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Wingless and dwarf workers underlie the ecologstadcess of ants (Hymenoptera:

Formicidae)

ChristianPEETERS& FuminorilTO

Abstract

Ant colonies are organized similarly to those okpsand bees: reproductive altruism, age polyethasi complex
communication. Yet ants exhibit more species, mhigher total biomass, and their lifestyles and diet more di-
verse. Hence, factors additional to sociality mhesinvolved in this evolutionary diversification.e/Mrgue that loss of
flight permitted extensive changes in body sizamifworkers and queens. Wingless helpers revolizgoincolonial
economy because they are cheaper to manufactightlEssness also removed constraints on the eonlof dwarf
workers (head width 1 mm or less); these exist2 2286 ant genera examined but not in social wasy bees.

Miniaturisation involves simplification of tissuasd organs (compound eyes, sting apparatus, ovexeskeleton), and
dwarf workers are cheapper capita. Comparison of ovariole numbers in 10€geindicates reduction of ovaries in
dwarf workers, and complete loss in six generaafd?inae and eight genera of Myrmicinae. Body sifleences
trophic ecology, but also the pattern in which Bry's finite energy budget is "packaged", allowingreases in colony
size if adaptive. Dwarf workers together with bigegns enabled the evolution of claustral indepenct#ony founda-
tion that is predominant in three large subfami({igslichoderinae, Formicinae and Myrmicinae). Weggness allows
this divergence of costs between workers and qudrnslso novel activity schedules and adaptatfonslefence.
Highly dimorphic queens and workers promoted th@gion of mosaic phenotypes (soldiers and ergajaiens), which
added to colonial complexity (MET & al. 2012 The American Naturalist 180: 328-34A)e speculate that cheaper
workers caused a shift away from a carnivoroustdiearbohydrates such as honeydew. Wasp and bé&erse- infer-
tile just as in ants — need to fly and this comséa extensive divergence from queens, which pitedenigger colonies.
The winglessness of ant helpers maximized the bisredfhaving two morphological castes.
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Introduction

There are few species of ants (at least 13000) aczdp
with other insects (at least one million), yet aats ubi-
quitous on earth. Ants inhabit all terrestrial tiatsi except
polar regions, they play key ecological roles asiptors,
scavengers and herbivores, as well as being inddlve
mutualisms with many diverse organisms (insectnts|
fungi, ...) (HOLLDOBLER & WILSON 1990). This impres-
sive ecological dominance contrasts with the otlusocial
insects. The biomass of social bees, wasps andtésris
much lower, a reflection of more restricted trophiches.
Social wasps (about 900 species) are predatonghoba
pods, social bees (about 1000 species) feed oamad
pollen while termites (< 3000 species) have a kidiet
(ROSS& MATTHEWS 1991 MICHENER2007). The first ants
were general predators, but feeding behaviour slified
considerably during their adaptive radiationi($6N &
HOLLDOBLER 2005, WARD 2006).

Ant colonies are organized similarly to those okps
and bees: strict reproductive altruism, separatiomelper

tion. Yet ants have more diverse lifestyles antsdleence,
factors additional to sociality must be considef@de con-
spicuous difference is the extent of morphologdigér-
gence between reproductive and helper castes.nddl a
have wingless workers, and size dimorphism relative
queens is striking in many specie{HDOBLER & WIL-
SON 1990). In contrast, only a minority of social bessl
wasps have distinct morphological castes, and goden
and worker castes are winged, with only limitededénces
in body size (RSS& MATTHEWS 1991 MICHENER2007).
The vast majority of insects can fly, to dispefseage
widely and avoid predators. Evolving wingless hedpa
the common ancestor of ants recast their way efdiid
led to a broad array of adaptations for foraging emiony
defence. The winglessness of workers also hadiaidec
effect on the strategy of queens, who cut off tairgs
before founding their colonies. Ant queens fly oalfew
hours, but this once-in-a-lifetime event has geéguifi-
cance, to meet distantly related males (thus maximi

tasks based on age polyethism, and complex com@anunic gene flow) and the opportunity to colonize new s-d



Box 1: Ant workers are highly eccentric wasps.

Ant workers are modifie@gculeate wasps, and this ancestry is key for utatetsig some striking morphologica
adaptations. The evolution of Apocrita is charaezegt by the narrow waist formed between first ascosd abdo-
minal segments. This constriction gives flexibilitythe gaster, presumably for a more effectiveafsthe ovipo-
sitor to pierce the exoskeleton of parasitized ¢ts€WARD 2014). Gaster flexibility further increased in ionp
ance when the ovipositor of Aculeata (stinging vgagiees and ants) became modified as a stinggct mgnom.

Worker morphology is marked by both wasp ancestd/morphological divergence from winged queens:

Head: Prognathy (see text) caused substantial modifinataway from wasps. Ant mandibles exhibit a brdiad
versity of shapes, which is not the case in waspsb@es. Moreover, head shape (round, squareaagtrar) influ-
ences the distance between mandible bases, wieqaances on prey size. Powerful mandibles neechibigles,
and these can constitute most of head volumew(R2001), in soldiers for example. Mandibles are nespecially
adapted for brood care, but handling brood is gomomant constraint on the diversification of maneishapes.
This is clearly seen iRolyergus where saber-shaped mandibles are viable onlyusedarood is carried by the host
workers (KUGLER 1979), while inMystrium voeltzkowivorkers have long snapping mandibles that seemitaiée
to carry brood, and such task is done by queens(bibLET & al. 2007).

Redesigning the ant head also involved the anteandehe eyes. Antennae play important chemosesuatyac-
tile functions whenever other ants or objects ameeantered, and increasing scape length allowsuitennal tips
to project beyond the forward-pointing mandiblestefnae are especially long in various formicoidega, while
in wasps and bees they are shorter and much lesblea Cuticular outgrowths of various anatomigsagins make
the antennal sockets much more complex than inoidspasps. It is possible that this vital articidat needs
better protection in ants because of life on sgsleHowever, movement of the scape is consequesgtyicted to
a front-back fashion, with limited up-down motioextept in most Formicinae, Dolichoderinae and aemts)
(KELLER 2008, 2011). This restriction is taken furthedimeages where the retracted scape fits in an aaten
"scrobe" or recess. As far as vision, eye sizegacement vary tremendously. Worker eyes can bsdhes as fly-
ing queens', but they are often reduced (fewer aidmf whenever ground locomotion is based on chahdues
(GRONENBERG2008). Some predatory species are capable of 8ibrviwhile eyes were lost in various microhab-
itats, e.g., litter, soil-dwelling or caves. Ocelte typical of all flying insects, but they ar¢aieed in the workers of
only a few lineages and apparently function in diéda of light levels (e.g., NRENDRA & al. 2011).

Thorax (called "mesosoma” in all Apocrita): In Hymenopteboth fore- and hindwings are powered by indirect
flight muscles attached to the mesothorax onlychethe mesonotum (dorsum of T2) is the most deeelsclerite
in ant queens (Fig. 1). Dorso-ventral wing museltach to the mesonotum, while the longitudinal cles attach
to internal cuticular projections ("phragma", plufghragmata") of the mesonotum.

