbfeieding (Herre, 1985). The female
would waste its life resources if it oviposited mamale eggs than would be needed to
fertilize all its daughters. Its sons would be @sgd to greater competition for mates if
the ratio was 0.5. Herre (1985) published thatrtbmber of females of various species of
Agaonidae (two species @lastophagaand Tetrapus costaricanu&randi, 1925) entering
the syconium is negatively correlated with levelawfal mate competition. He confirmed it by
an experiment where species of wasps with highemnmeimber of females entering one fig
demonstrated less female-biased sex ratio. There algout 10 % of males in case of one
foundress. When five or six foundresses enteredgyhenium, proportion of males turned to
30-40 %. Those females were selected to lay mote aggs because their sons had to stand
the competition for sexual partners. The sex r&ianaintained by females who choose
whether to oviposit fertilized or unfertilized egghe actual sex ratio a wasp should lay is
estimated due to known size of clutch that canalmk Clutch size gets smaller when another
conspecific female enteres the same fig (Bronst9838, Moore et al., 2005). Females even
had to evolve a strategy how to count in the nunobéemales that leave syconium as virgins
and they will have only sons. Thus all females havperform oviposition in further female-
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biased sex ratio (Godfray, 1988). When moleculalya®s on cryptic species of pollinating
fig wasps were made, it revealed that the hypathksex ratio (Hamilton, 1967) even better
corresponds to the actual one (Haine et al., 200&).cryptic species do not mate with each
other and therefore the females have to adjust@Rkeatio in the described way.

The sex ratio is adjusted by all wasps that deveisme the fig, not only pollinating
wasps (Godfray, 1988). The reason is they all shhe same environment for their
development therefore the local mate competitiahinhreeding apply for them as well.

As the sex ratio links with the competition for it should also have an effect on rate
of wingless male wasp’s fights of nonpollinator$islstudy was conducted by Frank (1987)
on Philotrypesis caricad.innaeus, 1762 (Pteromalidae) which is a parabibdBlastophaga
psenes The more females there are per one male, the nesgerous and less injuring
the fights are. Then, males would not meet so ddtesh there are still lots of females left for
them. If they meet, they fight using strong manesblEven a special shape of head for
bearing the mandibles had to evolve. Why males dfinator species do not fight is
unknown. It could be because they are mostly bretbebecause there is a selection pressure
on females to posses elongate head shape thasahem to enter the syconium. This could
constrain the development of different head shapeales (Frank, 1987).

Sex dimorphism of males can be observed in somaespef nonpollinating fig wasps.

It has been studied on many species from the geSg@scapterSaunders, 1883
(Pteromalidae), Philotrypesis Forster, 1878 (Pteromalidae) aridarnes Walker, 1843
(Sycophaginae) and some other genera. It has reearpthat species with large broods have
only wingless males because there will always Ineate to mate with females. Oppositely,
species with small broods tend to have both winged wingless males due to a female-
biased sex ratio. Possibly, there would not be ghauales in the syconium to mate with all
the females. Wasps secure sexual partners for diaeighters in form of winged males that
search for females outside the syconia. This featufig wasp communities was shown to be
convergent and has evolved at least five times.géfinmales are the ancestors, sex
dimorphism is more derived situation and winglessnis the most advanced. Winglessness

occurs in all pollinator wasps, there are no dirharpnales (Cook et al., 1997).
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13. Discussion and conclusion

According to published data, it is possible conelukat figs and their associated wasps
from superfamily Chalcidoidea undergo a common obgion. It could be hypothesized that
the symbiosis is interlacing all the species inedly e.g. figs, pollinators, gallers and
parasitoids. Generally, it was supposed (Silvieualge 2007) that pollinating wasps show
closer cospeciation with the figs than nonpollingtfig wasps. However, some molecular
analyses reject this inference. Therefore more raxgats should be done to verify this trend
in Agaonidae. The number of cryptic species habedound out for more wasps. It was
studied on three genera on two continents only (dat al., 2003, Haine et al., 2006). It
should be found out whether the community of ciygpecies on one fig species underwent
rather host shifts or duplications. | suppose tihatather host shifts occurred, the host
specificity might be the same for pollinating arahpollinating wasps.

Morphological coadaptations are the visible conéition of the coevolution. Wasps
evolved head shapes, mandibular appendages andutaeb Figs evolved different length of
styles of female flowers. However, they possess #yeonium shape because of
nonpollinating fig wasps rather than pollinatorfieTadaptations have been well studied but
there is still some equivocalness about the matly lodb Agaonidae. It is known that they have
shortened midlegs. Compton (pers. comm.) assuna¢st thas evolved because four legs are
better for walking in figs. | suppose that the otteason might be the energy allocation. Since
it is enough to develop four legs for moving abatuéyould be wasting in terms of resources
to invest to growth of all six. Other problem thtas not explored is how the males find their
conspecific females in the galls. This would besiiesting to study mainly in complexes of
cryptic species.

It would also be challenging to review all the muwfogical, physiological and other
characteristics of nonpollinating fig wasps. Itikely that many of them have evolved due to
wasps interaction with figs. Jousselin et al. (90€&cludes that those characteristics might
cause coevolution of nonpollinating wasps with ithests at similar level as species of the
family Agaonidae and the genfscus The reproductive biology and sex ratio have been
observed on pollinating fig wasps but a few studli@ge been carried out on those subjects in
other families. It is known that sex ratio of nofipators is also biased towards females. It is
known that there is male dimorphism in species witiall clutch sizes. However, there are
still some more features that need to be studigti@sctual sex ratio in various species, the

course of copulation, number of foundresses arelafinbreeding. Generally, the behaviour
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and ecology of fig wasps inside the syconium is Imbetter described for pollinators than
nonpollinators. It still is not known for some sgscof nonpollinating fig wasps, what they
feed on and whether they are parasitoids or inggsli

The hypotheses described in the chapter 5. Cordfichterests were studied mainly for
monoecious figs. For a dioecious fig conflict oolye hypothesis was proposed but it was not
tested. That is why it is not included into thevioes text. Dioecious figs have flowers in
male syconia whose ovaries are all available topwaiie to the length of style. Since the
male syconia flower more frequently than the fenmales, the probability a wasp encounters
fig with short styles is high (Ganeshaiah et #@93). This seems to be the reason why there is
not a strong selection pressure on the wasps tela®Jvong ovipositors. It should be
examined whether the theory works for dioecious.fig
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