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nly way to come to grips with such questions is to inquire about the behavioural
gy of the species. It is that need which this account endeavours to fulfil. At this
. however, we have neither a party-line nor a totally encompassing theoretical
on to offer. What we present instead is a case study focusing on the foraging
gy of one of the most remarkable desert insects, the ant Cataglyphis bicolor.
| is known about how these ants navigate by visual means, and how their visual
ms are designed (for summaries see Wehner, 1981a, 1982a). But when we started
nvestigation, we knew nearly nothing about the ecological requirements which
haped the ant’s system of navigation. Hence, we decided that it would be well
» somebody’s while to go out to the desert to have a look.

pecies

lyphis bicolor is well suited for such an enterprise. It is a large, speedy ant found
d regions of the Old World, including North Africa, the Mediterranean area and
lear East. Several behavioural traits make this ant an ideal object for combined
s in the fields of neurobiology and behavioural ecology.
ke all members of the genus, the ants are scavengers searching for widely scattered
items. They are solitary foragers never engaging in mass foraging along scent
While foraging, each ant works completely on its own. There appears to be no
itment, and inter-individual encounters, either cooperative or aggressive, rarely
ecause of their large size and conspicuousness, the ants are easy to follow when
walk, though rapidly in full sunlight, over the bare ground of their arid habitat.
are also easy to label individually by coloured tags.
ccessive foraging trips of individual ants can be recorded over periods of days and
s, in fact over the entire lifetime of a forager. Fach ant performs only a few
ing trips per day, which may last for up to two hours and may lead the ant for up
undred meters away from the nest. Thus, the foraging activities of individual ants
e studied in spatial and temporal details.
tany one time, in a colony there are not more than a few hundred foragers, so that
raging activity of a substantial fraction of the whole forager force can be re-
d Thl'S,'ltl turn, allows us to asses the spatio-temporal organization of the
ing actw-lt'y not only of an individual ant, but of the entire colony as well.
il((ias:t ci;c;lsl:\;ilt)é,st(E?;iiligzhtieaélts aIre diu.rna% foragers hunting over th.e desert
L cucs including skylioh poes ;Sy r(li :;av:igatlon, they rely nearly exdu?wel'y on
v o those a1 p and lan mark panoramas. 13}3 the navigational
nts have been amply studied for many years, experimental procedures

t hand alloxlrving us to record the foraging and homing paths of these ants under
al or experimentally modified conditions.

Foraging Strategies

3. Objectives

Most of the studies concerning foraging in ants focused on remarkable phenc
ena such as group hunting in army ants (Rettenmeyer, 1963) or trunk trail format
and mass foraging in seed-harvester ants (Hoelldobler, 1976). In addition, economic
more important species have received vivid interest, such as wood ants (Rosengt
1977) or leaf-cutting attini (Weber, 1972; Wilson, 1980}. Much less is known fr
ants employing a «diffuse foraging» technique {Oster and Wilson, 1978). This strat
is normally considered to be restricted to the more primitive subfamilies, e. g. pone
and myrmeciine ants, but it is just this kind of individual foraging that the hig
advanced formicine ants of the genus Cataglyphis employ.

The fact that Cataglyphis ants are individual foragers has been the starting point of
present investigation. Two main topics are considered:

(1) Foraging strategies: Spatio-temporal organization of individual foraging runs.
spatial and temporal aspects of the foraging activities of individually marked ants
studied in detail. It has been a central aim of our field investigations to record succ
ive foraging paths of individual ants over extended periods of time. Data about
extension, duration, geometry, and site-fidelity of the foraging trips are derived fr
these records and discussed in terms of the distribution of the widely scattered fe
items exploited by the ants. The question we will raise is how foraging patterns relat
the distribution of food that is in general highly unpredictable in both space and ©
(see also Schmid-Hempel, in prep.).

To underpin any conclusions drawn from the foraging data two populations of C
glyphis bicolor occurring in quite different habitats (Tunisia and Greece) are compa:
This comparison will provide information on how the species can mould its forag
system in response to different environmental requirements. What will emerge is |
certain key parameters of the foraging system are maintained at both sites, but that

is accomplished by very different means.

