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INTRODUCTORY CHAPTER

1. STUDY SUBJECT AND TOPICS

1.1. Thesand wasps: general aspects of their biology

Bembicinae (Hymenoptera: Crabronidae), commonlykmas “sand wasps”, is
a subfamily of about 1,700 species (Pulawski, 20I2)e subfamily is worldwide
distributed and particularly diverse in the desedas of southwestern United States,
southern Africa and Australia (Evans and O’Nei00Z). They are solitary wasps, with
females provisioning their nests with paralyzedypte feed their larvae (with the
exception ofMicrobembexPatton, 1979, whose females bring dead or disghveg to
their nests, Evans and O’Neill, 2007), yet thoseadkew genera (e.g. the Nyssonini
NyssonLatreille, 1802,ZanyssonRohwer, 1921 andcanthostethusSmith, 1869, as
well as the StiziniStizoidesGuérin-Méneville, 1844) feed (as cleptoparasitdshha
expense of other wasps (Evans, 1966a). Femalesadity exclusively in the ground
(O’Neill, 2001), using their mandibles and foreleghese nests are composed of a
burrow, at the end of which one to various broolsdé&ig. 1-a) can be found. In each
cell, the female deposits an egg, together witmtéwessary number of prey to complete
the development of the larva (Evans and O’Neil)20

Nests are established in sandy soils of variablmpextness, and appear
frequently gathered in dense aggregations (EvadsQiheill, 2007). In occasions,
structures calledccessory burrow§Figs. 1-a, 1-b), i.e. short galleries that preahin
confound nest-searching parasites (Evans, 1966NgeiD’ 2001), are built in close

vicinity of the true nests. Accessory burrows hdeen occasionally reported from
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StizusLatreille, 1802 and frequently observedBembixFebricius, 1775 (Evans ar

O'Neill, 2007).
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Figure 1. a. Idealized representation of the nest of a Bemhbk in lateral view. The number «
cells may vary depending on the species; similaolyter and inner closures, mounds
accessory burrows may be present or abb. Idealized mound of a Bembicinae nest in uj
view, with two possible accessory burrain lateral position, and the entrance to the aatest
in central position. Figures taken from Evans afdedl (2007) and Evans and O’Neill (198¢
respectively.

Although in some species the sand mounds origindteohg nest digging at
dispersed byhe female (Evans, 1957; Evans and O’Neill, 200v}he majority of the
Bembicinae species the mounds are not dispersecduch a way that ey are
conspicuous (Evans, 19&pand visible at the nest entrance (Fi-a, 1-b).

Prey are paralyzed by ven administration ttough the sting and, in the Stiz
and Bembicini, transported in flight to the nest,such a way that provisioning, as
usual in solitary wasps, represents an er-demanding activity (Field, 1989; Strot
and Linsenmair, 1999; Strm and Marliani, 2002). The provisioning patternseed
in sand wasps fit in the strategy of tcentral-place foragerswhich travel from a
central place (their nest) to different places &b grovisions, going back to their n

with a single prey pejourney (Stephens and Krebs, 198Many species mainta
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temporary inner and/or outer closures when the liemsaaway or when she prepares to
spend the night inside the nest (Evans and O’N6i07).

Solitary wasps can contribute prey to their nesiieWing two basic models, yet
a wide variety of intermediate strategies has baéescribed between them. On one
hand, in theprogressivemodel, the provisioning activity substantially oe@s in time
with the larval stage of the brood, and the fenwtses the nest just before the larva
begins to spin its cocoon (Evans, 1966a); this wag, female is able to perform a
monitoring of her larva and to carry a specific amtoof food to the nest, depending on
its daily requirements. In thenassivemodel, on the other hand, all the prey are
contributed to the nest before the egg hatchesualm a way that there is no contact
between the female and her larva (Evans and O’)Ngi07).

When the cell provisioning has been completed feh@ale closes it (filling the
access to the main burrow with sand, placing a peent inner closure, Fig. 1-a), and
when all the cells have been provisioned, she alsses the main nest burrow
permanently. The larva, on its part, will beginsgain its cocoon when it has finished
eating the whole provision, next reaching the prpgb stage (Evans and O’Neill,
2007). Only a nest is provisioned at the same byna given female.

Male behaviour is in general less complex than thahe females. They patrol
in search of emerging virgin females (“scramble petition”, Evans and O’Neill
(2007)) or defend small territories within emergeceas. Females copulate only once
in their lifetime and are receptive immediatelyeaftheir emergence. Sand wasps are
proterandrous, male activity peaking during theiqueiof emergence of the females;
then, the abundance of males decreases in 2 teBsw@ such a way that they may be
absent in more advanced stages of the flying se@Sams, 1966a). Males &embix

generally compete for females through scramble etitnpn (but see Dodson and
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Yeates, 1989 and Larsson and Larsson, 1989), whisome Stizusterritoriality has
been reported (Asist al, 1988; 2006). IrStizus continuysas well as in some species
belonging to the genuBembix competition for females may be so extreme thdesna
dig in points where they detect females that autbo emerge, probably driven by
chemical and/or vibrational cues (Schone and Ted§8]1; Larseret al, 1986), in
occasions forming a characteristic “mating ballpmposed of numerous males

clumping around a recently emerged female (Eva®is71Asiset al, 1988).
1.1.1. The genus Bembix

Bembix (Fig. 2) is the largest of the genera of Bembijcincluding ca. 350
species (Pulawski, 2012). It is a widespread gemis) species distributed in all
zoogeographic regions, 50 of which are presenhénRalaearctic Region (Bohart and
Menke, 1976).

Females of all EuropeaBembixspecies capture prey from the order Diptera to
feed their larvae (Evans and O’Neill, 2007; Bakesstet al, 2012), yet other groups of
insects, such as Lepidoptera, Odonata, Neuroptetddgmenoptera have been cited as
prey of the African or Australian species (Evan857; Evans and Matthews, 1973).
After the nest closure, the larva completes itsetigyment within one or two days
(Evans, 1957), and then it begins to spin its cacoo

Within the genus, species with both multivoltinedamivoltine life cycles can
be found. In multivoltine species, the larva spepdt one month inside its cocoon
(about half a month in the pre-pupal stage andrdst of the time as a pupa);
nevertheless, in univoltine species (as well astha last annual generation of
multivoltine species), the larva remains in the-pupal stage until the following spring,
when it pupates and emerges, probably as a resporteenperature changes (Evans,

1957).
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Bembix mercetParker, 1929 is endemic to the Iberian Peninsuleere the
females establish their nests in sparse aggregatamated in sandy soils. Nests are
unicellular, with the cell at 7.5-11 cm depth; psiening is progressive, and inner and
outer closures are present. It takes a female &8 tb complete a nest (Assal.,
1992, 2004). Different species from the familiescBphagidae, Tachinidae, Muscidae,
Bombyliidae, Stratiomyidae, Calliphoridae, Syrplagand Tabanidae have been cited as
prey (Asiset al, 1992, 2004; Ballesteras al, 2012).

Bembix zonat&Klug, 1835 is distributed in the south of Europemales dig
unicellular nests in sandy soils, with cells at B51 cm depth, and perform a
progressive provisioning (Asist al, 2004). For this species, prey from the families
Syrphidae, Anthomyiidae, Bombyliidae, Calliphorid&duscidae, Tabanidae, Asilidae
and Therevidae (Bernard, 1934, 1935; Adtisl, 2004; Ballesterost al, 2012) have
been reported.

The females oBembix sinuatéPanzer, 1804, a species distributed in southern
Europe and northwestern Africa, build unicellul@sts in sandy soils, with cells at 7—
22 cm depth, maintaining inner and outer closures@ogressively provisioning their
brood cells. This species has been observed toiloot@ flies from the families

Calliphoridae, Muscidae, Syrphidae and Tachinidesdet al, 1992).
1.1.2. The genus Stizus

The genusStizusincludes more than 100 species (Pulawski, 201®) jawidely
distributed through temperate and tropical regiges,t has not been cited from South
America, Australia and South East Asia (Evans aiine(, 2007).

Stizus continuugFig. 3) has a palaearctic distribution, being oliime in
southern Europe (Asiet al, 2006; Polidoriet al, 2008, 2010a). Females dig

pluricellular nests (with 3-8 cells, at 8-18 cm tit¢p The existence of accessory
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burrows has been documented (APet al, 1988). The femalesstablish the nests in
salt marshedprming large aggregatior and capture nymphs or imagoes from diffe
orthopteran familiessuch a Acrididae, Pyrgomorphidae or Tettigoniidae (A<t al,

1988, Polidorket al, 2009)

ﬁ@t‘;.f; 3
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Figure 2. MarkedBembix sinuat female at the nest entrance, with a prey (Dipteeddw het
body, held with her mid leg®icture by J. D. Asis.

Figure 3. Marked Stizuscontinuu: female at the nest entrance, with a prey (Orthaptbeld
with the mid legs of the was Picture by D. Santoro.
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Even though the provisioning is massive in the wéighe species of the genus,
Asiset al. (1988) observed that sorfie continuugemales brought prey to cells where
the egg had already hatched, practicing a spetdl &f massive provisioning, called
“slow massive provisioning” (Genise, 1982). Femaltxce temporary closures during

their absence, or when they prepare to spend ¢t imside the nest.
1.2. Natural enemies

In general, solitary wasps are threatened by diffekinds of natural enemies
(O’Neill, 2001), that can operate through diversategies.

The females of cleptoparasites lay their eggs makawithin alien nests, so that
their brood eats the provisions stored by the Hdsk one is the strategy employed by
different hymenopteran species belonging to theli@snChrysididae, Pompilidae and
Sapygidae, or to the Spheciformes group, as wdllyasome dipterans belonging to the
family Sarcophagidae (O’Neill, 2001).