Winglessness in workers caused a dramatic re-siriagt of the dorsal regions of the mesosoma (Fjg.The

mesonotum is reduced due to the lack of wing msseled it is fused posteriorly to the vestigial ametum (T3).
The pronotum (T1) is always prominent because @fntluscles powering the heade(Ker & al. 2014). Ventrally,
the mesosoma supports the legs and is thus notfieddn workers. The last segment (propodeum, Asl)
unaffected by the lack of wing muscles and remkirge because it accommodates the muscles powagnggtiole
(Fig. 1). The mesosoma is decisive for any meclkamiperation involving the head and mandibles tinlif and

carrying objects, digging, cutting, grabbing prey.

Leg length varies considerably (mainly femur armal) and is an obvious adaptation for running (Iéegs) or
movement in narrow cavities (short legs). Bothttrsal claws (flexible hinges) and arolium (sofgwable cuticle
bladder) are present in wasps, but they preadapreal ants to hold on to smooth plant surfacep€RLE & al.

2001).

Petiole: Hallmark of the Formicidae, the petiole is a samsegment, thus more specialized than the wiargisps.

It is an adaptation for defence and prey captutbpagh the waist of wasps (a simple constrictialsp allows
manoeuvrability. The ant petiole varies in size ahdpe, reflecting the extent of muscular connestioetween
thorax and gaster @¢$HIMOTO 1996). An additional abdominal segment became fieadas a post-petiole in vari
ous subfamilies, including Ecitoninae, Pseudomyinges; and Myrmicinae. A post-petiole presumablyter in-

creases the flexibility between mesosoma and ga3&iole design enables the tip of the gasteointgorward or
sideways, a behaviour often used aggressively, te.gting prey, or to spray formic acid in Forme.

Gagter: Ants' gasters are generally similar to wasps, witly few exceptions (Proceratiinae). Both queertswaork-
ers are able to increase gaster volume considerbplgtretching the membranes connecting scleritask of
flight (mated queens also) removes constraintsamteg expansion. This allows workers to store fiosdle the nest
as well as transport honeydew and other sweettgmtse
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Fig. 1: Differences in thorax (mesosoma) struc-
ture between flying queen (A) and worker (B)
in PogonomyrmexDorsal sclerites are colour-
coded: pronotum (T1) = blue; mesonotum (T2)
= red-orange (scutum) and yellow (scutellum);
metanotum (T3) = green; propodeum (Al) =
arrow, no colour. Modified from BETERS&

al. (2012).

junct habitats. Aerial dispersal underlies the plence of
ants in all ecosystems, and it is compatible withgless
workers because of polyphenism. Besides, a sizeable
nority of ant species have lost winged queens laggktdis-
perse on foot with the workers, although malesicoatto fly
and allow sufficient gene flow (reviewed iBETERS2012).

Using wasp workers for comparison, we try to distin
guish adaptations of ant workers linked to (I) ety
and age polyethism; (II) winglessness. We apprelagrnd
diversity by separating poneroid and formicoid sutbif
lies. A formicoid clade, not revealed by previousrm
phological studies, is very strongly supported mjeau-
lar data, meaning that all extant formicoids evdlfrem a
single ancestor (MREAU2009,WARD 2014). Poneroids
are a non-monophyletic group with all the subfagsilihat
arose from an earlier radiation. A broad compagativer-
view of poneroids and formicoids allows us to restaurct
major steps in the diversification of ant societiée show
that the lack of flight constraints allowed miniagation
in many unrelated lineages, and ant workers cazobsid-
erably smaller than other social Hymenoptera. Sivedrf
workers are cheaper per capita, and cost reduetiabled
dramatic increases in colony size whenever it wiaptve
or it opened up new lifestyles (e.g., army ant atied).

An ancestral commitment to ground-living

Ants (including all queens) perform their daily kason
six legs, and this is reflected by winglessnesalé@di®n in

the case of queens) as well as a shift to prognktirward-
pointing mandibles allow for effective manipulatiohob-
jects or prey, and result from a drastic reorgaimngeof
head architecture (R.A. Keller & C. Peeters, unpublan-
dibles became multi-purpose tools that are assistespe-
cialized musculature in both head capsuke)(P2001) and
prothorax (KELLER & al. 2014). The spatial relocation of
mandibles implies vulnerability of the remaining utfgparts
(i.e., maxillae and labium), accordingly all ant®led a
complex locking mechanism to protect these softecs
tures, and closure is tighter in the strictly preda Am-
blyoponinae, Ponerinae and Dorylinaee(KER 2008).
Ant workers are not simplified queensgER & al.
2014), they are highly specialized ground-dweliimggcts
that gather resources in a cost-efficient manmemany
lineages, workers are much smaller than conspeuifiged
queens, further highlighting their distinctness. gk flight-
less insects, ant workers have some of the moreregty
reduced thoraces, reaching nearly complete fusiail o
sclerites (Fig. 1). Together with forward-pointihgads,
the combination of simplified thorax, elbowed amta@,
and a petiole (Box 1) allow non-specialists to gguae
ants across most human culturess@ty 2006). Despite an
extreme diversity in lifestyles, the morphologyaot work-
ers is highly uniform (compared with morphologyeod.,
beetles). Besides the shape of head and mandidadg,
size (ranging from over 25 mm to 1 mm) is the noost-
spicuous variation among 13000 extant species.
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Fig. 2: Head width as proxy for workel
body size in ants (286 genera), SOCii 10
bees (21 genera), and social wasps (.
genera) (listed in Appendix S1). Maxi- I
mum width of head capsule excludinc o
eyes was measured in full-face view fc 1w
the smallest species of each ant genus. |
size-polymorphic species, the smalle:
worker was measured. Literature data we g
used for bees and wasps (such measu g
of head width usually include eyes).
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tissues known, and constitute 22 - 46% of body nrass
central-place foraging Hymenoptera(l®>oRI & al. 2013).
Estimates are unavailable for ant queens, butagtacpre-
emergence costs are high. Wingless workers an@sitr
cally cheaper to manufacture. In addition, wing oes

1) Ant workers have lower manufacturing and metabo-are expensive to maintain, because flying insemte hest-

lic costs than winged wasp workers. Moreover, arkers
show extreme reductions in size in many lineagegarD
workers (head width 1 mm or less) do not existdoial
wasps and bees. Miniaturisation and associatedli§iimp
cations in phenotypes led to even cheaper ant warks-
pecially in formicoids.

ing metabolic rates about three times as largeoadliers
(REINHOLD 1999).