(2) Navigational strategies: What kind of map is used? Foragers leaving the nest :
searching individually stimulate the question of how these ants find their way t
particular food source, and back to the nest. Given the often extreme inconspicuc
ness of the nest entrance — a small hole barely visible on the desert ground —
question of homing is especially intriguing in these ants. The navigational strate
employed by Cataglyphis are dead reckoning (vector navigation by means of a celes
compass; Wehner, 1982 a) and piloting by landmarks (Wehner, 1981a; in press).
A more detailed analysis of the foraging runs will reveal that individual ants repeat
return to one, two, or more locations where they have been successful before. Hes
the question arises as to what kind of map is used by the ants. Do they pilot
landmark maps in the same way as human navigators? How is such a map establis
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and read? Or, alternatively, do they use a vector map where foraging sites are defined
by polar coordinates with the nest as the origin? .

Some of these problems have already been tackled by training ants to artificial land-
mark configurations (Wehner, in press). However, what is needed first and foremost is
more detailed information about how Cataglyphis performs in its natural environment.
Only then will we be able to judge of the full navigational abilities of these ants, and

propose hypotheses about the nature of the ant’s map.

II. Material and Methods

1. Study Sites

The ants were studied at two sites about 1250 km apart from each other, and separate
by the Mediterranean Sea: in the Presaharan arid zone of North Africa, near the villag
of Mahares in southern Tunisia (34.58°N, 10.50°E)’, and within the historic scener
of northern Thessalia, Greece, near the town of Platamon (40.00°N, 22.37°E). Th
location of both sites with respect to the distributional range of Cataglyphis bicolor |
depicted in Map 1.

In their general appearance, both study sites can be described most readily as shru
deserts covering the alluvial plains near the seashore. Some 10-20 per cent of th
surface are sparsely covered with small bushes. In Tunisia, shrubs consist mainly ¢
Sueda mollis, Salsola tetranda (Chenopodiaceae), and Nitraria retusa (Zygophy
laceae), whereas in Greece Quercus fruticosa (Fagaceae) is the dominating perenni
plant. The residual ground is almost void of any vegetation (Tunisia) or partly covere
with annual grass plants and patches of Artemisia scoparia (Compositae) {Greece) (Fig
1.

Even though both sites selected for comparison look rather similar in terms of coverag
by vegetation, there are marked differences concerning other geographic variables. A
Mabhares, the area under investigation is part of the desert shrub zone characterizing th
whole Tunisian Sahel for hundreds of square kilometres. All river beds (oueds) are fre
of water during the summer months. At Platamon, however, the study site is sut
rounded by the slopes of Mt. Olympos (2917 m) and Mt. Ossa (1978 m), which ar
densely covered with bushes (the so-called Greek phrygana) and deciduous forest:
Reed and willows grow on the pediment plains of these mountains, some hundre
metres off the experimental area. Many rivers (e. g. Peneios) contain water all the yea
round, though most of the smaller rivers and water courses do dry up in summer.
Obviously, there are distinct climatic differences between the Tunisian and Greek stud
sites. At Mahares, summer temperatures are considerably higher and annual precipita
tion values much lower than at Platamon. At noon, in August, air temperatures rang
from about 35° to 45° at Maharés and from 25° to 35° at Platamon. Annual rainfa
is between 100 and 200 mm at Mahares, but between 800 and 1000 mm at Platamor
According to Creutzburg’s classification of climatic zones (Bluethgen, 1980), 3 and 1
humid months are assigned to the Tunisian and Greek study site, respectively.

Due to these climatic differences, the area in Greece is much more productive. This ca
be deduced directly from the average annual rainfall which is known to be a sufficientl
precise indicator of net primary production in arid regions (Rosenzweig, 1968). As

' For geomorphological and hydrographic classification of this area see Despois (1940), Mensching (1968
and Floret et al. (1982).
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will be shown later in detail, the density of potential food items available to Cata-
glyphis foragers is indeed much higher in Greece than in Tunisia.