The larvae of parasitoids, on the other hand, dgvat the expense of the larva
or the pre-pupa of the host (Godfray, 1994), aefiaused by the hymenopterans of the
family Mutillidae and by some species of Chrysigidand also by the dipterans of the
family Bombyliidae.

There is also a number of prey thieves, that sabttae provisions stored in
alien nests and transport them to other placesiltrpeuthem as their own provisions. In
this category, conspecific females and other speaiesolitary wasps, as well as ants,
can be included (Evans and O’Neill, 2007).

Of special relevance in the present investigatioa #he natural enemies
belonging to the family Chrysididae (Hymenoptera)d also to a group of Diptera

included in the family Sarcophagidae.
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Around 3,000 chrysidid (Hymenoptera: Chrysididag)eges have been
described (Kimsey and Bohart, 1990), of which 1i#mesent in the Iberian Peninsula
(Mingo, 1994). Chrysidids possess metallic coloamsl a strongly sclerotized cuticle,
most of them being able to roll in a protective ipos when threatened. They are
commonly known as “cuckoo wasps”, due to the sfjatbey use to rear their brood:
adult females, after having been inseminated, lmoka nest of a suitable host, keep
watching the host female nesting activity, and @gaicess to the nest to lay an egg when
the female is away (Enslin, 1929; Clausen, 1940k9a1970; Polidoret al., 2010b).

The subfamily Chrysidinae, to which the genBarnopes Latreille, 1796
(studied here) belongs, attacks aculeate hymera®dGauld and Bolton, 1988), and
includes both species that act as cleptoparasig@species that behave as parasitoids.
In the case of the parasitoid species, two ovifositrategies can be found, depending
on the developmental stage of the host: ovipositenmbe carried out during or after the
cell provisioning process, in such a way that thg ef the chrysidid hatches and the
larva remains on its first instar until the hostvéa completely develops; or can be
otherwise performed when the host is on the prealpsfage. AlthoughParnopes
behaves as a parasitoid, the kind of ovipositioatsgy employed by its still not
known.

Among digger wasps, the parasitism of the pre-imagtages by Chrysididae is
not uncommon (Evans and O’Neill, 2007), some Cliipsie species having been cited
as natural enemies dembix (Asis et al, 1992; Tormoset al, 2009). Parnopes
grandior (Pallas, 1771), the only species of the genugenllberian Peninsula (Mingo,
1994), has been reported as a brood parasiBewibixsinuataandB. zonata(Asis et
al., 1992), as well as of several otHg@embix (Abeille, 1878; Grandi, 1930, 1934;

Semenov and Nikolskaya, 1954).
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Satellite flies (Diptera: Sarcophagidae: Miltogramae), on their part, can act
as cleptoparasites of Spheciformes wasps (LinsieyMacSwain, 1956; Ristich, 1956;
Evans, 1966a; Evans and Hook, 1986). Adult femalesatellite flies constantly patrol
the nesting areas of their hosts, looking for resdtances, or waiting on perches for
prey-carrying host females, larvipositing withirethest on the host or on the provisions
that are being transported to the nest (Newcom@B0;1Ristich, 1957; Evans and
O’Neill, 1988; Spofford and Kurczewski, 1990; AlégR001).

The larvae of satellite flies quickly consume tlagotrophic material stored in
the brood cell for the host, in such a way thathbest larva usually starves (O’Neill,
2001). Nevertheless, in sorBembixspecies it has been observed that both the hdst an
the fly larvae were present in the cells (Asfisl, 1992). This could be due to the kind
of provisioning (progressive) performed Bgmbix,that offers the possibility of tuning
the amount of food contributed to the nest on thesof the daily requirements of the
larva, this way compensating for the higher prewstmnption rate in the case of

miltogrammine-parasitized cells.
1.3. The sand wasps as modelsin behavioural ecology

Solitary wasps have been one of the preferred stijigcts of naturalists and
ethologists for more than a century. Starting wiEabre and hisSouvenirs
Entomologiqueg1879), where the author studied aspects suclhesiaming or the
innate behaviours of solitary wasps; and with Fertwho largely contributed to the
knowledge of the biology of the Spheciformes in hisnerous publications (1894,
1895, 1899, 1901, 1902, 1905, 1908, 1909, 19101,192912, 1914, 1920), a great
number of investigations have demonstrated thaiaspwasps are suitable subjects for
the development of behavioural studies in the fi€ldr example, classical ethologists

utilized various Spheciformes genera, suctPhganthusFabricius, 1790 (Tinbergen,



m Introductory chapter

1932, 1935)AmmophilaKirby, 1798 (Baerends, 1941) Bembix(van lersal, 1952) as
ethological models to carry out studies relatetheohoming and hunting behaviour, to
the nesting behaviour, and to the homing, respelgtiMore recently, Grandi (1961)
provided data on the nesting behaviour of varimssdrial species, and Evans (1957,
1959, 1966a) and Alcock (1975a, b, c) have adddebshavioural ecology studies,
using Spheciformes wasps as models.

Thus, traditionally, behavioural ecologists and lettonary biologists have
considered solitary wasps as good models to sthdyetvolution of foraging and
parental strategies, as well as other topics mlaienating systems, thermoregulation
and eusociality (O’Neill, 2001).

In any organism (sand wasps included), energy attopm is a basic
requirement for the survival and the proper worknfiyital processes. For this reason,
the identification of the factors shaping the trngphiche has taken up, from decades
ago, a paramount place within the studies of tlidogy of animal species (Stephens
and Krebs, 1986; Werner and Sherry, 1987; SmitB01@radjo and Gonzaga, 2007;
Araujo et al, 2010). Ecologists agree that the diet of an migga is a fundamental
aspect of its ecological niche, whose study andtfization are essential to know the
basic ecology of a species (Sih and Christense@])2Qf descriptive studies (at a
species- or population- level) on the prey typgswad by different sand wasp species
(Evans and O’Neill, 2007) are numerous, this grbap, additionally, a huge potential
to carry out more precise studies in relation teypcapture, from newer and more
realistic perspectives. In particular, these waspssess traits that make them suitable
for the study of resource partitioning at an irgpeecific or intra-populational level, as
well as for the assessment (through@&T) of the potential performance of an optimal

predation (see below). Their suitability for thésed of studies lays, on one hand, on
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their behaviour asentral-place foragersthat allows the assignment of different kind of
prey to specific females, as well as the obtaimhgarious prey items per nest (Polidori
et al, 2005, 2010c; Santomt al, 2011), increasing the reliability of the obsé¢iwvas;

on the other hand, body size variation is usualigé enough within a given population
of wasps as to detect fitness differences poténtialated to the size of the wasps
(included the provisioning-related fitness differes) (O’Neill, 2001; Evans and
O’Neill, 2007; Coelho, 2011).

If food acquisition is fundamental for the surviwdlorganisms, the relationships
between hosts and natural enemies are among theimuoasrtant biotic relationships
(Strohmet al, 2008). In particular, the nests of brood-camnvegsps and bees (as is the
case ofBembixand Stizu$ are interesting targets to parasites (Wilson,119&acob-
Remacle, 1986; Evans and O’Neill, 1988), owing lte great amount of nutritious
resources stored there. The interests of natusahis and hosts are largely divergent,
as the first ones must develop strategies to ettagleletection by the hosts, while the
second ones must improve their mechanisms to prifter brood, including a prompt
recognition of natural enemies (Tengd and Bergsti®i7; Rosenheim, 1988; Quicke,
1997; Strohmet al, 2001, 2008). Thus, an “arms race” between bstloriginated
(Dawkins and Krebs, 1979; Daviesal, 1989; Foitziket al, 2003; Lyon, 2004; Brandt
et al, 2005). As insects heavily rely on chemical ctesget information of their
surrounding environment (Godfray, 1994; Jackson fMliodgan, 1993; Herznest al,
2005), it seems reasonable that these “arm racasg,hat least, a component of
chemical nature, cuticular hydrocarbons (CHCs) dpearticularly important for the
development of recognition functions (Blomquist &atneres, 2010). The CHCs, non-
polar lipids that fully cover the insects’ cuticldggvelop the main function of avoiding

desiccation (Lockey, 1988); nevertheless, they hhgemportant secondary function of
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acting as semiochemicals for the recognition am@rggor more individuals (Howard
and Blomquist, 2005; Blomquist, 2010). The studytied CHCs has proven useful in
explaining the parasitism relationships of a variet insects (Bagnéres and Lorenzi,
2010), and is used here to investigate the pasasitif a cuckoo wasp towards some
species of sand wasps.

Certain kinds of parasitism have been proposedaetors that, under specific
circumstances (Wcislo, 1986; Evans and O’Neill, @9&ould determine the trend of
numerous sand wasps to nest in aggregations (Earah€©’Neill, 2007), yet they are
not the only factors that may cause such aggragdither causes, such as those related
to theselfish herchypothesis (Wcislo, 1984; Larsson, 1986) and tluetabe of suitable
nesting patches (Brockmann, 1979), as well as péity processes (Yanega, 1990) and
female-female attraction (Polidogt al, 2008), have been suggested to be involved in

the establishment of nests in aggregations.
1.4. The Optimal Diet Theory (ODT)

The journey to the foraging place, as well as #ech and capture of prey items,
are expensive in terms of energy consumed andasséen highlighted before, the
expense is particularly elevated in solitary wadgse ODT, first proposed by Emlen
(1966) and MacArthur and Pianka (1966), is a gotadting point to assess if an
individual will select its prey trying to optimizés energy investment, under the
hypothesis that predators forage in an optimal way.

