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1. Introduction

Competition is traditionally considered to be onk tbe most important
mechanisms affecting community organization in ai&dence for competition is
provided by a number of findings, including integiece behaviours between foraging
workers and colonies, and the spatial and/or teadpatterns of species distributions.
Emphasis is on dominance hierarchies, territoyiaind its various expressions
(e.g., "ant mosaics"), dominance-diversity relagiups, and the impact of invasive
species on native ant communities.

The stable coexistence of competing species, amlttte maintenance of local
diversity, however, can be promoted by many comgng mechanisms. Among
these, the role of various dominance-related tiHtetogether with spatial and/or
temporal resource partitioning seems to be the metestant, but factors that influence
the outcomes of competitive interactions (e.g., phesence of parasitoids, habitat
complexity, type of food source, etc.) can alsanygortant.

Nevertheless, besides the various forms of agonisihaviour, other
behavioural mechanisms relevant to competition lshalso be mentioned. Tool use,
for instance, may increase the ability of tool-gsispecies to compete more
successfully with other ant species. Similarlyptrobiotic relationships between ants
and various hemipterans (e.g., aphids, coccidspdrsp etc.) may not only induce
behavioural changes in the ant host, but alsoenty affect the organization of the

community by enhancing the success of ecologichiiyinant ant species.

2. Aims

The main objective of the research presented intlibsis was to explore the
composition and spatio-temporal organization of sub-Mediterranean woodland ant
communities. According to my overall hypothesisnpetition for different resources
(nesting sites and/or food) plays an important rolethe organization of the
communities examined, resulting in, inter alia, tfig regular spatial distribution of ant

nests and the increase of regularity in their sgao time, (2) the density-dependence



of nest spacing patterns, (3) the significancaadd-offs in resource use and thermal
tolerance, (4) the spatial and/or temporal (daihd/ar seasonal) segregation of
foraging workers of different species, and (5) tieezurrence of linear (transitive)
dominance hierarchies.

Besides the above-mentioned major studies on corntynarganization, some
minor studies were focused &mnenolepis nitenand Aphaenogaster subterranetne
dominant species of the ant communities examimethdse studies, | investigated the
winter activity of P. nitens and the tool-using behaviour &. subterraneain

retrieving food and its association with the cixpkdnthopperReptalus panzeri

3. Materials and methods

3.1. Study sites

Studies were carried out in two woodland habitathe Balaton Uplands in the
Transdanubian Mountains in mid-western Hungary. fitts¢ study site, Péter Hill is
situated in the middle of the Balaton Uplands, edieg 2 km southwest from the
village of Csopak to Balatonfured-Aracs. The secehaly site, Mogyords Hill is
located ca. 17 km north-east from Péter Hill betwdle villages of Litér and
Kirdlyszentistvan. In both sites, field work wasndocted on the south-facing hill
slopes.

The vegetation on the south-facing slope of PéikkridHcomposed of a mosaic
of karst shrub Qotino-Quercetum pubescentisand downy oak forestV(cio
sparsiflorae-Quercetum pubescehtigth downy oak Quercus pubescenand manna
ash Fraxinus ornu} as dominant tree species. The south-facing stdpgdogyoros
Hill is dominated by planted black pin€ifus nigrg stands mixed with young

deciduous trees, mostly manna ash.



3.2. Sampling methods

In both sites, ant nests were mapped in three ralydplaced plots of
7 m x 7 m in four time periods from spring to autug@10. Within each plot, the soil
surface, leaf-litter, fallen, rotten branches awmigs, fruits (e.g., acorns), galls and
empty snail shells were thoroughly searched totéoaat nests. The coordinates of ant
nests were measured to the nearest centimetethartgpe of nesting sites (i.e., under
stone, in the soil, leaf-litter, etc.) was recorded

Similarly to nest mapping, bait experiments weredieted in both sites in four
time periods from spring to autumn 2011. For bgitinoney and tuna fish were used
as bait substances to give choice between carbateydnd protein food. During the
experiments, three sets of baits, separated bi5Scan were randomly located. Each set
consisted of five baits placed on the ground alatige transect at 3-m intervals, and
five on tree trunks at breast height. Ants weresyed every hour for 12 consecutive
hours (7 am-7 pm) in spring and summer, and every for 10 consecutive hours
(8 am-6 pm) in autumn, ca. 45 minutes after theetent of baits. During each
ca. 1-minute observation period, species identiymber and localization of visiting
workers at baits were recorded, and the followinghdviour patterns were
distinguished: (1) feeding on bait substances {ifeg); (2) being present at baits
without any significant activity ("present”); (3)itiating an attack against an
individual of another species/colony ("attacking4) escaping from the bait caused
by the presence or attack of an individual of aeotbpecies/colony ("escaping"”).
Together with the hourly measurement of ant agtivdurface air temperature and
ground temperature at 15 cm depth were measurédavdigital thermometer.