All social Hymenoptera exhibit age polyethism, and
only the older workers forage away from the nésta/asps,
workers start to fly within a few days of emergeneghich
is vital in the event of nest relocation or escape pre-

2) Compared with social wasps and bees, several ardators (MATSUURA & Y AMANE 1990). Readiness for flight

lineages show huge size differences between quaahs
workers. This results from dwarf workers but alsoni
gueen specialization for increased fecundity (higgester
with numerous ovarioles) and independent colonydiau
tion, ICF (bigger thorax with wing muscles that are
larged relative to normal flying insects). Both #eravork-
ers and substantial metabolic reserves are reqtiired
"claustral" ICF, i.e., founding queens do not faramt-
side the nest. Claustral ICF is unknown in socadps and
bees.

3) All insect colonies have a finite energy budipett
can be allocated in different ways to produce eitfueens
or workers, and both these show enormous interBpeci
variations in body size. Ant workers can be cheafewn
claustral queens are very expensive. This indepaedef

throughout adult life implies considerable mainteca
costs, and these are eliminated in ant workersebiar,
callow workers in ants are confined inside the rzest
are not involved in defence. During nest emigraitrey
can simply walk along a pheromone trail or folloestr
mates. Young and old workers require different matudl
sensory abilities, thus metabolic costs can bentipéd
better than in flying wasps. Harpegnathos saltatoron-
ly older workers have functional poison gland stores
(HAIGHT 2012). InPheidole dentataworkers emerge with
incompletely developed mandible muscles, and thregare
only later in life to bite and carry loads (MdCEDERE&
al. 2011) In Camponotus floridanyghe brain and mush-
room bodies change physiologically according to agg
task (GRONENBERG& al. 1996). Such age-related physio-

costs between queens and workers enables novid-stra logical adaptations make division of labour amoriggar

gies of caste "packaging", especially in formicoi@slony
sizes increased whenever this was selected for.

less workers remarkably cost-efficient.
Another essential requirement for flight is compdun

4) In social wasps and bees, queens and workells (boeyes with high spatial acuity to measure distanoésavoid

winged) do not diverge much in body size or periteap
costs, hence options of caste allocation are lonitéhis
hinders exploiting the benefits of two morpholotjicape-
cialized castes.

5) The existence of dwarf workers and big queerf@rin
micoid ants promoted the sporadic evolution of &efghe-
notypes with intermediate body size, such as aesatdste.

Wingless workers are cheap labour
Obvious cost savings stem from the lack of wing cles

obstacles. Like wing muscles, eyes must be fullgrap
tional in all adults. Eyes and associated neuralarés are
costly structures to manufacture and maintain, thede
is strong evolutionary pressure to reduce therhéatini-
mum needed for adequate functidveN & al. 2007).
In ants, young queens require many ommatidia fand|
but the brain and optic lobes shrink after matedems
dealate and move below groufddLIAN & GRONENBERG
2002).Being pedestrian, ant workers have eyes that are
strictly related to foraging needs, and they aee fo di-

These muscles are among the most metabolicallyeacti verge from conspecific queens if costs exceeditheds
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Box 2: Walking versus flying — cooperative trangpor2D or 3D.

Thousands of ant species (mostly formicoids) livérées. Shifting from ground to arboreal life laadistinct mean-
ing for pedestrian versus flying insects, an analwgh KASPARI& WEISER (1999): The 2D world of ant workers
is dramatically expanded in trees, with a hugeeaske in the surface area over which to walk anag®i(even
within a small volume). Only large colonies haveegh workers available to spread out and searcre&wurces,
e.g., dead arthropods or sweet secretions.

Cooperative transport has evolved multiple timeants, with much variation in sophistication anfeetiveness
(Czaczkes & RATNIEKS 2013). Foraging on foot allows the cooperativeiegal of food items, but this is rare in
arboreal species @AMOTO & al. 2008). Big prey are usually cut up and smghieces are carried back by single
workers. Social wasps behave similarly.

Let's imagine the hypothetical evolution of dwaidsp workers: Many tiny flying insects cannot croavdund a
prey and carry it, simply because wings becomenalibap, a barrier to cooperation. Ants have no fuoblems
because they can walk on top of each other, selsyais thick. Cooperative behaviours differ betwamlking

and flying insects for purely mechanical reasons.

benefits of better vision. Solitary predators sasharpe-
gnathos MyrmeciaandMyrmoterashave high spatial re-
solution (a few thousands of ommatidia per eye)ilavh
trail-following generalists have a few hundredoofma-
tidia (GRONENBERG2008).

Winglessness allowed the evolution of dwarf workers
in many genera

Miniaturisation is one of the principal directioatevo-

central place foragers. Food must be transportdidint
which may be incompatible with pronounced reduction
body size (parasitic wasps are tiny but need anfljytbe-
tween hosts). In addition, close cooperation antmgrf
flying individuals may be ineffective (Box 2). TiBethy-
lidae, solitary and wingless, are among the tinfestle-

ata (BvaNs 1978), confirming that flight loss can allow
miniaturisation.

Assuming that winglessness removes proximate con-

lution in insects (BLiLov 2015). Microinsects (adult body straints on the evolution of dwarf workers in anthy is
sizes smaller than 2 mm) show many reduced or simpl this adaptive? Body size affects the food types tlaa

fied traits (e.g., cuticular structures, internadlaense or-
gans), and this often corresponds to diminishetitialsi
such as poor flight and short adult lifespans gaitfin mus-

be exploited, and selective pressures appear todsdly
ecological. Dwarf workers can be specialised padain
tiny soil arthropods like collembolans and mitesaat re-

cles, nervous and reproductive systems are not @»mp source (e.g., Msuko 2009). Dwarf workers are matched

mised. Likewise, ant workers can have diminisheenph
types relative to conspecific queens, becausefth®itions
are complementary.

for size with many aphids and scale insects, aligwior
efficient manipulation. Body size affects the whgttorga-
nisms perceive the surface of the eartagiKar! & WIE-

Using head width as proxy for body size, we com-SerR1999). Tiny size opens up new niches: soil inteest

pared workers from all three groups of social Hyoptara
(Appendix S1, as digital supplementary materiathie
article, at the journal's web pages). Our datacigi that
only ants have heads 1 mm or less wide (Fig. Zh S8warf
workers exist in 229 / 286 of genera in the sanmpde
measured. In 71 of these genera, head width i v+
(Appendix S1), corresponding to a total body lergghmm.
Dwarf workers evolved across most ant subfamilies,
they are predominant in various formicoids (App&risil).
In some genera (e.gd\detomyrmaCardiocondyla Hypo-
ponera, Leptanilla, Nylanderia, Plagiolepisiwarf work-
ers occur in all species, while they occur sporatidan
other genera (e.gAphaenogasterCamponotus In some
lineages with polymorphic workers, dwarf individsi@lor-
respond to the lowest body size (eAfta, Cataglyphis.
The workers of many ant species are exceptionalglls
among the Aculeata. Dwarf workers do not existdcial
wasps and bees (Fig. 2; Appendix S1); this is when
considering either body length or head width (thitelr
overestimates body size in flying insects becadsbe
compound eyesMicrostigmus(Crabronidae) that hunt col-
lembolans are the smallest social wasps, whileyletas
and allodapine bees are smallest. The lack of dwasps
and bees suggests the importance of flying comssréor

leaf litter or inside the stems of live plants. Bumicro-
habitats can be both foraging grounds and nestieg,s
and indeed dwarf queens exist also. Species wittrfdw
workers can become involved in mutualistic assamat
(cleptobiosis) with dramatically larger ants, eStrumi-
genysandPlatythyrea(YEO & al. 2006). Invasive ants are
often smaller than native congeneric species, lyjgtihg
the importance of worker body size and colony dizeng
interspecific fights (MGLYNN 1999).