The ODT has been used to assess the type of diet selegtadvide variety of
animals, both vertebrates and invertebrates, andomsumers of animal, as well as
vegetal, matter (Sih and Christensen, 2001). Adogrtb theODT, in central-place
foragers as is the case of sand wasps, a minimum acceppabl/ rule exists: try to

capture a prey and go back to the central platteeiprey value compensates for the trip
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and search energy investment. Provided that preydastributed in patches in the
environment, and also that these patches can béebbat different distances from the
central place, the energy costs involved in thetwrapof a prey item would depend,
among other factors, on the distance from the p@t¢he central place. For this reason,
the energetic value threshold that makes a pregpaable will increase as the distance
from the central place to the foraging patch groimssuch a way that it would be
expected that predators capture prey items of laehignergetic value in further patches
(Pyke, 1984). In the same way, according to @BT, larger individuals, able to
transport larger weights (Marden, 1987), will opaimtheir captures by predating upon
bigger prey (of a higher energetic value), as lasgthe weight of the prey doesn’t
dramatically affect the costs involved in their wap.

It is necessary to take into account the influetheg the biometric traits of the
body parts involved in flight activity (wing arefight muscle mass or body mass) may
exert on the successful transportation of a biggesmaller amount of weight (Norberg
and Rayner, 1987; Chai and Srygley, 1990; Domei@Q1; Almbro and Kullberg,
2008, 2009; Vogel, 2008). Following Marden (198Te two main parameters
determining the flight capacity are the ratio aglit muscle mass to total body mass
(Flight Muscle Ratip FMR), and the ratio of body mass to total wing ar#éng@
Loading WL), in such a way that the occurrence of prey omation could be shaped
by the limitations that these two parameters impmsehe wasps, as well as by the
difference among thEMR or WL values of predators and prey items (Chai and 8yygl|
1990; Hedenstrom and Rosén, 2001).

However, currently there is not an agreement akdwgther solitary wasps do,
or do not, optimize their provisioning flights toytto compensate for the energy

invested on them. For example, in the crabroi8gbecius speciosu®rury, 1773),
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Tachytes chrysopygéSpinola, 1842) andembix troglodyteHandlirsch, 1893, the
existence of optimization has been ruled out (Hasti 1986; Coelho, 1997; Grant,
2006; Coelhcet al, 2008), while in the sphecid&glmodes laeviventri@Cresson, 1865)
and Sphex ichneumoneu&innaeus, 1758), as well as in the crabrofilypeadon
laticinctus(Cresson, 1865) either direct correlations betweasp and prey mass or the
selection of the biggest prey among those availaéle been observed, which suggests
that in those wasps the presence of optimizatiomaia be completely discarded
(Gwynne and Dodson, 1983; Alexander, 1985; Coelib lzadage, 1999); moreover,
the crabronidSphecius convalli®atton, 1879 has been cited as the most idealgflyi
predatory wasp (Coelho, 2011), preying in an opitivesy.

Thus, it seems necessary to obtain more data éopnet properly the foraging
patterns observed in the group of the solitary waspsuch a way that, in the present
study, a new investigation is performed within fi@mework of theODT, utilizing
wasps of the genuB8embix to try to improve the current understanding @ #spects

related to the optimization of the foraging behavio
1.5. The concept of Individual Specialization

For decades, species, or populations of a spetsa® been considered to be
composed of ecologically equivalent individuals,iesthmade use of the same set of
resources (Bolniclet al, 2002). Thus, in the past, niche has been trestesm property
of the species, or populations, as a whole (Colaetl Futuyma, 1971; Pielou, 1972).
Nevertheless, there is nowadays a strong tendeswgrds the consideration of the
existence of individual specialization in the sagliof trophic ecology, as there is
evidence that it is widely extended in the animatld (both Bolnick, 2003 and Araujo
et al, 2011 have published reviews on the occurrendtisfphenomenon in animals).

It can be considered that an individual behaves a&pecialist when it consumes a
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portion of resource types that is significantly #erathan the portion consumed by its
population as a whole (Bolnick, 2003); or whennishe shows little overlap with that
of its population (Bolniclet al, 2002; Svanback and Persson, 2004). Thus, pogpsat
or species that are seemingly generalists, coulddbeally constituted by individual
specialists that consume smaller subsets fromotiaé population niche (Bolnickt al,
2007). Additionally, individual specialization malyave important effects on the
dynamics and stability of populations, and on thecges coexistence (Lomnicki, 1988;
Kendall and Fox, 2002; Lichsteet al, 2007; Okuyama, 2008; Lankau, 2009).

Given that the study of individual specializatioanstitutes a relatively new
approach, the number of wasps for which it has logemtified is still low (Aradjo and
Gonzaga, 2007; Polidoet al, 2010c, 2011; Santoet al, 2011), and, in any case, the
reasons causing the partition of resources amoegnmthividuals of a population or
species are still largely unknown (Aralgb al, 2010). One of the aims of the present
study is to provide information on the factors ilwaal in resource partitioning at an
intra-populational level. Additionally, the data Viea been analysed from new
perspectives, such as those based on network ésg@tradjoet al, 2008; Pire%t al,
2011) or on the correlation of the morphologicadtaince with the diet dissimilarity
(Bolnick and Paull, 2009), which have proven useéfukimilar investigations carried
out in other taxa, particularly vertebrates, anak thave been only recently applied to

ecological studies on predatory insects (Polidoal 2013).
1.6. Nesting in aggregations and spatial patterns

In fossorial hymenopterans, the aggregation ofsnesimore or less restricted
areas is not dependent on the existence of a somialition, appearing in solitary and

eusocial species, as well as in species whereesthalés share their nests (Evans, 1955;
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Evans and O’Neill, 1988; McCorquodale, 1989; Patsd Willmer, 1997, 1998;
Casiraghiet al, 2003; Polidoret al, 2006a).

Many species of sand wasps show a trend towardedtablishment of their
nests in aggregations (Evans and O’Neill, 2007} @&holutionary reasons proposed to
explain such tendency are various, and include battic and abiotic components: for
example, aggregation could be originated owinght fact that the area suitable for
nesting has a limited extension, as well as tocthstered distribution of key resources
(Michener et al, 1958; Brockmann, 1979; McCorquodale, 1989), ttat lead to
philopatry (Evans and Hook 1986; Yanega 1990, Badlet al.,2006b).

Both costs and benefits can be found associatdtetaggregation of the nesting
females. On one hand, among the costs, the pdterteaference among neighbouring
females while digging or provisioning their nestsigs, 1973), the accidental
provisioning of alien nests (Evans and Mattews, 3)97a higher risk of prey
cleptoparasitism by females (Field, 1992; Casiraghal, 2003), a higher competition
for limited resources (Asigt al, 2006; Polidoriet al, 2006b) and an increased
pathogen transmission (Brown and Brown, 1986) h#&een highlighted. The
advantages, on the other hand, would include thmorymnity to benefit from the
potential strategy against parasitism or predatimat nesting in aggregations may
represent (theselfish herdhypothesis, or thenany eyediypothesis, Hamilton, 1971;
Treherne and Foster, 1980; Evans and O’Neill, 1$gffford and Kurczewski, 1992),
or a higher probability of mating (Nordell and Vaé& 1988).

Other factors, such as the previous establishnfentwviduals within a specific
area, may favour the attraction of conspecificsaias this area, yet the presence of

those individuals could be interpreted as the erist of low predation risk (Rudolf and
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Rodel, 2005). Additionally, the presence of certaatural enemies could be related to
the host density is some occasions (Rosenheim,, Fa8iloriet al, 2010b).

The kind of spatial pattern exhibited by the negtiin the aggregations can be
variable. Thus, nests can be spatially organizethiee different patterns: random,
regular or in clusters. Although the factors fawngrone or another kind of distribution
pattern have not been studied in depth, it is knoken example, that intra-specific
competition is a factor determining the distribati@f nests in a regular way
(Brockmann, 1979; Rubink, 1982). Moreover, the sl which observation is being
carried out is of major importance to achieve aeamrdiagnosis of the kind of pattern
exhibited (Potts and Willmer, 1998; Polideti al, 2008). Excluding the widely studied
ants, in-depth statistical approach to the studyhef spatial distribution of nests has
been poorly developed in fossorial hymenopteraemgolimited to four species of bees
and three species of solitary wasps (Rubink, 188&uk and Decelles, 1986; Riddick,
1992; Potts and Willmer, 1998; Boest al, 2007, 2009; Polidoret al, 2008).
Therefore, it seems necessary to provide new Hdatehelp to clarify the kinds of spatial
patterns followed by fossorial hymenopterans whaal#ishing their nests, as well as

to unveil the factors leading to the adoption aftspatterns.
1.7. The CHCs, cuticular compounds of a significant importance

The cuticular hydrocarbons, or CHCs, coat the wieaternal surface of insects,
forming a continuous layer, and their main functi®mo avoid or to reduce desiccation,
abrasion or infections (Hadley, 1981; Lockey, 19B8ckner, 1993; St. Leger, 1995;
Gibbs, 1998; Martiret al, 2010). Nevertheless, they develop an importanbisdary
function: they act as semiochemicals for the reitammamong individuals (Howard
and Blomquist, 2005; Blomquist, 2010) at a specéesx, caste or reproductive stage

level, nest mate discrimination, or recognition pdérasites and parasitoids (e.g.
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Greenberg, 1979; Howard, 1982; Takahashi and Ga98&,; Singer, 1998; Lahast
al., 1999; Rutheet al, 2002; Gamboa, 2004; Howard and Blomquist, 2QQEaset
al., 2005). Following Blomquist (2010), the alkanesh@se simplest organizations
include chains composed of carbon and hydrogen) thadalkenes (of chains that
exhibit one or more double bounds) are two of theed great classes of cuticular
hydrocarbons.

The females of the brood parasites of hymenopteraagsiently must enter the
nests of their hosts in order to deposit their eggwrvae, in such a way that traces of
those females may remain into the nests. As a nsgpto such traces, the host female
could abandon her nest or destroy the alien eggseiheim, 1988; Kimsey and Bohart,
1990), or inflict damage on the parasitic femals.idsects frequently employ chemical
cues (often times, CHCs) in their recognition andation processes (Jackson and
Morgan, 1993; Godfray, 1994; Herzredral,, 2005), it is paramount for a natural enemy
to remain chemically unnoticed inside the nestohbst.