The winter activity ofP. nitenswas assessed in the oak forest using baiting and
guadrat sampling on seven days between DecembeR 201 March 2013.
The method of baiting, the number and placemenbafs, etc. were the same as
discussed in the former section, however, with t&n@urveys, i.e., every hour for five
consecutive hours from 10 am to 3 pm. The actwitijoraging workers was estimated
also by using three randomly placed observatiorisptd 50 cm x 50 cm in size,

separated by ca. 15 m. The number of workers sesttei or entering the quadrats and



the type of prey carried over a 3-minute periodevercorded every hour for five
consecutive hours (10 am-3 pm). Together with therlly measurement of foraging
activity, surface air temperature and ground teiupee were measured as mentioned
above.

The tool-using behaviour &. subterraneadn retrieving food was assessed in
the pine forest using bait experiments on four daysugust 2013. For baiting, honey
and petroleum jelly were used as bait substanatsolBum jelly was used to test the
hypothesis whether a non-food viscous liquid présgna potential hazard of
drowning or becoming entangled elicits the sameaese and behaviour from
foraging workers as in the case of liquid food. iDgrthe experiments, four sets of
baits, separated by ca. 15 m were randomly loc&adh set consisted of five baits
placed on the ground along a line transect at 3wervals. On each day, ants were
surveyed every 20 minutes for four consecutive fiduom 6:20 am to 10:20 am,
ca. 45 minutes after the placement of baits. Dueagh ca. 1-minute observation
period, the number and localization of visiting kens at baits were recorded, and the
following behaviour patterns were distinguished) (geding on bait substances
("feeding"); (2) being present at baits without asignificant activity ("present");
(3) dropping tools into bait substances ("droppjn@¥) adjusting the position of tools
("adjusting"); (5) transporting food-soaked tooferh the bait back to the colony
("transporting").

The association dR. panzeriwith ants was investigated in the oak forest using
five randomly placed plots of 3 m x 3 m on five asions from spring to autumn
2011. Within each sampling plot, the soil surfaleaf-litter, fallen, rotten branches
and roots of trees and shrubs were thoroughly Bedrd¢o locate ant nests and
planthopper nymphs located outside nests. Everg @m ant nest was found the
following parameters were recorded: (1) the typeedting site (i.e., under stone, in
the soil, leaf-litter, in fallen branches, etc3l) the estimated size of the colony (small,
medium, large) on the basis of the number of warkeood and the extent of the nest;
(3) the presence, number, estimated size (smadjume large) and exact location of
individual planthopper nymphs inside the nest; gl the species of shrubs and trees

close to the nest the roots of which could be presethe nests. On three occasions
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after field studies, fragments of coloniesAf subterraneaand planthopper nymphs
from nests were separately collected and transfdwethe laboratory. Within a few
hours of collecting in the field, nymphs were plhade Petri dishes with rootlets and
nest material, and then workersAfsubterraneavere added and the reactions of both

species to one another were recorded.

3.3. Data analysis

The spatial pattern of ant nests was analyzed ubs@lark and Evans’ nearest
neighbour method. This analysis was carried ouh ot the nests of the most
abundant species9 nests per plot) and for all nests found in theang plots. In
the former case, the nearest neighbour in&xvas measured intraspecifically, on the
basis of the nearest conspecific neighbour diseggnaad also on the basis of the
nearest neighbour distances, i.e., when the spetgesity of the nearest neighbour
was not considered during the analysis. Differermetsveen the nearest conspecific
and heterospecific neighbour distances in each pered, and differences in the
nearest conspecific and heterospecific neighbagtanices among time periods were
analyzed to determine whether colonies preferresl \tltinity of conspecific or
heterospecific neighbours, and whether this prefeevaried seasonally. These
comparisons were also carried out both for thesnefsthe most abundant species and
for all nests found in the sampling plots.