All organisms are faced with the evolutionary difeen
of producing either a few expensive offspring, camm
cheaper ones. This dilemma is much more complae-in
cial insects (for ants, seedMET & al. 2008) because (1)
resources are allocated to either queen or workstes,
(1) queen-worker dimorphism differs considerabfrass
species, (lll) new queens disperse while new warker
main in natal colonies, hence increased allocatomork-
ers produces bigger colonies, which is a key edoddg
parameter. Like caste allocation, body size isnoft&om-
promise between ecology and colonial economy. Colo-
nies have finite energy budgets, and decreasingifaen
turing costs of workers allows to produce more e
(however, smaller workers probably have higher mass
specific metabolic costsH& 2010). In social insects, ex-
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tensive cooperation between workers outside theales
lows marked reductions in body size (Box 3).

BOURKE (1999)gave an alternative explanation for body
size, arguing that smaller workers give the quegreater
monopoly over egg production. Given the determirimg
fluence of body size on food regimes and otheragiol
cal parameters, we think it unlikely to be outweidhy
the resolution of colonial conflicts.

Queen-worker differencesin size allow the evolution
of claustral foundation

Many social Hymenoptera start new colonies indepetid
ly (ICF), and the queen phenotype is under inteseec-

tion during this solitary stage (dependent colomynida-

tion occurs in many other specieR@\IN & al. 2013,

and below). Independent founding species are eitbie+

claustral or claustral. Non-claustral ICF occursatial

wasps and bees, poneroid ants and a minority wfidords,

while claustral ICF is restricted to the three miagpor-

tant formicoid subfamilies (Dolichoderinae, Formiaé

and Myrmicinae). As we will show, this pattern afcor-

rence matches closely the extent of size dimorpltiem
tween queens and workers.
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Fig. 3: Relationship between body size and ovarmoie-
bers in workers from 34 poneroid and 61 formico& g
nera ("dwarf" defined as head width < 1 mm). Ineyan

Non-claustral foundresses must forage during séverawith more than one species dissected, the lowasbeu

weeks to feed their first workers. In all ponero@sl a
proportion of formicoids, queens have worker-lileck
muscles (KLLER & al. 2014), and they can hunt outside
the nest just like workers. Body size differencesaeen
gueens and workers are small in non-claustral epgegiith
two consequences: () Foundresses need to prodste f
offspring that are almost the same size as themsg(il)
foundresses have little metabolic reserves, and wins-
cles provide insufficient amino acids to rear tingt farvae.
Foraging by queens until the first workers takeraway
be associated with a low success rate, althougthate
are available. In social bees and wasps, queemetase
their wing muscles as a food store, hence they foust
age even more than in ants. However, the firstpoiffig

is included.

myrmex...) may be either basal or a reversal. Size fimo
ism between queens and workers is low in all these
claustral species. If successful, queen foragimgpecaduce
more first workers, unlike claustral species whigeno-
graphy of the first brood is limited by metaboléserves.

Dwarf workers have reduced ovaries?

Microinsects often show simplification in interraigans
(PoLiLov 2015), so what about the ovaries of dwarf work-
ers (i.e., head width 1.0 mor less)? A comparison of
ovariole numbers in a sample of 106 genera belgnigin
all major subfamilies indicates clear trends in tbéuc-

of bees and wasps can be much smaller than subigequdion of worker ovaries relative to queens (F. Ito&&

offspring.

In sharp contrast, claustral foundresses can hedr t
first brood of workers without outside food. Thegriy
large metabolic reserves (fat and specialized gopaio-
teins), and the wing muscles are hyperdevelopeay
this extra load (HLMS & KASPARI 2015). Importantly,
claustral species have workers that are much smbe
gueens, including dwarf workers in many specied,thas

Peeters, unpubl.). In a majority of poneroids, \eoskhave
as many ovarioles (usually six or eight) as quéEits 3).
Dwarf workers tend to have fewer ovarioles, andythe
lack ovaries in six genera, i.&nochetugat least four spe-
cies),Brachyponerdall species)Hypoponergall species),
Leptanilla(three species),eptogenygthree species) and
Myopias emery(VILLET & al. 1991; F. Ito & C. Peeters,
unpubl.). InProbolomyrmex dammermaibioth workers and

much fewer resources are needed to feed them 1t adu queens are dwarf and have two ovariola® 1998).In

hood (FEETERS& MOLET 2009). In addition, "nanitics"
(workers smaller than the average) can be rearéiein
first brood, and their accelerated developmenta|tor-
aging to begin earlier. Claustral ICF is thus awaf trait

most formicoids, workers have only two ovarioles(B),
even though body size is large in several genemkgys
with more ovarioles are mainly confined to Ectatamm
nae, Myrmeciinae and Pseudomyrmecinae, but aldalsoc

associated with a pronounced divergence betweeenque parasites in Formicinae and Myrmicinaes{hze 1996).

and worker phenotypes. It relies on a colonialtetna of
heavy reproductive investment prior to dispersadi tis
is energetically possible only in populous colonies

A majority of ant species are claustral (reviewed i

Among genera with dwarf workers, ovaries have lween-
pletely lost in at least eight genera of Myrmicinae.,
Cardiocondyla Carebara(including Pheidologeto)) Mono-
morium Pheidole SolenopsisStrumigenysTetramorium

KELLER & al. 2014), but none of the social bees and waspsandVollenhovia In Dolichoderinae and Formicinae how-

Non-claustral ICF is the basal condition among foaidls,
e.g., subfamilies Ectatomminae, Heteroponerinae;,- My
meciinae and Pseudomyrmecinae. Its occurrenceniie so
Formicinae (e.g.Cataglyphis Myrmoteras Polyrhachis
...) and Myrmicinae (e.gAcromyrmexMessor Pogono-
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ever, dwarf workers without ovaries are unknownténo
that Linepithemaworkers have four ovarioles, in contra-
diction with WILSON & NowaAk 2014). Retention of ovaries
by workers is adaptive to produce either malesapttc
eggs involved in food exchange (e.gQEBN & al. 1998).
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In social wasps and bees, workers lacking reprodeict
organs are unknown.