Even though the parasite-host relationships arengrtite most important biotic
relationships (Strohmat al, 2008), they have been poorly studied at a charfegel in
the case of the brood parasites of brood-caringemgpterans (Hefetet al, 1982;
Strohmet al, 2008). Thus, it is necessary to know the chemiekldtionships of a
greater number of host-parasite systems in thid kinhymenopterans, a need that we

aim to satisfy in the present study.
2. GENERAL METHODOLOGY
2.1. Study area

The field work for the development of the presentyg was carried out at two

localities: mainly in Almarail (Soria, Spain) (Fig), and to a lower extent in the Dehesa
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del Saler Natural Park (Valencia, Spain) (Fig.d)ring 2007, 2008, 2009, 2010 &
2011. All the data were collected during the sumpeeiod, as it is in this season wt
the wasps are active in the nesting areas, indbk sage.

All the data concerning the studiBembixspecies wereollectec within a plot
in Almarail (41°17°'N; 4°06’0O) (Figs. 4 and, a locality placed 28 km south of Sc
(central Spain)during the years 2008 to 2011. Tplot is a sandy area devoid of thi
vegetation, withsome sparse specimens of p species belonging to the famili
Resedaceae, Lamiaceae, Asteraceae and Scrophesarizand contiguous toPinus
pinaster Aiton, 1798 (Pinaceae) pi-tree forest, in the vicinityof the Duero rive
(which flows at a distance of about -200 m). In the surrounding environment, th
iIs a predominance of cereal crops, being presentesabandoned plots, whi

constituted the study area.

Figure 4. Aerial view of theplot where the different study areas were establishedlrirarail
(Soria, Spain), between 2008 and 2011. Note thahénlast two years, the nesting area
displacedca. 100 m to the @utr-east with respect to the previous years.
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Data collection ofStizus continuusvas performed at “La Mallada Larg
(39°21'N; 0°18’0) (Figs. 5 and 7), within the NaaliPark of Dehesa del Saler, a :
marsh situated 13 km south of Valer (south-eastern Spaindluring the summer ¢
2007. The are#s characterized by the presence of wet sandy wbilch is subject ti
intermittent periods of floods during the winterdadesiccation during the summ
originating a superficial salt cruin that season. The study area presents low ¢
vegetationwith scattered specimens of plants belonging tddahelies Amaranthacea
Poaceae and Juncaceae. Nevertheless, some snaiegpathow bare soil, whe
aggregations oftizus continuuand, in muchower degree, of other sand wasps,

located.

Figure 5. Aerial view of theplot where the study area of “La Mallada Larga” (Valen@pain
was located in 2007.
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2.2. Data obtaining
2.2.1. Establishment of a coordinate (X, y) system

With the purposeof recordin¢ the position of the nests in the most accu
possible way, an observation grid was insti in the nesting ar¢, which was

composed of two perpendicular s (x, y) and a coordinate origin (0, (

Figure 6. General view of theplot where the nesting areas of Almarail (Soria, Spaiaje
located.Picture by Y. Ballesterc

Figure 7. Nesting area obtizus continut at “La Mallada Larga” (Valencia, Spai Picture by
J. D. Asis.
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This coordinate system was installed every yeathateginning of the flying season,
and remained until the end of the observationsthm late summer, when it was
withdrawn. In the (0, 0) point, as well as everyriCalong thex andy axes, markers
were placed to help in nest position recording .(By The area of the grid varied
slightly through the different years, dependinglom degree of nest aggregation, as well
as on the number of nesting wasps. The positiahefitudy area in Almarail (Soria)
changed in the year 2010 relative to its position2008 and 2009 (Fig. 4), being
establisheata. 100 m to the southeast with respect to the previmars. However, the
plot where the aggregations were located offeremidgeneous conditions, in such a

way that the different nesting areas presentedaicharacteristics.
2.2.2. Marking of wasps and measuring of biometric parameters

Every female wasp belonging to the studied sped#¢scted on the nesting area
was captured for her marking, measurement and wejghnd was afterwards released.
Wasps were located visually and/or acoustically tfeesy produce a typical buzzing
sound), and captured in flight while they were fagdn flowers, or when they entered
or went out of their nests, using an entomologietl The marking was necessary to
track the individual wasps. Each of the wasps weawked with an individual
combination of 3 colour dots on the thorax, using Baint Mitsubishi ™ Markers, a
well established technique in behavioural studieth wasps (Alexander and Asis,
1997; Asiset al, 2004; Polidoret al, 2006a, b, 2008, 2010a; Ballesteebsal, 2012).
Additionally, the head width of each individual waseasured with a digital caliper
(x0.01 mm). Head width is a parameter commonly eygd as an estimator of wasp
body size (O’Neill, 1983; O’Neill and Evans, 198%iset al, 1996). Finally, the wasp
was weighed on an Ohaus Scout Pro Scales (+0.Q0&ng)osing it in a previously

weighed 2-ml Eppendorf vial to restrict its movertserand being then released.
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2.2.3. Nest marking and positioning

Nests were marked utilizing stones, sticks or otieural materials, in such
way that they were easily visible to the obsen{€éig. 9). Thoseobjects were marke
with the same colour code as the thorf the owner of the nest. The marking :em
provided information about the position of the neistrance and the direction in whi

the burrow had been built, as well as althe nest condition (actives completed)

Figure 8. Nesting area of Almarail (Soria, Spain). Some eflest(in yellow) are appreciate
as well as one of the markers of the coordirx, y) system (in red)Ricture by Y. Ballesterc

Figure 9. Marked Bembixnest. The vertical stick shows the colour codeheffemale whicl
owns the nesPicture by Y. Ballesterc
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2.2.4. Prey collection and measuring of biometric parameters

Prey from the thre@embixspecies and fron$tizus continuusvere obtained
from the female wasps when they went back to thests after the provisioning flights.
The female, carrying her paralyzed prey, was captwvith an entomological net, and
released after she had dropped her prey, thabfélle bottom of the net.

Prey were weighed, and the time of capture ancctth@ur code of the female
that had captured them, registered. Prey werekitied with ethyl acetate vapours, and
then pinned in entomological boxes in the casehef prey of Bembix (adults of
Diptera), or preserved in ethanol (95%) in the aasthe prey ofS. continuugnymphs
and adults of Orthoptera), until their identificatiin the laboratory. Whenever possible,
prey were identified to species level or, when @swot possible, identified to family
level and separated into morphospecies.

Some of the studies proposed in the present imasin required the
knowledge of the prey (Diptera) availability in trsarrounding environment. To
estimate the fly availability, each hour betweerm0land 18:00, for 12-16 days every
flying season, 5-minute radial transects were paréal from the center of the nesting
area in random directions (in sectors of 45°) tenaximum distance of 300 m,
collecting all the dipterans detected. The maxindistance of 300 m was determined
attending to previous observations, in which marf&dales nesting in the area had
been seen at a maximum distance of 300 m from élsény area. The part of the day
when the radial transects were done was establisttexding to previous studies (Asis
et al, 2004), which showed that about 95% of the preyigioned by the female wasps
were hunted within that period. Dipterans were gagat in flight, perched on the
ground or on plants, and were weighed and theragete Some specimens of each

species or morphospecies were killed and pinnetafer determination.



Introductory chapter _

2.2.5. Data analyses and specific methods

The package XlStat 2012 (Addinsoft) was used toycant the most statistical
tests. In the following paragraphs, the differemalgses performed in each chapter are
briefly described, as well as the specific protecahd/or the additional programs
utilized to perform the necessary analyses of sohtieem.

In Chapter 1, the maximum lift capacity was caltedaattending to the thorax
weight/body weight ratio reported by Coellev al (2008) for the specieBembix
troglodytes for which (following Marden, 1987) they estimatéide flight muscle
weight as 95% of the thorax mass, and thus=BiR (Flight Muscle Ratip of 0.36.
Marden (1987) had previously defined the flight slasratio EMR) from the flight
muscle weightRMR= flight muscle weight/body weight), and had obsgerthat in bees
and wasps the minimufMR value that would allow the takeoff (calletarginal FMR
by Marden) was 0.179. This ratio would, therefdre,what would limit the additional
weight (e.g. a prey) that a wasp could transpofiight (as well as its own weight) and
is what was used here to assess whether the fetmatsported prey with weights close
to the theoretical maximum in order to optimizeithprovisioning flights. To assess if
the frequencies of capture of the different prayif@es were similar to prey availability
in the environment, Chi-square tests were donesidering as expected frequencies
those found in the samplings performed in the aredook for differences between the
prey frequencies of the different weight classesl aheir availability in the

environment, the standardized residuals were used:

observed—expected
SR = ¢ p )’
Jexpected

determining their significance with the criticallwa of theZ-distribution. The potential
existence of a correlation between the weight ahef@male and the weight of the

largest prey captured by her was assessed witlasdtecorrelation test. To calculate
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the differences among weights for the differentugioof flies (wasp preys. flies from
the surroundings; weights of the different diptef@amilies), Student’s-tests were used,
employing the Welch-Satterthwaite method when #gawnces were not homogeneous.
The comparison of the weight of the largest pregtwad by each female with the
theoretical maximum load that the female can suppaditight (considering a marginal
FMR of 0.179) was done with a pairetest.