Null-model analyses were used to determine whetteemeasure of spatial and
temporal overlap observed between the most aburaaatfrequent species pairs
visiting baits differed significantly from chancepectation. To quantify patterns of
temporal (diurnal and annual) and spatial overap, the measure of co-occurrence at
baits), | calculated the Renkonen similarity indad the C-score index. To compare
the discovery ability of the most common speciesltulated the following measures:
(1) percentage of visited baits where the givenciggewas the first to arrive;
(2) percentage of only those baits permanently piecuby a given species where it
was the first to arrive; (3) time until a bait wdiscovered by a given species, whether

it was first to arrive or not. Feeding efficiencyasvcalculated as the ratio of the



number of feeding individuals to the number ofiadlividuals present at the bait, and
it was compared separately by food type betweenntbst common species pairs.
To compare the interspecific interactions of spethat were more frequently found to
be co-occurring and interacting with other spe¢mticipating in>10 interactions

resulting in expulsion from baits), the followingetmvioural categories were
considered: (1) coexistence without confrontatiomthwindividuals of another

species/colony ("coexistence"); (2) agonistic resgo (e.g., biting, chemical
secretions, etc.) with mutual (e.g., fighting) @mAamutual aggression not leading to
expulsion from baits ("aggression”); (3) passivaggressive expulsion of individuals
of another species/colony from baits ("expulsiord) escape from baits elicited by
the presence or aggression of individuals of amosmecies/colony ("escape").
To determine the relative dominance of a given igged calculated a dominance
index for each species that were participatinglifi interactions resulting in expulsion
from baits. The linearity of dominance hierarchvess quantified using the Landau
index. To assess the significance of linearity amdhance relationships, | used a

randomization test developed by de Vries.

4. Main results

4.1. Spatio-temporal patterns of nest density andispersion

During the surveys, a total of 427 nests of 9 g@eices were recorded in the
oak forest, and 351 nests of 15 species in the farest. The most abundant and
frequent species werd. nitens and A. subterraneain the oak forest, and
A. subterraneglLasius emarginatuandFormica fuscan the pine forest.

Contrary to my hypotheses, (1) the nests of thetrmbandant species were
mostly randomly distributed intraspecifically, aatl nests mapped inside each plot
also showed a random spatial distribution in mestes; (2) except for a single case,
no significant positive correlation was found betwenest density and the degree of
spatial regularity; (3) the spatial regularity efsts did not increase during the season,

in fact, the distribution pattern of nests did wbange significantly (pine forest), or



changed from regular to random (oak forest). OVetlad nests were mostly strongly
aggregated interspecifically, and the nearest bgpecific neighbour distances proved
to be significantly shorter in most cases than tiearest conspecific neighbour
distances.

Generally, the nearest inter-nest distances shamggrfficant variations during
the season in both habitats. Although this vanmati@s revealed in a relatively varying
manner and measure in the case of individual spettieas usually expressed as the
increase of nearest inter-nest distances, in dosaection with the decreasing of nest
density from spring to autumn. In the case of twgecses, P. nitens and
L. emarginatushowever, a completely different trend was obsgrhe the case of the
former species, nest density was highest in spaimd) in late summer and autumn,
while in the case of the latter, nest density redclis maximum in early summer.
Considering that the foraging activity of both spscwas the highest in the same
periods as well, the most likely reason for theseeal expansion may be that the
colonies of these species split into several suburticupying separate nests in certain
periods of the year, or workers open up more nesaeces in these periods. These
may contribute to the extension of the foragingaarecolonies, and to the decrease of
search time and distances traveled by foraging &rsrketween the food source and
the nest.

The mostly random spatial distribution of nestsd g&he lack of density-
dependent spacing can be explained by the follovdogsiderations: (1) suitable
nesting sites may not be a limiting factor in thémsdbitats, so the abundance and
dispersion of these determine the distribution guattof nests; (2) the mortality of
colonies may not be density-dependent but spati@iyom, resulting in random
patterns of spatial distribution whether the oraipattern was aggregated, random or
regular; (3) various environmental factors mayuafice the distribution pattern of
nests either directly or indirectly through densigpendent processes; (4) the seasonal
relocation of colonies together with seasonal potgg may give instability to nest
spacing patterns, whose relatively rapid changevgmte the formation of strong

interactions between neighbouring colonies.



4.2. Spatio-temporal patterns of foraging activity

During baiting trials in the oak forest, more thE00,000 individuals of 12 ant
species were recorded. The most abundant (withebtghumber of individuals
recorded) and frequent (occupying most of the pafiecies waP. nitens In the pine
forest, nearly 20,000 individuals of 13 ant speciese recorded at baits. The most
abundant species was subterraneaand the most frequent species Wwagfusca

Contrary to the proposed hypotheses, (1) no evievas found for either the
dominance-discovery trade-off or the dominancertiartolerance trade-off during
baiting trials, and (2) there was no significargregation in diurnal activity patterns of
species that commonly visited the baits.

Seasonal segregation seemed to be important irodkeforest, where the
seasonal overlap between the two locally ecololyicallominant species,
A. subterraneaand P. nitens was significantly less than expected by chance.l&Vhi
the former species reached its seasonal activial peearly summer, the latter proved
to be most active in the cooler periods of the y@aspring and autumn.