What is the effect of body size on the presenca of
spermatheca, which is a complex structure nece$sary
long-term sperm storage? Only a small proportiess(than
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Fig. 5: Differences in dry weights between queahworker
castes in 20 poneroid and 39 formicoid specietedim
Appendix S2). Two grid lines indicate lack of cadie
morphism (W = Q) and queens that are ten timesiaeav
than workers (W = Q / 10).

wasps, maximum caste dimorphism occurs in some spe-
cies ofVespa DolichovespulaandVespula but queens
are never more than twice the size of workers, @oid-

200 species) of poneroids have workers that care matnies have just over 1000 workers (maximum number of

and produce diploid offspring (®NIN & PEETERS2008),
but workers in many other poneroid species retaima

complete spermatheca (it cannot be found in soree sp

cies with dwarf workers) (G8IN & al. 2008). Importantly,
workers in formicoid subfamilies completely laclsper-

cells is ca. 4500, reaching 10,000 — 15,000 celi3ali-
chovespula(MATSUURA & Y AMANE 1990).

WILSON (2003)describedPheidoleworkers as a "throw-
away caste — small, light, cheaply manufacturedrtsh
lived and lacking ovaries". This description seesakd

matheca, except some Ectatomminae and Myrmeciinador dwarf workers in many genera from Dolichodegna

Wasp and bee workers all have a spermathecad&&
al. 2008), excepApis (GOTOH & al. 2013).

Dorylinae, Formicinae and Myrmicinae. In generalrfi-
cinae and Myrmicinae workers weigh much less than p

Concerning queens, increased ovariole numbereés a r neroid workers (Box 3). As explained elsewhere,iaiin

markable characteristic of ants, because most|doe&s
and wasps do not show caste differences in ové&tigis
is one exception) (F. Ito & C. Peeters, unpubl.grélova-
rioles means that more eggs can develop and meduare
currently. Among formicoids, some queens are hidédy
cund (exceeding 100 ovarioles), but other specéa® h
gueens with few ovarioles (Fig. 4). Conversely,dqbeens
of a few poneroids have many ovarioles, reachingr30
even 60.

Large queen-worker dimor phism and increased colony
sizes

turisation has been associated with reduction oéisd
traits (e.g., cuticular structures, compound egtdBg ap-
paratus, ovariesPheidoleworkers can have less than 20
ommatidia per eye, enough to obtain some visualrinf
mation (RAMIREZ-ESQUIVEL 2012). In species with size-
polymorphic workers, a correlation exists betweedyb
size and ommatidia number, and the latter matchighe
quirements for different tasks RBNENBERG2008).

An aspect of the reduction of manufacturing costs i
some formicoids was revealed by a histological wtoid
cuticle thickness, comparing 33 species from sbfam-
ilies. There was a clear trend from the heavy eslesin

Several extant poneroid ants have queens and veismgle of Ponerinae to a thinner one in Dolichoderinaenficnae

workers that are almost the same size, while othens
bit limited divergence (BETERS1997). The continuum in
gueen-worker dimorphism is much greater in forndsoi
little in Ectatomminae and MyrmeciinaeHPrers1997),
very pronounced in a majority of Dolichoderinae ripo
linae, Formicinae and Myrmicinae. Extreme divergenc
evolved repeatedly and convergently from ancestors
which workers and winged queens are similar in bezs.
Different manufacturing costs underlie queen-wordker
vergence, as evidenced by similar dry weights fumep
roid queens and workers (Fig. 5, such basic dataar-
prisingly scarce in the literaturesTHINKEL 2011). Among
formicoids, queen-worker differences in dry weighasy
considerably, but they are very high in severabggrmany
of them with dwarf workers (Fig. 5). In at leastdénera
(Appendix S2), queens weigh as much as 10 - 50vods
ers (not dwarf in all species). But in other forofits, queens
weigh only 2 - 5x as much as workers, ICF may b no
claustral and colonies do not exceed a few thousdnd

and Myrmicinae (C. Peeters, M. Molet & J. Billem-u
publ.). Nonetheless various formicoids have a thidticle
as an adaptation for specific lifestyles, e@plyptomyr-
mex Cataulacus CephalotesMeranoplugMyrmicinae),
Echinopla andPolyrhachis(Formicinae). Cuticle is an ex-
pensive resource at colony-level. Given age polgeath
the drawbacks of a thinner cuticle (dessicatiootgmtion,
...) are only relevant at the end of workers' ljwgisen they
become active outside the nest. Hence producingessr
with a cheaper exoskeleton may be selected inial son-
text. The thinner cuticle of an individual equalsos-
cule cost savings, but these are considerably &etpin
populous colonies. All ant workers have a reducedan
notum (dorsum of second thorax segment) because it
longer functions for attachment of wing musclesxBg.

In some formicoids, this segment is consideralpetad,
e.g., AphaenogasterMyrmecig Myrmoterasand Oeco-
phylla, as opposed to most Ponerinae where the entire tho
rax remains bulky. It is a moot point that this oehalling
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Box 3: Just six legs or ten times six legs?

Ponerinae workers are generally large insects, hiegg5.3 mg on average (range 0.14 - 21.2 mg, saopl6
genera listed in Appendix S2). Formicinae workeesrauch smaller, weighing 1.45 mg on average (réng® -
3.9 mg, sample of 11 genera), and Myrmicinae warkezigh 0.39 mg on average (range 0.06 - 1.19 amgpke of
14 genera). Roughly speaking, one ponerine worffeals the weight of four formicine workers, or 14rmicine
workers. But this ratio can exceed 300 if we sesgEicies at extremes of the ranges. This disparigyso true
within species exhibiting worker polymorphism —@arebara diversaone big soldier weighs the same as 100
dwarf workers. So much for manufacturing costs.

In all insect societies, the number of autonomaitsii.e., six legs) is a critical ecological paweter — units search
for food independently but can cooperate during mapture or transport. The evolutionary shift franfew units
to many tiny units is affected by foraging needd aalonial economy. Ants are the greatest scavergsrause sq
many units are available to patrol simultaneously.

Ant biomass is extremely difficult to measure relia(i.e., extrapolation and guesswork), and isveany not a good
measure of ecological dominance. The importan@nts lies in their amazing prevalence and dominaanue their
ability to exploit many trophic systems. It's alicut the number of foragers active outside the,lesking for

different kinds of food.

of the worker thorax represents convergent attetoptp-
timize the cost of a wingless aculeate wasp. Antkexs
also save cuticle inside the thorax, because tregpiata
(see Box 1) no longer exist as a result of losiimgwnus-
cles (KELLER & al. 2014).

Ant workers: cheap but very effective labourers

The evolutionary trend of miniaturisation in antnkers
has not affected their effectiveness as groundueds.
Winglessness brought about selection pressuréscfeased

Comparing brood time schedules across poneroids andiversity in defence strategies.

formicoids hints at quicker development among Hieet

(1) Defence adaptations: An important function of

(KIPYATKOF & LOPATINA 2015). Eggs to adults takes 2 - 3 flight is to escape predators. Wingless ant worlagesin-

months in poneroids, but this is shortened almggtdif

in various formicoids. The scant data in the liter@ do not
allow us to determine the effect of phylogeny, rtbee
less it can be expected that dwarf workers develigker.
Besides, various microinsects are characterizezktogme-

ly short adult lifespans (e.g., few days in bradomasps).
In ants, longevity is generally correlated with gaize:
Smaller workers live shorter iBolenopsis invictge.g.,
CALABI & PORTER1998). Longevity needs to be investi-
gated in dwarf ant workers.