In Chapter 2, th&MR for the differentBembixand dipteran species was
calculated experimentally from the sample, andvtheg Loading(WL) was calculated
as the ratio of total body mass (g) to total wimgaa(cnf). The theoretical maximum
load that a wasp is able to carry in flight wasneated with the following expression

provided by Marden (1987):

Log(Mpm—1.01+1.76)
9.80665

M Pmax —

M,,,

whereM, is the flight muscle mass am, is the wasp mass. The margin between the
Mpmax and the heaviest prey actually captured by eactale was here calledL, and

calculated as:

DL = M2 %100,

Pmax

whereM, is the mass of the largest prey actually captimea wasp. ANOVAs (with
post-hoc Tukey HSD-tests) were used to defddR or WL differences in the overall
prey captured by botBembixand those present in the environment. ANCOVAs were
conducted to assess a series of dependent varssdpasately (meafMR or WL of the
prey captured by individual females, heaviest mreRL of individual females, as well
as own wasps’ morphological traits (wing aré&l, FMR and thorax mass))
(dependent~ wasp mass; wasp species; wasp massipasies), and maximal models
were simplified by manual stepwise backward procesiuwhere only factors with<

0.05, or those included in an interaction W 0.05, were kept in the model.
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In Chapter 3, intra-specific overlap in prey taxasvealculated as:
PS;=1-0.5 X|pi; — q;],

(Bolnick et al, 2002), whergy; is the proportion of thgh prey species in individugb
diet, andq; is the proportion of thigh prey species in the whole species’ prey spectrum
The mean value of theS (calledIS) expresses the average individual specializaton f
a species, and was subtracted to 1 to obtain the mtuitive indexV. Intra-specific
overlap in prey weight was calculated with Roughkgais Index R’sl) (Roughgarden,
1974) for continuous data (Bolniek al, 2002):

R's] = W€ _ E [var(x;i)]
TNW var(x;j)

where WIC represents the within-individual component, aBtC represents the
between-individual component, of the total nicheltwi(TNW), andx; is the weight of
the jth prey item in individual’s diet. The more intuitiveV index was obtained by
subtractingR’sl to 1. BothV andW vary between 0 and 1, with values near 1 indigatin
higher individual specialization. BotRS and R’sl were calculated with the program
IndSpecl (Bolnicket al, 2002). The pairwise taxonomic diet dissimilarifthe
complement of the diet similarityS Bolnick and Paull, 2009) between each pair of
individualsi andj was calculated as:

PDS;j =1-— ﬁzlmin(pik,pjk),
wherepi and pi are the proportions of thgh prey type in individual’s andj’s diet,
respectively (Ingranet al, 2011). The mean value BDS; (called Er) represents the
overall level of prey taxa variation within the pogtion (Ingramet al, 2011). The
calculation of the pairwise prey size dissimilari(@DSg) between each pair of

individualsi andj was done with the following formula developed tioe present study:

(Pm—Pm;)+(Pcv;—Pcv;)
Pm;+Pm;
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wherePmis the mean prey size of the individual &l is the coefficient of variation
in the prey size of the individual. Dissimilarityatnices for prey taxaPDS and for
prey size $Dg were built from thePDS; andSD§ values. From the body mass of the
wasps, another matrix (the mathasp_MASE based on the pairwise difference of
body mass between females was built, calculatiagpired size differences as:

|massl- —mass; | / max(massl- j)
An additional matrix was obtained from the distant®tween each nest and all the
others ND) (NEST matrix). Wasp_MASSnatrix was plotted again§®tDS matrix and
SDSmatrix with Mantel tests to look for correlatiobstween the former and any of the
other matrices. A significant correlation would mehat body size difference affects
the level of prey (taxa and/or size) dissimilarfdESTmatrix was plotted again®tDS
matrix with a Mantel test. In this case, if pairevisiter-nest distance explains the degree
of prey taxa dissimilarity, the two matrices woblel correlated.

In Chapter 4, inter-individual variation in resoerase was assessed, for both
prey species and sizes, through the in@exAraujo et al, 2008). The index will
approach 0 when diets are similar among individuafsl 1 for maximum variation
(Araujo et al, 2010). The search for different patterns of widlial resource use was
performed (for both prey species and sizes) byzing different indices Gns, NODF,
C-Scorg¢ and programs. The existence of clustering ingbpulation was studied by
means of th&,sindex for the relative degree of clustering (Araéjaal, 2008), which
varies between -1 (indicating overdispersion) add(denoting clustering) (Araujet
al., 2010). BothE and C,s were calculated with the program Dietal (Araéjoal,
2008). The binary matrices from Dietal were impaiteo the program Pajek (Batagelj
and Mrvar, 1998) to visualize the dietary distribatof the females. The degree of

nestedness was analyzed with the intd®DF (Almeida-Netoet al, 2008) in the
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program ANINHADO 3.0 (Guimarédes and Guimaraes, 200®©DF will equal 0 for
the absence of nestedness and 100 for maximumdneste The&-Scoreindex (Stone
and Roberts, 1990) was employed to look for chdodand patterns, utilizing NODF-
Program 2.0 (Almeida-Neto and Ulrich, 2011)-Scorevaries between 0 (for no
checkerboards) and 1 (for a perfect checkerboatteérpg Additionally, when clusters
were found, ANOVAs (with post-hoc Tukey HSD-tests) Student’st-tests were
performed to check whether they were constitutedhenbasis of the different body
masses of the females, to test for a possible teffiethe simultaneity in time of the
females belonging to different clusters and to careggthe mean distances between pairs
of nests belonging to the same cluster with themukstances between pairs belonging
to different clusters. When nestedness was founeéai regressions were performed to
test whether wasp body mass was related to thempage of different species or size
groups captured (taking as 100% the total numberey species or size categories),
and Pearson correlation tests were done to agsteftdhe number of wasps preying
upon a particular prey species or size group degknoh its availability in the
surroundings.

In Chapter 5, the&K distribution (Ripley, 1976) was employed to anelyke
spatial distribution of the nests, utilizing the i2an’s (1991) program. The results

Y2_t wheret is the

obtained were transformed following the functiort)£((K(t)/n)
spatial step (scale) with which the test was peréat (Haase, 1995). A clumped pattern
would mean conspecific attraction during nest dstialment. Also, a goodness-of-fit
analysis was done to evaluate if the presence n$pexific females excavating new
nests could influence a female’s decision to begimest at a particular spot,

determining if the number of new nests simultanBodag in the same 3 x 3 m square

(in one on the years of the study, a grid compdse80 squares of 3 x 3 m each had
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been established in the field, monitoring the nundidemales simultaneously digging
new nests) fitted a binomial-negative distribut{@uinn and Keough, 2002). To assess
whether the females tended to establish new n&ste to the one previously finished,
the distance between the new and the finished olegtach female for whom the
positions of 2 or more consecutive nests were knaxwas measured, comparing the
observed distances with the mean distances obtdigedl, 000 random simulations
(considering as the maximum possible distance the measured from the nest
previously closed by the female to the farthest nbeserved in the aggregation) with a
Student’s paired-test, which was also used to compare the obsgmaadous-new nest
distances for a given female with the NND (neanesgihbour distance) to conspecific
nests. If wasps prefer to dig a new nest closhagtevious one, the observed previous-
new nest distances would be smaller than the stedilaest-nest distances and smaller
than NNDs. Minimum convex polygons of nest clusteese built in 2010 and inter-
specific and intra-specific distances between tleemtroids were compared with a
Student’st-test. Also NNDs between females within a speciesewcompared with
those between females of different species (Stigletast). If heterospecific nests play
a role in nest settlement decision, the distancasng species would be either smaller
(attraction) or larger (repulsion) than the diseswithin species.

In Chapter 6, we used a well-established methodHerstudy of behavioural
interactions in fossorial Hymenoptera (e.g. Baasal, 2009) in controlled conditions,
the so-calleccircle-tube test, to analyse interactions between the diftespecies of
BembixandParnopescuckoo wasps. Theircle tubetests were carried out placing in a
45 cm-length, transparent silicon tube, combinatioha female wasmB( mercetj B.
sinuataor B. zonata plus a female of a chrysididP( grandior or H. longicollg, and

monitoring the response of the wasp towards thesalid (aggressive, tolerant or
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avoidance response). Then, the possible differentiee number of events per minute
for each of the three responses occurring in eaafbmation was evaluated with non-
parametric, Kruskall-Wallis analyses (post-hoc Duests for pairwise comparisons).
To perform the chemical analyses of CHCs, we firstessed the extracts of the three
different Bembix species B. merceti B. zonataand B. sinuatd and two chrysidids
(Parnopes grandiorand Hedychrum longicolle with Gas-Chromatography-Mass-
Spectrometry (GC-MS) at the University of Freibu@ermany); then, the obtained
chromatogram peaks were integrated with the soéw&hem Station (Agilent

Technologies, Boblingen, Germany), and their reéaéireas were transformed as:

o1 (prpmprroseskeree ) +1),

following Strohmet al (2008). A similarity analysis (ANOSIM), utilizinghe Bray-
Curtis distances, was performed to check whetheciep and sexes could be correctly
split on the basis of their CHCs. Three additioAdDlOSIMs (Bray-Curtis distances)
were done with the alkanes only, the alkenes omlgd (after a preliminary
multidimensional scaling graph, MDS, which allow#tk a priori assignation of
individuals to groups, and where a great proxinoityB. mercetiandP. grandior was
observed) considering males Bf mercetiand P. grandior as one group as well as
females of those species as another group. Frontotak peak area, the number of
nanograms per mg of body mass was calculatedinglihe known amount of standard
previously added. Additionally, a cluster was elabed. A Kruskall-Wallis analysis
(post-hoc Dunn tests for pairwise comparisons) peaformed to look for differences in
the total amount of CHCs (normalized by body masshe females of the different
species (to detect a possible strategy of insigaiite). The MDS, ANOSIMs and

cluster analysis were performed with PRIMER v.5r(fer-Ltd).






OBJECTIVES

First.- Test the ODT predictions in a predatory insect that performs a progressive type
of provisioning, analysing whether the female wasps try to optimize their provisioning
flights by means of the capture of larger prey by bigger females, as well as through the
capture of prey whose body mass is near the maximum load that each wasp is able to

efficiently transport in flight.