A turther difference between the two study sites which will turn out to be of utmost
importance with respect to foraging patterns and foraging capacity, relates to the
presence or absence of congeneric competitors. In Tunisia, another Cataglyphis specics,
the smaller Cataglyphis albicans, is present within the same habitat. As this sympatric
species subsists on the same kind of food and applies the same foraging strategy, it acts
as a potential competitor to Cataglyphis bicolor (Schmid-Hempel, in prep.). On the
other hand, Cataglyphis cursor, the ecological substitute for Cataglyphis albicans in
southern Europe, is not present at Platamon.

2. Taxonomy

Comparing two populations of conspecific ants occurring at-different geographical
locations requires some consideration of what taxonomic status must be assigned to
each population (see Plates 1 and 2 following p.10). This is all the more important as the
taxonomy of the genus Cataglyphis has suffered regrettable neglect since the turn of the
century. Forel (1902), Emery (1906), and especially Santschi (1929) have described and
named an uncanny abundance of species, subspecies, and variations of forms belonging
to the Cataglyphis bicolor complex. For example, at the same site amidst the Tunisian
steppes between Kairouan and Le Kef, Cataglypbis bicolor ssp. bicolor var. basalis and
Cataglyphis bicolor ssp. nodus var. desertorum are described as occurring side by side.

All this profligate naming was due to an extreme overemphasis on what taxonomists
call splitting. What resulted were almost unworkable keys relying on a number of
rather variable characteristics such as worker size and coloration. The variation of
these characteristics was never checked, and most descriptions were based on single
«type» specimens. Even though this unwieldy taxonomy, lacking any touch of popula-
tion and evolutionary biology, has been harshly criticized by Brown (1955), the genus
Cataglyphis has later attracted the attention of taxonomists only once (Arnoldi, 1964).
Unfortunately, this latter attempt was restricted to material from Asia, and was nearly
exclusively based on the morphology of the male genitalia. On the other hand, Forel
and Santschi (lit. cit.) collected Cataglyphis ants in North Africa and the Near East, an_d
relied on morphological characteristics of worker ants only. Thus, the taxonomic
studies at hand hardly help in answering the question posed above.

Fig. 1: Maps of the study sites at Platamon GR (a) and Mahares TN (b). The arrow points
towards north. The mesh width of the grid is 10 m. @ Ground covered mostly by shrubs of
Quercus fruticosa; ® Individual plants of Artemisia scoparia; (© borderlinct befwcen grassy area
{northwest) and bare sandy ground (southeast); (@ nest sites .of Catgglyphzs bicolor; s_ol:d lines
connect nests belonging to the same colony; & bushes,.consistmg mainly of Sueda mollis, Salsola

tetranda, and Nitraria retusa. In b coverage by vegetation is depicted only for the central part of
the area under investigation.
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vertheless, what are we left with when exclusively referring to those studies? Accord-
to Santschi’s (1929) system the Mahares and Platamon populations must be re-
ded as different subspecies of Cataglyphis bicolor: Cataglyphis bicolor bicolor and
aglyphis bicolor nodus, respectively”. The evidence for this distinction, even when
ricted to the subspecies level, is very slim and mainly based on worker coloration.
- dark Tunisian forms are referred to as Cataglyphis bicolor bicolor. The term
aglyphis bicolor nodus is assigned to the lighter Greek forms all characterized by a
spicuously orange-red colour of the heads, the alitrunk, and the legs, contrasting
ply with the black gaster. In fact, however, such «bicolor» forms also occur in
th Africa where they are typical of the Atlas Mountains and the Mediterranean
' north of these mountain chains®. Based on specimens from our own collection
W.), the geographical distribution of these colour varieties has been mapped for
isia (Map 2). A similar map can be provided for Algeria. The most striking feature
ich distributional maps is the rather sharp boundary between the light forms in the
h and the dark ones farther south. But this is not a point to be considered here.
hasis is only placed on the fact that the coloration of the ants occurring in northern
isia and Algeria is indistinguishable from that of the Greek specimens.
inst this background it might appear surprising that Arnoldi (1964) described the
k (and Turkish) forms as a separate species (Cataglyphis nodus). However, as in
aper no reference is made to the classic Cataglyphis bicolor, there is no way of
ing in what respect the male genitalia, Arnoldi’s sole criteria, differ between both
1s. In fact, comparisons of the Tunisian forms (own collection, Zurich [R. W.]} and
Greek and Asian forms (Arnoldi’s [1964] drawings; Forel’s collection, Genéve;
ction of the British Museum of Natural History, London) do not reveal consistent
rences.
e is one further morphological parameter which has turned out to be of great
tional 1mportance.in the rapidly running ants of the genus Cataglyphis: the relative
Fh of ferpur_aqd tibia (see Wehner, 1981b). On the basis of this parameter, it is
1bIc_: to discriminate clearly between all Cataglyphis species known so far (Wehner,
fbr[éShed)'. H?weve; data taken frpm Tunisian and Greek specimens follow the
[Wiiiiss;(r)lg ’}neH vs; ;n [I:wlotted against head width. .The ratios F = femur length/
) = ubia length/head width do not differ significantly between the
.;s;:;n[ ;;1(:}1 Gr\eek spectmens. For the hind legs these ratios are F,=184+0.108.D.
ahares] and F, = 1.82 + 0.10 $.D. (n = 37) [Platamon] (p > 0.32). The