Together with queen adaptations for higher fecyndit
lower per capitacosts of workers allowed colony size to
increase by several orders of magnitude in variousi-
coids (e.g., ¥OLLDOBLER & WILSON 1990,KASPARI &
VARGO 1995).Colonies exceedinfj0° or 1& workers are

herently vulnerable (especially to other ants) egt¢hat
they evolved defence adaptations generally absesu-
cial wasps and bees. Solitary hunting wasps usstitig to
paralyse the prey on which they will oviposit, haweg
social wasps subdue their prey with mandibles #ed t
sting functions for defence instead, e@olichovespula
VespaandVespula(lwATA 1976, MATSUURA & Y AMANE
1990). Because social bees and wasps can fly éapegce-
dators, their sting is often used against largeebeates in-
tent on stealing brood in their nestsATMUURA & Y A-

MANE 1990). In ants, mandibles and sting are important

tools for defence, especially against vertebratbde vola-
tile chemicals are often used against ant enerdiesLER
1979). Mandibles are also used to bite or stun,pray,
trap jaws. Spines on thorax or petiole are commaome

unknown in social wasps and bees, even though golonformicoid lineages and confer passive protectioairasy

biomass may be similar. In many ant species, pajulo
colonies are associated with dwarf workers. Thisow-
ever, not always the case, especially in poneréidsin-
stance, two species with head widtl®.5 mm Probolo-
myrmex dammermaaindPrionopelta kraepelinihave col-
onies of 14 and 60 workers, respectivelyo(lL998,1T0

vertebrate predators (BCHINGER& MASCHWITZ 1984),
while social wasps and bees lack spines. Othemdefe
techniques include a thickened cuticle, camoufldgath-
feigning and cliff jumping (reviewed in ®1LLDOBLER &
WILSON 1990: tab. 10-3).

Poneroids and some formicoids (e.g., Dorylinae jgixce

& BILLEN 1998). Several poneroids with heads < 1.0 mmDorylus (KELLER 2011), Myrmeciinae) have a long and

(e.g.,Brachyponera nakasyjDiscothyreasp. from Java,
Hypoponera Myopias emeryiMystrium camillag have a
few hundred workers or less in colonies. Among ferm
coids,Gnamptogenys cribrathas head width of 0.5 mm
and colonies average 27 workers(I& GoBIN 2008),
while tropical twig-dwellingPheidolecolonies consist of

manoeuverable sting that can pierce arthropod|eusdicd
inject poison gland secretions. Dacetine ants (Nlyimae)
use their mandibles to catch prey which is thengst(e.g.,
MASUKO 2009). In Dolichoderinae and a proportion of
Myrmicinae, the sting apparatus is variously reduice
strength and size (less muscles, simpler and Hesos

less than 50 workers. Most of these species alse ha tized components) (BGLER 1979), and the sting is ex-

miniaturised queens with limited fecundity. Thusfpem-
ance benefits linked to life inside plant stemsleif lit-
ter or underground are sufficient to select for dwsize.
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truded merely to release volatile secretions. Imficinae
the sting is lost and formic acid is sprayed atcommts.
Non-stinging ants often have biting mandibles wigil-



developed muscles, or even a soldier caste witlehyp
developed heads almost filled with mandible muscles

In parallel with the reduced importance of the gtin
chemical weaponry was enriched in myriad ways acros
formicoid subfamilies, often in concert with collize de-
fence behaviours (BLLDOBLER & WILSON 1990). An ar-
ray of exocrine glands produce repellent compouadd,
most of these glands are absent in wasps. Stemdland
even metapleural glands produce toxic substancdg-in
ferent lineages (KGLER 1979, PASSERA & ARON 2005,
BILLEN & al. 2011), and the functions of other glands re-
main unstudied. IiLasius spathepudarge mandibular
glands produce strongly smelling substances thié mats
unpalatable to treefrogs ANIGUCHI & al. 2005). InCre-
matogaster striatulaDufour's gland secretions released on
the protruded sting function to paralyze termiteypwith-
out direct contact, to recruit nestmates in thénitig and
to repel competing ant speciesRIRET & al. 2011). Thus
the same pheromones can function for defence anditre

ground temperature is too high (45°C) for otheests
(GEHRING & WEHNER 1995). Other species can forage in
a broad range of temperatures, e.g., Argentinecambe
active between 5 to 35°C in western JapabuyAMA &
al. 2004).

2b. Day and / or night: Intropical regions
where temperatures remain high at night, numenousyee-
cies continue foraging activities A¥IANE & al. 1996 in
Borneo,KAspARI & WEISER 2000 in Panama; F. Ito un-
publ., in Japan and Malaysia). A literature suriveljcates
29 species in 16 genera that are day-active, 2diesp€l1
genera) that are night-active, and 98 species ¢4@mm)
are active night and day (24h foraging). Intereg$inNo-
thomyrmecias strictly nocturnal but only on cold nights
(5 - 10°C), which suggests avoidance of competitafs L -
DOBLER& TAYLOR 1983).

Many ants forage in the dark because workers dan or
entate on the ground with chemical trails. Howeweark-
ers in some nocturnal species have highly speethtism-

ment. However, many species release alarm pherasmongound eyes allowing for visual navigation.Rolyrhachis

from the mandibular glands which function exclubsive
increase the number of defenders in one spot.

Availability of numerous workers underlies the defe
sive strategy of many species, and the death odrieds
of defenders is sustainable at colony-level. Durirtca-
and interspecific fights in ants, smaller workehsays
lose against larger workers in one-to-one encoantart
in group-group encounters, bigger teams of worksts
ally win irrespective of body size (MGLYNN 1999). The
combination of numerous workers and a few spe@dliz
bigger soldiers is another winning formula in vasants,
e.g., manyPheidole

(2) Activity schedules: Insects need optimal body tem-
peratures to fly. Bees and wasps must generateboiieta
heat to activate their flight muscles, and thisstains their
foraging schedule, e.g3ombus(HEINRICH 1993). In tem-
perate climates, this thermal regulation is enecg#y
costly. Various species of wasps and bees can #usipt
window of activity to either high or low ambienntpera-
tures, but not both. By doing away with flight, ambrk-
ers are released from this constraint and can fuliuge
variety of foraging needs. For example, specializedt-
ers have temporal schedules that match their pregis
terns of temporal activity are an important paranet-
lowing species with similar diets to coexist.