Second.- Ascertain if female wasps carry out any kind of selection at the species level,
based either on the taxa or on the weight of the prey captured, or, aternatively, they

select their prey on the basis of their environmental availability (generalist wasps).

Third.- Study if the main morphometric traits associated to flight ability (body mass,
FMR and WL) of both wasps and prey have any influence on resource selection patterns
or on resource partition, at inter-specific (among sympatric species of the genus) as well

at intra-specific level.

Fourth.- Assess the presence and strength (as well as the tempora variation) of
individual specialization in different species of digger wasps, a pattern to date much

more investigated and reported in vertebrates.

Fifth.- Find out the factors accounting for the observed degree of individual
specialization in the studied digger wasps (in the cases where individua variation has
been detected), through the assessment of the morphological distance between females,

the distance between their nests and of network-theory derived indices.



Sixth.- Analyse the kind of spatial pattern (grouped, regular or random) exhibited by the
nests included within wasp aggregations made up of sympatric species of digger wasps,
and elucidate the causes (biotic factors) accounting for the establishment of the

observed patterns.

Seventh.- Describe the composition of cuticular hydrocarbons (CHCs) profiles in
different species of digger wasps, as well as in their potentia parasitoid, the generalist
chrysidid Parnopes grandior, in order to assess which kind of strategy (chemical
mimicry, chemical camouflage or chemica insignificance) P. grandior utilizes to

successfully exert its parasitism upon their different host species.
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CHAPTER 1

Are solitary progressive-provisioning wasps optimal foragers?
A study with the digger wasp Bembix merceti (Hymenoptera:

Crabronidae)

Bembix merceti is a central-place forager that captures dipterans to feed its
larvae. First, a test to find out whether the fesaddehaved as generalists (i.e. to test if a
concordance between the frequencies of hunted aaithlale prey families and sizes
existed) was performed. Second, the potential op&ition in the capture of prey was
evaluated in this species, in the framework of @BT. The calculation of the
maximum lift capacity of the female wasps, necesdar assess whether foraging
optimization is taking place, was performed attegdo the limitations imposed by the
Flight Muscle Ratio (FMR).

B. merceti females do not behave as generalists while hurili@g, capturing
prey families and sizes in proportions differerdnfr those present in the surrounding
environment. Furthermore, they tend to optimizeirtloaptures, making a positive
selection of fly taxa with greater mean weightsgrethough they are less abundant.
Within the fly families whose mean weight is nob thigh, the females capture those
prey whose weight is larger than the mean (TahldhA)s, selection seems to be based
on prey size, and not on the type (family) to whtich prey belongs.

A significant correlation between the weight of ledemale and that of the
largest prey captured by her is present (Fig.uggesting that the females capture prey

according to their load-lifting capacity.
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Table 1. Prey captured bthe females ofBembix merceti and dipterans available in t
environment, with the mean weight per family (ofdynilies with at least prey captured or
with more than 2% of captures in the environmeatsirown)

Environment Prey Residual M egn weight of M ean prey M ean weight
- environmental ) L

% N % N significance Diptera (mg) weight (mg) significance
Syrphidae 75.8 141 60.4 110 (=P =0.02 14.0+4.6 155+4.! t=2.62 P =0.009
Bombylidae 8.1 15 34.1 62 (+)P =0.001 38.1+39.5 27.7+20.. t=-1.05P =0.310
Stratiomyidae 1.1 2 2.7 5 (+)P =0.03 122+4.2 17.0+6.!
Tabanidae 0.5 1 1.6 3 (+)P =0.04 28.0 29.7 £ 5.¢
Sarcophagidae 4.8 9 0.5 1 - 12.7+53 30.C
Tachinidae 4.8 9 0 0 - 18.0+5.0
Culicidae 2.2 4 0 0 43+19 -
Others 2.7 5 0.5 1 - 11.8+9.1 20.C
Total 100 186 100 182 159+ 13.6 20.1 +13. t=2.96 P =0.003

In the case of Syrphidae and Bombyliidae, anddked humber of prey, the mean weight in
environment is compared with that of the prey. The-) signs in the residil significance
column reflect the capture of prey in fuencies larger (+) or smaller) (than expected as
function of the availability. In theOthers section, the families Anthomyidae, Asilid
Calliphoridae, Chironomidae and Muscidae are inafl
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Figure 1. Body weight of the largest prey captured by eBembix merceti female as a functio
of the weight of each female.

Nevertheless, captures were not optimized maximtily females maintained
margin with respect to the maximum prey weightg thay could transport efficient|
(Fig. 2), in such a way thB. merceti, in general terms, can be considered a subop

forager. The existence of the abovementioned macguid be related to the lo
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availability of large prey in the environm, to the type of progressive provisioni

shown by the females of this spes, and to other factors, such as the g

manoeuvrhility of their prey (in general, flies are rapid fliers)nd the pressure fro

their natural enemies and congene (if females take smaller prey, they will be able

enter their nests more rapidly, recng the risk of parasitism and predati.

160

140

=
N
o

=
o
o

80

60

prey weight (mg)

40

20

theoretical maximum prey weight

-
- -
-
-

-

110 130
female weight (mg)

150

170

Figure 2. Relationships betweeBembix merceti female body weight and: the theoreti
maximum prey weight, considering a marginal FMROdf79 (the theoretical maximum weic
which females are able to lift (Wden, 1987)) (dashed line); the regression lineinbthwith
the weight of the largest prey captured by eachafenfsolid line); and the regression |
obtained with the mean prey weight for each fenfdtgted line). The values obtained for
weight d each female and that of the largest prey captbyeeach female are also provic
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Chapter 2: Individual selection vs. prey morphology _

Is individual prey selection mediated by flight ability-related

mor phology of prey in Bembix digger wasps?

Flight-associated morphometric traits, such asraéiie of flight muscle mass to

body massHKlight Muscle Ratio, FMR) and the ratio of body mass to wing ar#@dng

Loading, WL) are known to affect load-lifting capacity, manweability and other

parameters related to flight ability. In predatogypinteractions in which the interacting

organisms are both fliers, these traits could beeurselection to maximize predator

hunting success and prey escape ability.

Here it was analysed the flight-related morpholofiyhe digger waspBembix

merceti and B. zonata and their targeted prey (Diptera). WaBMR resulted to be

species-specific and higher B. zonata (Table 2), not varying with wasp mass,

resulting in a greater capacity of this speciesatwoy larger prey in flight.

Table 2. Mean values (x SD) for the different biometricgraeters and indices measured for
wasps and prey. The sample size employed in eash fa B. merceti and B. zonata is
indicated in the fourth and fifth columns.

B. merceti B. zonata N (B. merceti) N (B. zonata)
Heaviest prey individual wasps (g) 0.032 £ 0.020 8.84.029 34 21
Predicted maximum load (g) 0.055 £ 0.122 0.129 £+ D.16 34 21
Mean DL 30.303+14.776 15.860 +5.899 34 21
Wasp body mass (g) 0.102 £ 0.020 0.115+0.017 146 61
Wasp thorax mass (g) 0.030 £ 0.008 0.055 + 0.008 10 7
Wasp FMR 0.306 + 0.037 0.430 + 0.032 10 7
Mean FMR of the prey (individual wasps) 0.343 £3B0 0.377 £ 0.057 34 21
Mean FMR of the prey (overall) 0.342 £ 0.082 0.383.879 413 212
Wasp wing area (c%h 0.515 £ 0.041 0.591 +0.138 10 7
Wasp WL (g-crﬁ) 0.184 + 0.051 0.214 + 0.039 10 7
Mean WL of the prey (individual wasps) (g-'f:)n 0.060 + 0.019 0.055 + 0.007 34 21
Mean WL of the prey (overall) (g-(:?)1 0.061 + 0.040 0.054 + 0.017 413 212
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The WL of both Bembix, on the contrary, varied (directly) with the madghe
wasps, not dierging between species (Tabl), due toa static size of the win.
Maximum theoretical load was much higher than ttteal prey load in the twBembix
species, with greater distance to their maximund idawerDL) in B. zonata (Table 2),
perhaps due to thgreater parasitipressure exerted by the chrysidid wiParnopes
grandior on this speciesompared tB. merceti. As wasp mass increased, the heay
prey captured and the mean piIFMR increased irB. merceti, but decreased iB.

zonata (Figs. 3 and 4).

140

OB. merceti
120 ®B. zonata

—_—

i (©)] o o

o o o o
O

Heaviest prey body mass (mg)

N
o

50 100 150
Wasp body mass (mg)

Figure 3. GLM plot of the weight of the heaviest prey captuf®y bott Bembix species as a
function of wasp’s mass. Dotted line: tre line for B. merceti; continuous linetrend line forB.
zonata.
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Overall, B. zonata prey had lower meaiVL and higher mealFMR than B.

merceti prey (Table 2 possibly according to the size differenceween both was

species (Table 2). Thusdividua-based prey selection seems to be at least pal

affected by flight abilityrelated morphology of prey Bembix digger wass.

Mean prey FMR

0,49

0,44

0,39

0,34

0,29

0,24

OB. merceti

@B. zonata

50

100 150
Wasp body mass (mg)

Figure 4. GLM plot of the mean FMR of the prey captured byth Bembix species as a
function of wasp’s mass. Dotted linrend line forB. merceti; continuous line:rend line forB.

zonata.






Chapter 3: Morphological and inter-nest distance vs. prey overlap _

CHAPTER 3

Morphological distance and inter-nest distance account for
intra-specific prey overlap in digger wasps (Hymenoptera:

Crabronidae)

Although inter-individual diet variation is commoin predatory wasp
populations, the factors accounting for such vemmare still largely unknown. In the
present chapter, it was assessed whether pairediggmilarity in prey use correlates
with morphological distance (differences in bodze3iand/or with inter-nest distance in
three species of digger was@embix merceti, Bembix zonata and Stizus continuus.
Morphological distance and inter-nest distance Hsaan previously found to be linked
to diet partitioning in vertebrates.