milar classification has been u
elle in Genéve). Santschi was
ical terms, in that seme varie
Lo
ginally, these light forms have been described as C, ‘ f

ataglyphis [F
(1894) referred to them as Cataglyphis [Myrmec vetie] oo ey 07 Focrster (150

A ocystus] bicolor [viaticus] ssp. megalocola. This
tcation was later adopted by Emery {1906) and Stitz {1917), but was abandonedpby Saitschi {1929).

sed by Forel (see Forel’s Cataglyphis collection at the Musée d’'Histoire
even less consistent in discriminating between both subspecies in geo-
ties of Cataglyphis bicolor nodus were considered to occur in North

Foraging Strategies -

corresponding numbers for the tibia are T, = 1.80 = 0.09 S. D. (n = 84) and Tp=1.7
£ 0.095.D. (n = 57); p> 0.57. These numbers refer to medium-sized specimens (hea
widths 1.8—2.0 mm). No statistically significant differences can be found in the middl
legs and forelegs either.

In conclusion, according to direct comparisons of ants from both study sites, and a
evaluation of all characteristics used by former taxonomists, we are convinced that th
North African and Greek populations belong in fact to the same species, Cataglyph:
bicolor*. The question whether subspecies names should be assigned to either popula
tion is one of alpha-taxonomic taste. As geographical separation isolates both populs
tions, it is somewhat sophisticated anyway. Furthermore, with respect to foragin
strategies as compared and discussed in this paper, there is no need for further tax
onomic differentiation between the Greek and Tunisian forms.

3. Experimental Procedures

The data were collected over several years at both study sites. To ease comparisons, a
data presented in this paper refer to the same time of the year — the month of August. |
Cataglyphis bicolor foraging activity reaches its maximum during the summer month
(June—August). During that time all foraging parameters considered in this investigs
tion, especially the spatial and temporal organization of the foraging activities ¢
individual workers, do not vary consistently.

In this Section, only some general experimental procedures are mentioned. The gadget
and strategies used in particular tests are described in detail at the appropriate placesi
Chapter IIL

Due to the large size of Cataglyphis bicolor, the workers can be labelled individuall;
The colour code used is easily read in freely walking ants. Labelling was accomplishe
by providing the alitrunk or gaster with coloured dots using shellac, aluminium pain
or Testor’s PLA enamel. As in any particular colony there is only a limited number ¢
workers searching for food (see Section 1L 3.b}, a substantial fraction of this totz
forager force of a colony can be labelled. A 3-dot code including five different colour.
was employed, which allowed for 125 ants to be discriminated individually. In eac
colony studied, a random sample of workers active at the nest was marked. o
In the Tunisian area, a 3 m-square grid was painted directly on the ground. This gri
proved useful in many ways. It facilitated the recordings of individual foraging paths a
well as the survey of the nest sites. In Greece, individual ants were followed and thei
positions marked on the ground, at constant intervals of time, WiFh numbere
aluminium or plastic labels. The positions of the marks were determined later b

measurement from a set of fixed reference points.