2a. High and / or low temperatures:
Because they walk on the substrate, ant workeesifiva
different microenvironment from wasps and beessK
PARI & al. (2015) discussed how surface temperatures ar
critical for the activity limits of small insect®oundary
layer microclimates near surfaces can superheativel
to the air above (EINRICH 1993). The broad range of body
sizes exhibited by ants offers a wide range oftar
tolerances in the same ecosystem. In a Panama asse
blage of 88 species exhibiting a 1000-fold spatady
sizes, tiny ants experienced boundary layer climdte-
tated by convection, while larger ants experiencealer
air but increased solar radiationA8PARI & al. 2015).

In both deserts and cold regions, ants dig undengto
nests to escape harsh conditions, and foragingtgatan
be highly seasonal. Desert specialists (€gtaglyphis
Melophorus Ocymyrmekhave physiological adaptations
as well as long legs, and they often become acinge

sokolova solitary foragers are active day and night (i.e.,
during low tides), and ommatidia show various adapt
tions to cope with the dramatic variation in ambikght
intensity (MARENDRA & al. 2013). Using the ground plan
of insect eyes, several ants evolved workers wids ¢hat
are well-adapted for both diurnal and nocturnadiyles.
No other insects have such opposed requiremendss, an
anyway 24h foraging activity makes no sense fatayl
insects. 24h foraging is the sum of the activitésliffe-
rent individuals, hence each worker must be equigpe
both day and night vision. Such 24h ants are véduadrt-
ners for mutualistic plants and insects, providifigctive
defence against enemies and herbivores.

24h foraging is unknown in social wasps and bees. A
few tropical species independently evolved noclurahits,
e.g.,Apoica Megalopta Provespaand Xylocopa(Rou-
BIK 1989,MATSUURA & YAMANE 1990), but foragers fly
only during a few hours of dim light (after sunsat full
moon).Vespa crabrdoragers collect tree-sap on oak trees
during day-time, and continue 3 - 4 hours aftersgtin
(MATSUURA & YAMANE 1990). Nocturnal bees and wasps
use visual cues during flight, with eyes and oadithwing
similar specialisations (MRRANT 2008) as in ants. This
indicates that the lack of 24h foraging in socialsps and
bees is not caused by sensory constraints, biérratio-
logical specialization for either night or day. Bhants and
termites are the only social insects that realidedfull
potential of non-stop foraging.

Dwarf workers and big queens promote the evolution
of additional helper phenotypes

Many ants have monomorphic workers, and division of
labour is based on age differences only. Other laans
morphologically diverse helpers, and these do Rrist @
wasps and bees (except one stingless brETER & al.
2012). Helpers with bigger body size include boolyp
morphic workers (same growth rules but small amgda
individuals differ in shape due to allometry) amddgers
having morphological traits absent in workers (désed in
MOLET & al. 2014). This intra-colonial variation in helper
size and shape evolved repeatedly and convergaaribgs
ant lineages. Soldiers are mostly restricted toyliuae,
Formicinae and Myrmicinae (at least 25 genera,getd?s

125



& F. Ito, unpubl.). Size-polymorphic workers oceuore
widely, including a few poneroids EBTERS& MOLET
2010) andMyrmecia(e.g., HGASHI & PEETERS1990,DIE-
TEMANN & al. 2002).

Bigger helpers are not always associated with maysul
colonies. For examplé&canthomyrmex ferasolonies have
25 + 11 workers and 2.6 + 1.5 soldiers with spénéal
mandibles and enormously enlarged muscles to digsh
seeds (GBIN & 1T02000). InCephalotessoldiers evolved
different head shapes to block nest entrances rying
diameters (i.e., phragmosis) QRELL 2008). In other
genera having dwarf workers, additional helpersquer
functions where large size is an advant&peidolework-
ers have a vestigial sting and lack toxic defensivem-
icals (energetically expensive), instead the stiteagd
mandibles of soldiers underlie colony defencaL@un
2003).

Bigger helpers increase the efficiency of divisahn
labour in colonies, yielding fitness gains thaseffhigher
manufacturing costs @ER& WILSON 1978). This is par-
ticularly true if bigger helpers can combine trapfinc-
tions with defence or heavy liftingcanthomyrmesoldiers
not only have a specialized head but their ovariesjueen-
like and produce numerous trophic eggogB! & ITO
2000). Repletes in other genera have hypertroptaed
bodies or a distended crop filled with glucose-figuid

but extra workers are needed for successful fogndse-
cause ant brood is readily transported, unlike aspg and
bees, colony fission is very efficient in antR@ENIN &
al. 2013), and DCF strategies contribute as muataars-
tral ICF to their evolutionary success.

Cheaper workers makeit profitable to shift diet?

An intriguing difference between ants versus sobesds
and wasps is the higher diversity in ant dietsig@aasps
are predators, with no reports of scavenging ouliagg
honeydew feeding (&5s& MATTHEWS 1991). Social bees
consume nectar and pollen, a high-energy protemace
food needed by larvae (WHENER 2007). Exceptions to
this monotony in diet are very few: Some stinglesss in
the Amazon feed on dead meab(RIk 1989),Vespacon-
sume fruits and tree sayespulascavenge sun-dried fishes
and squids in coastal villages AVSUURA & Y AMANE
1990). In obvious contrast are the ants, inclugireglators
on invertebrates (both generalists and specialfatsjlators
on ant brood, scavengers, herbivores (honeydevewadt
plant secretions), granivores and fungivores. WHayaants
more evolutionarily flexible in their diet? Firstawneed to
realize that this is characteristic of some forrdsanly,
i.e., Dolichoderinae, Formicinae and Myrmicinaen&o
roids are strict carnivores, and only few special$ect
honeydew (e.gQdontomachusParaponerd. A propor-

(WHEELER 1994), thus the larger gasters typical of bothtion of formicoids are predominantly predators aitgh

soldiers and major workers are adaptive for foadagte.
Ant repletes innovate by using their own bodiedjken
various bees that store food in wax cells (in wasips

their diet includes insect carcasses, sweet sensetind
honeydew. There is evidence that evolutionarysbifdiet
can occur readily, requiring only behavioural ainggio-

larvae function as replete§uch repletes are possible be- logical modifications: In arid regions of Australgpecies

cause of winglessness. Similarly, big heavy headkem
soldiers unsuited for flying.

in the morphologically conservative genMglophorus
(Formicinae) are mostly generalist predators amayest-

MOLET & al. (2012)pointed out that soldiers are often gers but include specialist predators of termitelado-

mosaics of workers and winged queens, and hypattbsi
that existing developmental programs can be relgutd
generate novel castes. The bigger the size dinwrphe-
tween workers and winged queens, the more posigbili
to develop mosaics — and some can be helpful éocdh
ony. In social wasps and bees, winged queens amgedi

myrmexbrood, seed harvesters and honeydew collectors
(ANDERSENZ2007).
All social Hymenoptera are central place forageosd
is located at various distances from the nest hed tar-
ried back. The metabolic costs of foraging aretlygmked
to the energetics of locomotion. Flapping flightvisry

workers are too similar in phenotype and develogmenexpensive, anflight metabolic rates are about 10x the
costs, consequently a mosaic cannot contribute tmch rates for running insects of similar size(sN & SCHAR-

colony fitness. This is also true of poneroids forchico-
ids with limited caste divergence.