Results were heterogeneous, varying among spengtgenerations. On one
hand, all sampled populations displayed significateér-individual diet variation for
prey taxa; on the other hand, only in the halfhef tases inter-individual variation for
prey size was found (Table 3).

In one of the generations Bf zonata andS. continuus, wasps of similar size had
similar prey taxonomic spectra (Figs. 5-c and $ixajhe case o&. continuus, also their
prey size spectra were similar, Fig. 5-b), a phesroon which probably reduces intra-
specific competition.

Additionally, in one of the years, the femalesBofzonata that nested closer to
each other had more similar prey taxonomic spg&liga 5-d), suggesting that distant

females probably hunt on different patches thabdar different prey species.



m Chapter 3: Morphological and inter-nest distance vs. prey overlap

Table 3. Individual diet specialization and pairwise digtsimilarity between females for each
species/period studied.

Especies and Individual specialization for Individual specialization for Pairwise prey taxonomic Pairwise prey size

period prey taxa (V) prey size (W) dissimilarity dissimilarity

B. merceti 2009 0.531 + 0.20R < 0,0001 0.164, NS PDSij= 0.246 - 1 DSij=0.094 - 0.807
ET1=0.704 + 0.253 Es=0.395 + 0.197

B. merceti 2010 0.412 £0.17& <0.0013 0.384P < 0.0001 PDSij=0.142 - 1 SDSij= 0.040 - 0.756
ET=0.621+0.344 Es=0.426 + 0.162

B. zonata 2009 0.514 £ 0.18F < 0.0001 0.174, NS PDSij=0.142 - 1 SDSij=0.054 - 0.719
ET1=0.654 + 0.283 Es=0.384 + 0.154

B. zonata 2010 0.391 + 0.127R < 0.0049 0.066, NS PDSij= 0.076 - 0.75 DSij=0.149 - 0.664

S continuus 2007-1

S continuus 2007-11

0.336 + 0.25% < 0.0001

0.567 £ 0.15% < 0.0001

0.341P < 0.0001

0.494P < 0.0001

ET=0.460 + 0.196
PDSij=0- 1

ET=0.389 + 0.423
PDSij=0- 1

ET=0.695 + 0.315

Es=0.436 + 0.155
SDSij= 0.007 - 0.801

Es=0.352 +0.221
SDSij= 0.041 - 0.756

Es=0.447 £ 0.169

For the two last columns, min-max range precedesneSD. NS means “non-significant”.

In the case of the females Bf merceti, neither differences in wasp size nor

inter-nest distance affected prey dissimilarity.

Both morphological distance and inter-nest distaareepotentially important in

shaping the overlap of individual resource use asps, although probably only under

certain conditions, such as highly clumped distidou of nests and the existence of

size-related constraints on prey selection.



Chapter 3: Morphological and inter-nest distance vs. prey overlap _
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Figure 5. Significant relationships observea. Between pairwise wasp size distance
pairwise prey taxa dissimilarity (Sizus continuus 2007-I1 (P= 0.008).b. Between pairwis
wasp size distance and pairwise prey size disgityilaf S. continuus 200711 (P< 0.0001).c.
Between pairwise wasp size distance and pairwisg paxa dissimilarity oiBBembix zonata
2009 fP= 0.055).d. Between pairwise int-nest distance and pairwise prey taxa dissimilani
B. zonata 2009 P< 0.0001), as calculated with a t-tailed Mantel test. The linear least sque
lines for the observed regressions of diet dissirtyl functions PDS; y SDS;) are shown. Note
that the scales of both vertical and horizontakakfer among pane
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CHAPTER 4

Patterns of inter-individual diet variation in Bembix merceti

(Hymenoptera: Crabronidae): a networ k-based appr oach

Energy obtaining is paramount for the survival ojamisms, and the study of
the factors shaping their trophic niches has béenaim of large numbers of works.
Although diet has traditionally been considered aagproperty of the species or
populations as a whole, there is nowadays extenkn@wvledge that individual
specialization is widespread in animal world, ahdttpopulations that behave as
generalists that consume a wide range of resouroay, be in turn composed of
individual specialists that consume small subsefs tlee population’s niche.
Nevertheless, individual specialization has bettle lquantified among wasps.

In a population of the digger wa8embix merceti, the intra-specific variation in
resource use for three consecutive flying seasdd@8( 2009 and 2010) was studied.
Individual variation in the selection of both pregyecies and sizes was assessed through
the utilization of network-based indices.

Regarding the species of prey captured, inter-iddal variation was found in
all three years (Table 4-1), and could be due ®abquisition of particular hunting
strategies by individual wasps. Females constitdtethry clusters in 2009 (Table 4-1,
Fig. 6), which were not organized on the basishef wasps’ body mass or temporal
simultaneity, or of the spatial distance amongrtimeists. Females originated nested
patterns in 2008 and 2010 (Table 5-1), where lafgenales consumed a higher
proportion of the total number of prey species gagut by their population, and more

abundant prey species were present in the diegocéater number of wasps.
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Table 4. Values and significance E, experimentalC,svalues, and 97.5% confidence inten
of C,s, for the captured species-1) and prey size groups 8- Significant valuein bold.

Species (Table 4-1) Size groups (Table 4-2)
Population E P(E) Cuw 97.5%CICuw) E P (E) Cuw 97.5%CICus)
2008 0.772  0.000 0.099 0.061-0.179 0.648 0.016 0.000 0.074-0.190
2009 0.762  0.000 0.182  0.034-0.139 0.600 0.000 -0.038 0.024-0.107
2010 0.672 <0.001 0.102 0.027-0.144 0.452 0.742 0.057 0.023-0.108

VAV

RVB

Figure 6. Spatial representaticof the 2009 females performed whBajek (Batagelj and Mrva
1999). Three clusters (superimposed ellipses) apmeathe basis of similar or dissimil
captures among the individus

The checkerboargattern detected in 29 (Table 5-1, Fig. J/sLggests the idea
that the observed int@ndividual variation is produced by the acquisitioh specific
hunting strategies by individual females, the development ofcertain hunting
techniques could prevefégmales from using resources whose manipulatiodsiéem

different techniques.
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Table 5. Experimental values ¢(NODF with associatedP-value, andC-Scores with
associatedP-values and®7.5%confidence intervalsfor the captured species-1) and
prey size groups (5-2) machof the studied populations.

Species (Table 5-1) Size groups (Table 5-2)

Population NODF P (NODF) C-Score P (C-Score) 97.5% Cl C-Score) NODF P (NODF) C-Score P (C-Score) 97.5% Cl C-Score)
2008 42.80 0.010 0.045 0.267 0.018 - 0.062 68.69 0.080 0.025 0.32¢ 0.005 - 0.073
2009 29.15 0.110 0.048  0.003 0.014 - 0.041 63.47 0.980 0.067 0.012 0.006 - 0.061
2010 30.11 0.020 0.030 0.061 0.008 - 0.033 65.87 0.150 0.036 0.47: 0.514 - 0.077

Regarding the selection of prey sizes, ir-individual variation was als
commonly detected, being absent only in Z (Table 42), a fact that could obey to t
increase in the population density observed on yeat. Populations didn’'t exhik
clustering in any of the three years, but showeetdigpersion in 2008 and 2( (Table
4-2). This fact, together with the absence cer4individual variation in 2010, coul
indicate the affiliation of the population to tldistinct preferences mode (Svanback
and Bolnick, 2005). Nestedness of females witheesspo prey size was absent in

three years (Table 5-2).

SpSc Odo SysG  AmVa  UsAc  HeVe StLu Pel ViHo Mil)  UTa(l)  Mi) ChAr  UTa(Il)  BoCr EupC
SpSc
Odo
SysG
AmVa
UsAe
HeVe
StLu
Pel
ViHo
Mi(ll)
UTa(l)
Mi(l)
ChAr
UTa(IT)
BoCr
EupC

Figure 7. List of prey species never -occurring together (black squares), o-occurring at
least once (white squarew)ithin the pool of a given female wasp. SpSSphaerophoria
scripta; Odo= Odontomyia sp.; SysG=Systoechus gradatus; AmVa= Amictus variegatus;
UsAe=Usia aenea; HeVe=Hemipenthes velutinus; StLu= Stomorhina lunata; Pel=Peleteria
sp.; ViHo= Villa hottentotta; Mi(ll)= Miltogramminae (II); UTa(l)= UnidentifiedTachinidae
(; ChAr= Chrysotoxum arcuatum; UTa(ll)= Unidentified Tachinidae (ll); BoCr
Bombylisoma croaticum; EupC=Eupeodes corollae.
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CHAPTERS

Bembix digger wasps rely on conspecifics location and not on
previous experience or heterospecifics presence during nest-

settlement decisions

Compared to abiotic environmental factors, attoactdr repulsion behaviours
towards conspecifics or heterospecifics have bess ihvestigated as driving forces for
the spatial arrangement of individuals. Solitamédes of digger wasps (Hymenoptera)
often nest in dense aggregations, a charactetigiicmakes these insects good models
for the assessment of spatial patterns. Here, ussng@ model a multi-specific nest
aggregation of three species of the gabarsbix, it is assessed for the first time if wasp
females are attracted to or repulsed by conspewésts, heterospecific nests or their
own previously established nests, when choosinig lest-digging locations.