* In this context it should be mentioned that Schneider (1971} as well as Chhotzulli ar_ld Ray (1976), thqug
not dealing specifically with taxonomic questions, use the norati.on Cataglyphis bicolor for populatior
occurring even farther east than Arnoldi’s (1964) form Cataglyphis nodus.
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llowing, foragers searching for solid food items (mainly dead arthropods) will
| searchers. Their foraging paths were recorded by taking fixes (records of
osition) every 10, 30, or 60 sec. For a survey of the temporal activities,
e and arrival times were taken at a reference circle drawn around the nest
(radius 2 m).
st to the searchers some of the foragers are neither searching for nor taking
d items. Instead, they are licking secretions from plant surfaces. These foragers
alled lickers whenever it is necessary to distinguish them from searchers. They
peatedly (often over their entire lifetimes) to the same plant, and thus they do
rcho.
ing navigational strategies, whole nests were displaced to areas where the
were not yet familiar with the landmark surroundings. This was done by
1g the nest at the end of the day when all the foragers had returned and any
activity had stopped. By means of a modified vacuum cleaner, the animals
collected individually. Immediately, the whole population was transported to
te where it was released within a completely shielded cage provided with a
¢ in its bottom. The population was then given the opportunity to dig a new
ting from the tube. Usually, the ants completed the construction of the nest
e same night. Next morning, the shielded cage was removed and a training set
al landmarks was installed around the entrance of the new nest. In most cases,
narks consisted of two black cylinders, 38 cm high and 22 em wide, placed ata
of 2 m apart from the nest entrance. The ants were allowed to become familiar
training situation for one day. Then, workers were tested during another 3—6
xperimental areas at different distances from the training area.
stics are described in the appropriate sections. Unless mentioned otherwise,
ues and standard errors are given.

Plate 1 and 2: Cataglyph



Piate 1. Cataglyphis bicolor, §, Maharés, Tunisia 'S bi
. o, Maharés, . Piate 2: Calaglyphis bicolor, §, Platamon, Greece. ion withi is|
See Map 2b for geographical distribution of this type of coloration within Tunisia. See Map 2a for geographical distribution of this type of coloration within Tunisia.
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ush into which they climbed (and were lost to view). Individual ants constantly
vorked either as searchers or lickers.

) Mode of Foraging. Foragers of Cataglyphis leave the nest independently of each
ther and search for food individually. This mode of foraging holds for both study
ites. In addition, there is no evidence for any efficient recruitment mechanism. The
vragers carry back just one food item at a time, and the size of the item is generally
mited by what a single forager can carry or drag by itself’. As far as their foraging is
oncerned, individuals are confined to the same nest even if the colony comprises more
1an one nest.

) Type of Food. Cataglyphis bicolor is a scavenger. Its food consists of a wide range of
ead arthropods. The ants were rarely observed to subdue living organisms, which
1oved around actively. Occasionally, living larvae, Messor reproductives, or bugs
"maining motionless when threatened were taken. In Tunisia and Greece, some 60 to
0 % of the items consisted of dead isopods or ants, respectively (Tab. 1). In Tunisia,
e isopods occurred frequently within the experimental area, whereas in Greece dead
nts (mainly Messor spp.) were the most abundant prey available, At the latter site, for
very one Cataglyphis nest in the area there were about two Messor spp. nests. Thus,
e regional differences in food can readily be accounted for by the different types of

ble 1: Relative frequencies (per cent) of various taxonomic groups in the diets of Cataglyphis bicolor at
th study sites. The composition of the diets varies significantly between Greece and Tunisia {Chi-square
st, p < 0.001).

Group Greece Tunisia
N=51 N-=289

Isopoda 2.0 52.8
Formicidae 68.6 10.1
Hemiptera, Coleoptera 19.6 7.9
Lepidoptera (Larvae) 2.0 7.9
Lepidoptera, Diptera (Imagoes) 2.0 4.5
Plant Materjal 0 14.6
Miscellancous 5.9 2.2

In theories of «central-place» foraging, in which animals repeated]

: L return
is mode of foraging is known as «single-prey loading» ( , f0a central place, ¢.g. the nest,

Orians and Pearson, 1979).