Wingless workers make it possible to evolve per ma-
nently wingless queens

In contrast to species having queens that are &l
solitary founders, many other ants use dependdahgo
foundation (DCF) whereby queens are continuoudiyeloke
by nestmate workers. Such queens are no longpotetit
and rely on workers to feed and protect their br¢rest-

LEMANN 2005). Although walking is cheaper than flying,
foraging on foot is not cheaper than aerial forggindeed,
flying insects can move over large distances diadilt
terrain very effectively. NLSEN (2001) considered three
components in the energetics of foragingRhytidoponera
aurata resting metabolism (i.e., while motionless), cafst
locomotion and cost of carrying a load. All thremsmpo-
nents are influenced by body size, hence a shifitarf
workers may affect the benefit-to-cost ratios dfatent
diets. Body size of workers is seldom consideredrayst

TERS 2012). Since queens disperse on foot together witlthe many factors determining protein:carbohydnatakie

workers, wings are no longer required (unlike waespd
bees in which queens and workers fly during DCRYl a
wing muscles can be lost to reduce costs. "Erdafaitker-
like, referring to the simplified thorax caused lagk of
wing muscles) and "brachypterous” (short-wingedemns
occur sporadically across poneroids and formicrgs-

targets. Dwarf workers have higher maintenancesdsse
SHIK 2010)that may explain high intake targets of carbo-
hydrates such as honeydew.

Conclusions: Ant success due to sociality or wingless
helpers?

TERS 2012). The exception is subfamily Dorylinae where Flight had a pivotal role in the formidable divédication

most species have ergatoid queens; these can tteigia

of insects. Aerial dispersal remains of prime intpoce

DorylusandEcitonbecause of no flying constraints. Queensin ants (queens and males), but ecological dommésc
involved in DCF are often produced in small numbers based on wingless workers that prevail numericathpss
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Fig. 6: Consequences of winglessness and dwaréanh,
interactions between these.

the entire clade. This union of flying and walkiisgune-
gualled among insects. The first ants evolved ergtbund
(as evidenced by prognathous heads), and aculesfgm
ology became adapted for non-flying helper rolesx(R).
Extensive divergence between flying queens and legsg
workers evolved repeatedly, unlike social waspstzeabs
where caste divergence is curbed by flying constsai
Nonetheless, caste dimorphism is moderate in mang-p
roid and formicoid ants. This highlights the imp@aorte of
further adaptations that became possible once wiads
been lost (Fig. 6). In particular, general progsrtdf in-
sects make miniaturisation a widespread evolutipoar
tion, and many ants took advantage of this. Migeats
generally exhibit reduced structures, and simplifieor-
phology (eyes, thorax, ovaries) is appropriaterforkers
that are infertile and interdependent with queéng work-
ers live longer than most solitary insects, buy tre short-
lived relative to conspecific queens. This differeris in-
herent to age polyethism and mortality associat¢hl for-
aging outside the nest, so workers can be desigmzd
cheaply than queens. Workers do not require at fligirax
with specific biomechanical properties, thus theskele-
ton became thinner. Savings in manufacturing anch-ma
tenance costs are often minute, but they are gresh-
nified in colonies with thousands or more workeéds-
velopmental costs are also reduced in ants, wito@as
becoming thinner from Ponerinae to Formicinae, alid

Ants, bees, and wasps all experimented with sdgiali
for many millions of years, driven by ecologicahleéits
of cooperation that are enhanced by close relassine
(Boomsma 2009). Some lineages are left as relicts of one
stage or another, while other lineages broke thaug-
cessive evolutionary barriers. Focusing on morpiiokd
differences among female adults, we recognize thyees
of colonies in eusocial Hymenoptera: (a) All adute
morphologically equal, i.e., bees, wasps, ants géimer-
gates; (b) queen and worker castes are distinctiberge
little in size, i.e., bees and wasps (winged woskea
proportion of ants (wingless workers); (c) caste®idje
strongly in body size, i.e., some Dolichoderinaeyp
linae, Formicinae, Myrmicinae. Queens and workdrs o
similar body sizes occur in poneroids, many forridso
and social wasps, and all show parallels in gertaodd
ogy: non-claustral ICF, a mainly carnivorous dietionies
of a few thousands or less. It is a sharp dividié ¥armi-
coids having dwarf workers, much bigger claustiaans
and often colonies with tens of thousands or mieuéure
studies may show that formicoids with dwarf workiensn
the bulk of ecologically dominant ant/iLsoN (2003)at-
tributed much of the evolutionary succesd$beidoleto
the cheap dwarf workers functioning in symbiosithwvaig-
ger soldiersHowever,Camponotusnd Polyrhachisboth
radiated into hundreds of species without dwarfkeos
(although queen-worker dimorphism in weight is rekna
able). This emphasizes that body size is paraniousntt
biology, and readily selected.

Termites are also social insects with wingless (zfteh
dwarf) helpers. However, termites are hemimetalslou
Immatures develop gradually into adults, withoutan®or-
phosis. For this reason the developmental baspmlyf
phenism is completely different (e.g.0KB & HARTFELDER
2008). Since all immatures participate in colonydar,
age-related variations in body size cause divisidabour.
The phenotype of termite "workers" contrasts slyanpth
the wingless workers in ants, because the lateerndults
with fixed morphology. Hence, hemimetaboly res$rimbm-
plex patterns of caste allocation in termites.

Cheaper helpers are arguably the very basis cfuant
cess, and all the emphasis cannot be placed oalispci
only. Our size and weight data are preliminary teip
reveal definite patterns in evolution. Such datdhen'char-
acters of eusociality" are easily obtained butczan the
literature (TSCHINKEL 2011). Although numerous and var-
ied adaptations are responsible for the evolutipaaud
ecological success of ants, we suggest that chainges
body size of queens and workers were decisive. WHih

minated in Dolichoderinae and Myrmicinae. To summa-initial condition of large workers closely resenmigjitheir

rize, per capita costs of ant workers have beenced
without compromising their effectiveness.

gueens, as in many Ponerinae (Box 3), dwarf wonkers
often selected to determine activities outsidertbst as

Dwarf workers exist across poneroids and formicoids well as the demography of colonies. Wingless waker

but only in some of the latter are they associatitdl big-
ger queens and huge colonies. This suggests traafishy
evolved initially for ecological reasons, and wasdi sub-
sequently as a blueprint to increase colony sizearflsm
can be an adaptation for solitary hunting on retstd prey,
e.g., in Ponerinae and Dacetini, and this is incatibje
with populous colonies. Many other lineages havardw
workers that scavenge or collect honeydew. Wingless
removed constraints on the reduction of body sind, co-
operative foraging means that dwarf workers arblgia

permitted to benefit fully from morphologically spalized
castes, unlike in social wasps and bees.
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