A clumped pattern of nests was evident early inséeeson for each species (Fig.
8, left column), but later in the season a randastridution of nests was more common
(Fig. 8, right column), suggesting the existence cohspecific attraction at the
beginning of the nesting season. Such behaviourcaafirmed by the fact that females
initiated their nests more frequently where ottendles of their species were digging.
Subsequent nests dug by individual females wergeclto their previous nests than in
random simulations (Table 6). However, this patsemed to depend on the tendency
of wasps to dig close to conspecifics rather tleamnain in the vicinity of previous nests,

suggesting that females’ experience on future dew@smatters only at a large scale.
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Figure 8. Ripley’'s K functions for the three species studied, separayegderiods. Bold line
transformed Ripley’'K function (L(t)= (K(t)/n)"? — 1), calculated from observed data and
given spatial stepstashed lin: upper simulation envelope (limits for significajrdotted line:
lower simulation envelope (limits for significanc&tep used was 25 ¢ Units of x axis are
cm.
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Table 6. Total number of females marked during the studynber of females with two or
more nests observed in the aggregations, numbeveihests established within different range
distances from the previous nests, observed andlai®d previous-new nest distances, and
nearest neighbour distances (NND) of the new n&kis.maximum distance is the one from the
previous nest to the new one which could be reablgedegmales if they didn’t disperse outside
the nest aggregation.

Number of Number of Number of
% of females umoer o umboer o umoer o Observed Simulated

) Number of newnestsat newnestsat newnests at . ) NND of

Species (year) with 2 nests consecutive < 25% of 26-50% of 51-100% of prewo_u Snew prevpus—new the new
(total number . . ) nest distance nest distance
of females) nests m§X|mum m{mmum m§X|mum (cm) (cm) nests (cm)
distance distance distance

B. merceti (2008)  48% (27) 16 8 (50%) 6 (38%) 2 (12%) 578 + 427 2381 241 +175
B. merceti (2009)  46% (13) 10 5 (50%) 3 (30%) 2 (20%) 795 + 882 18792 120 £ 67
B. merceti (2010)  52% (21) 21 10 (48%) 5 (24%) 6 (28%) 220 + 169 329 62 +41
B. sinuata (2010) 29% (28) 9 5 (56%) 3 (33%) 1 (11%) 393 + 338 664t 118 + 104
B. zonata (2010) 26% (23) 7 4 (57%) 2 (29%) 1 (14%) 409 + 389 7929 231 +198

Nesting patches largely overlapped between sp€Eigs 9), but the nests of
each species were not particularly close to hepex@Bc nests, suggesting that females
are neither repulsed by, nor attracted to, congenefhus, the spatial arrangement of
the nests oBembix digger wasps seems to be primarily the resulteofdle-female
attraction during nest-settlement decisions, iroed@nce with both the “tradition” and

the “copying” mechanisms suggested for nestingebestes.
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CHAPTER 6

Chemical communication between the cuckoo wasp Parnopes
grandior (Hymenoptera: Chrysididae) and its hosts, digger

wasps of the genus Bembix (Hymenoptera: Crabronidae)

Wasp species that store great amounts of provisiotes their nests are
particularly interesting targets for certain patesi(e.g. cleptoparasites or cuckoo
wasps). The interests of parasites and hosts grdyhdiverging, as the former ones
must enhance their strategies to avoid detectiohdsgs, whereas the seconds should
improve their mechanisms to detect and avoid pasasCuckoo wasps may remain
unnoticed inside their hosts’ nests by means ajdour which is similar to their hosts’
one (mimicry or camouflage) or may alternativelyspess a weak odour (chemical
insignificance).

In the present investigation, specimens belonginidpiteeBembix digger wasps,
as well as to the chrysidiéarnopes grandior, were chemically analysed to describe the
types and amount of cuticular hydrocarbons (CH@s3$gnt in them, as well as to find
out whether strategies related to mimicry, camagdflar chemical insignificance are
being carried out by the parasite. Chemical analysse supported by the development
of behavioural testscifcle tube tests, where the kind of response of the femdidken
different wasp species towards the presende. gfandior and of a control chrysidid,
Hedychrum longicolle, which parasitizes a different host (bees), wasnaed), as well
as by the obtaining of cocoons to assess the defjpgasitism exerted [y. grandior.

If mimicry, camouflage or chemical insignificanceen® taking place in the studied

Bembix-P.grandior systems, it would be expectable the host spemésondetectP.
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grandior in thecircle tube tests, but to recognizgedychrum longicolle. Additionally,
the CHC profiles of. grandior and of the differenBembix species should be similar
(if either mimicry or camouflage exists), or the@mt of CHCs should be lower B
grandior (in the case that insignificance is taking place).

Bembix species were neither significantly more aggressioe more tolerant
towardsP. grandior than towarddH. longicolle. NeverthelessB. merceti was the only
species never being aggressive against the chagsidind the one that most often

avoided interactions with them (Table 7).

Table 7. Mean number of events per minute (x SD) of eaahd kdf behaviour (AGG:
aggression; TOL: tolerance/cooperation; AV: avomgnfor the six types dfircle tube tests
performed. In brackets, the number of tests donedoh type is expressed.

Mean number of events per minute

Type ofcircletube test (N) AGG TOL AV

B. merceti vs. P. grandior (12) 0 0.342 £ 0.439 1.193+1.104
B. merceti vs. H.longicolle (8) 0 0.558 + 0.784 1.183+1.254
B. sinuata vs. P. grandior (8) 0.267 £ 0.479 0.293 + 0.306 0.737 £ 0.872
B. sinuata vs. H. longicolle (7) 0.402 £ 0.447 0.528 + 0.893 0.124 + 0.227
B. zonata vs. P. grandior (12) 0.247 £0.411 0.477 £ 0.680 0.222 +0.324
B. zonata vs. H. longicolle (13) 0.245 £ 0.304 0.302 +0.328 0.374 £ 0.330

The ANOSIM revealed tha. grandior is chemically much more similar ®.
merceti than the remainder of thBembix (Fig. 10), suggesting the existence of
chemical mimicry between both species.

On the other hand, evidence of chemical insigmnifoea gensu stricto) by P.
grandior was not detected, although the presence of gmatiats of long-chain CHCs
in P. grandior could make difficult the detection of the paraditeB. zonata and B.

sinuata, enabling the existence of a certain degree aig@asm.
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CONCLUSIONS

First.- Bembix merceti is selective with respect to both the taxa and efzts captures.
However, taxonomic selectivity seems to dependhenténdency to prey preferentially
upon large dipterans (even though the taxa thegnigeto are less abundant in the
environment); additionally, the females select rgest individuals within those fly
families which have not a particularly high meanssjaprobably to optimize its

provisioning flights.

Second.- Although B. merceti captures prey in accordance with the general gieds

of the ODT for central-place foragers, the females maintain a margin with respect to
their maximum theoretical load capacity, in suckay that it can be considered that the
species carries out a suboptimal foraging. Thecgganf big prey in the environment,
the type of provisioning in the species (progressithe great manoeuvrability of their
prey or the pressure exerted by their natural eeemould be some of the factors
accounting for this fact. The margin with the manimload capacity is even wider in
Bembix zonata (a species which would also forage in a suboptiway); this could
constitute a strategy by the females to reducelthmation of their provisioning flights,
due to the greater parasitic pressure that thesichdyParnopes grandior seems to exert

on this wasp species.

Third.- Several biometric traits related to prey flighpaeity seem to have an influence
on the choice of prey by the different wasp spe@esertain degree of segregation is
evident between the prey Bf merceti and those oB. zonata, in such a way that the

first one hunts for prey with greatéi, but lowerFMR, than the second one. TRMR



of the females oB. merceti andB. zonata is species-specific, and higherBn zonata,
which consequently has a greater capacity for lkoadsportation in flight. However,
WL increases with wasp mass, regardless of the spgedielongs to, probably owing to

the static size of the wings.

Fourth.- The populations oB. merceti, B. zonata andStizus continuus exhibit, in every
generation or year, inter-individual variation ofep species, while only in some

populations/years there is variation of prey sim®ag females.

Fifth.- Morphological distance between females and thanlte between their nests are
factors explaining taxonomic and/or size prey dmigirity only in some of the
populations/years analysed. Although such factoay ime rarely important in wasp
resource partitioning, the fact that in the mogjragated populatiorB( zonata in 2009)
females nesting in close vicinity had a greateotaxnic prey overlap, suggests that
aggregation patterns in certain conditions (e.ghhdensity) may be important in the

partitioning of resources at an inter-individuatldé

Sixth.- There is a generalized inter-individual networlséx variation through the
different flying seasons iB. merceti, both for prey taxa and sizes, probably owing to
the acquisition of specific hunting strategies hffedent females. The population
showed nestedness in two of the flying seasons 8(2&dd 2010), due to the
simultaneous existence of generalist (of a biggey) sand specialist (of a smaller size)
females, as well as to the capture of the most @dninspecies by a higher number of
females, whereas in a third flying season (2009 plopulation was organized in

clusters.

Seventh.- Bembix merceti, B. zonata andB. sinuata establish their nests in groups in the

early moments of the flying season, while latethia season their distribution generally



exhibits a trend towards random patterns, for dista over 350 cm. Female-female
attraction within species accounts significantly ¢tumped patterns of nests, while the
position of the previous nest plays a role of lediimportance. The great influence of
the female-female attraction on the constitutionagfregations could be due to the
existence of a “copy behaviour”, in which the feesalvould use places where other
nests have been successfully dug and provisionadcas for the establishment of their

own nests.

Eighth.- Although B. merceti, B. zonata and B. sinuata greatly overlap their nesting

areas, the females don’t nest particularly near ttmamgenerics’ nests.

Ninth.- The different species and sexes studied can hgepyodefined on the basis of
the total CHCs, or only of the alkenes, but notlmnbasis of only the alkanes; thus, the

alkenes could play a more important role in th@gadion of natural enemies.

Tenth.- Bembix merceti and P. grandior possess a high degree of similarity of their
CHCs, probably owing to the existence of chemiciahiery in P. grandior with respect

to B. merceti. Although the existence of a strategy of cheminalgnificance gensu
stricto) can be discarded iR. grandior, in the system®. zonata-P. grandior andB.
sinuata-P. grandior a particular kind of chemical insignificance colld acting, due to
the presence of a main proportion of long-chain GHiCthe parasitoid, which could

favour the existence of a certain level of parasitiobserved in both host species.
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