Spatial segregation seemed to be supported in hettitats by the following
observations: (1) species recorded at baits ddfesgnificantly on whether they
visited baits placed on the ground or on tree tsumiore frequently; (2) in the case of
a number of species pairs, co-occurrence at batssignificantly less frequent than
expected by chance for those periods when both rembf these pairs showed
relatively higher seasonal activity.

Contrary to the fact that dominant and subordinggecies could be well
differentiated from each other in both habitatseldasn dominance rank orders, the
linearity of dominance hierarchies did not représansignificant departure from
chance. This is probably due to the high numbeméhown dominance relationships,
given that members of some species pairs, owinpéo strong spatial segregation
and/or less frequent occurrence, never confrordaet ether at baits.

The most aggressive reactions and exclusions fraiis bwere clearly
demonstrated byA. subterranean both habitats. The high behavioural dominanice o

this species in these habitats can be explainefLbyts high local abundance and



frequent occurrence (i.e., high numerical dominan(® its spatial and/or temporal
(seasonal) segregation from other species with nailasi degree of behavioural
dominance (e.gPR. nitens L. emarginatuy and (3) the slight presence and/or impact
of aggressive, territorial species (oak foredtiometopum microcephalym
Crematogaster schmidtipine forest:Formica pratensis The overall success of
A. subterraneanay also be further augmented by its unique tsolgibehaviour and

by its close association with the cixiid planthopRe panzerias discussed below.

4.3. Winter activity of Prenolepis nitens

Based on my study it seems that similarlyPt@nolepis imparidut unlike any
other syntopic ant specid, nitensdoes not maintain a strict hibernation, and resiain
active above-ground all winter. The lowest surfaceand ground temperatures at
which workers were active were only 1.3 °C and °Z5 respectively, at baits, and
0.9 °C and 2.5 °C in quadrats. During the wintaiquk ground temperature seems to
be the critical factor regulating activity for trepecies.

Stress tolerance in these cryophilic species mayesaot only to reduce
encounters with potential competitors, but als@ravide additional resources in the

form of cold stressed prey.

4.4. Tool use oAphaenogaster subterranea

The tool-using behaviour of the foraging workersAof subterraneavisiting
honey baits consisted of three distinct componémas were usually performed by
different individuals: (1) selecting, picking uparcying and dropping tools into the
liquid food until its surface was entirely coverd@) adjusting the position of tools
brought by other workers in order to be soakedyfuith food; (3) removing and
transporting food-soaked tools from the bait bacthe colony.

Although the number of workers manipulating toanits was significantly

lower than the number of workers performing othetivities, there was a positive



correlation between them, i.e., the more workes#tad the baits, the more exhibited
some form of tool-using behaviour.

Materials most commonly used as tools were pastiicé soil and easily
moveable, broken fragments of plant materials (dogs of pine needle, cone and
bark), which were collected directly from the safehe baits.

Tool-using workers also dropped some debris intoopeum jelly at 60% of the
baits, however, at a much lower intensity and gtatitan in the case of honey.

The main adaptive advantages of this tool-usingbielir may be (1) the more
effective protection of the food source, (2) therenefficient transport of liquid food,

and (3) a better chance of avoiding interferendé wiher ant species.

4.5. Association oAphaenogaster subterranea with cixiid planthoppers

Overall, a total of 110 planthopper nymphs wereated in ant nests, 96% of
which occurred in the nests 8f subterraneaThe mean number of nymphs in the
nests ofA. subterraneawas 3.42 (+ 2.84 SD), the largest group consisied?2
individuals. The number of planthopper nymphs foimtéhe nests oA. subterranea
colonies of different sizes did not differ signéialy.

It is suggested that the association is facultatoreA. subterraneaas more
nests were recorded without than with planthoppenphs or traces of nymphs. On
the other hand, the association Rf panzeriwith its ant partner appears to be
obligatory as most of the nymphs were found insidienests, and those nymphs found
outside nests were almost in all cases accompaniarkers ofA. subterranea

Although no collecting of honeydew or direct phydicontacts between the
workers ofA. subterraneaand the nymphs oR. panzerwere observed in the study,
it is likely that there is some kind of mutualistelationship between them, as (1) ant
workers did not show predatory or agonistic behaviowards planthopper nymphs;
(2) nymphs, even though saltatory, did not attetopescape from ants; (3) nymphs
located outside of ant nests were generally visibgdthe foraging workers of

A. subterraneaeven when they were in the nests of other ardiepe
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Therefore, although only supported by circumstdnéi@idences, the close
association ofA. subterraneaand R. panzerimay represent a true mutualistic
relationship between the two species beyond siropiabitation, thereby providing a
constant source of honeydew and benefits goinggalarth it for colonies of

A. subterranean these habitats.
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