Foraging Strategies -

food available at the study sites. Cataglyphis bicolor does not seem to exhibit prefe
ences for any particular kind of prey. The ants appear to retrieve rather indiscriminat
ly what is available to them at any one time.

When in Greece, on occasion, large numbers of reproductives leave the nests of harves
ing ants (Messor spp.) over a short period of time, these reproductives are collected
great numbers (up to two per minute over a period of one to two hours) by lar
Cataglyphis workers. Usually, the live males and females are taken whole but gaster
head may be removed.

In Tunisia, the ants collect berries of Nitraria retusa in addition to animal matte
Licking of plant exudates and of crystallized excretions of aphids is frequently observs
in June. It occurs almost exclusively on bushes of Nitraria retusa. In Greece, howeve
licking seems to be much more important. There, licking is observed frequent
throughout most of the study period (end of July to beginning of September). It occu
on small Crataegus shrubs, Quercus spp., Tribulus terrestris, Euphorbia chamaesyc
Heliotropium europaenum, Xanthium spinosum, and Artemisia scoparia.

d) Food Consumption and Foraging Efficiency. Since the desert isopods (Hemilepist:
reaumuri) collected in Tunisia are on the average much larger than the dead animals tl
ants collect in Greece, the different types of prey lead to quite different quantities
food intake at the two study sites. The fresh weight of an average food item retrieved
a successful run is 5.8 *+ 1.0 mg (n=56) in Greece, but 39.6 = 4.3 mg (n=89)
Tunisia. Considering the number of foragers per colony (Section IIL3.b), a colony |
Cataglyphis bicolor collects roughly 5 g of solid matter per day in Greece, but 30 g p
day in Tunisia.

Yet only about half the foraging ants return to the nest carrying solid food items. Tt
figure is roughly the same at both study sites. Among workers returning without sol
food items, some have licked dry plant surfaces and would be transporting liquid for
in their crops. In Tunisia, however, the body weights of foragers which had return:
without solid food items in their mandibles did not differ significantly from the bo
weights of foragers returning with loads. In Greece, a small difference could be d
tected. Thus, we conclude that in Tunisia licking does not contribute much to t
intake of food. This conclusion is confirmed by following individual foragers with
their foraging areas. None of the 35 workers of which full path records were taken
August were observed to lick plant surfaces. In Greece, however, a presumgbly great
share of the «unsuccessfully» returning workers have taken liquid food while foragin
As berries are not collected at the Greek study site, there the supply with equivale
(carbohydrate) food seems to be secured by licking alone.

¢) Occurrence of Food. Food distribution is determined by a number of independe
factors. This is especially true for the food items collected by a scavenger. Carcass
should oceur rather unpredictably. As far as our data indicate this is 1n.deed the.case. ]
Tunisia, food occurs mainly within or at the boundaries of shrubs which are disperse
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over the foraging range of the ants. In Greece, the places where ants find food items are
generally scattered in the area in a way which appears to be random: Dead Messor ants
are found close to as well as far away from the nests (Fig. 2). Thus, at either study site
Cataglyphis ants do not encounter a clumped or any other predictable pattern of food

distribution.
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18- 2: Spatial distribution of finding sites recorded for a particular colony of Cataglyphis
‘1coi.or. @ Quercus fruticosa; ®) Cataglyphis bicolor colony; (& colonies of Messor semirufus;
;) site of_relect (location where a food item has been found but not collected by a searchiné
ataglyphis forager); © finding site {location where a dead Messor specimen has been found and
olle_cted bya sztagiyphis searcher); () licking site at Quercus fruticosa or Artemisia scoparia. 77
ndings, 32 rejects, and 38 lickings have been sampled. For definition of «searchers» and

lickers» see Chapter 11.3. [Platamon]
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2. Nest Sites
Itis already the distribution of the nests themselves that can ell a lot about the foraging
strategies of the colony. For instance, the distance to the nearest nest of an alien colony
indicates the size of the foraging range which the nest in question might use exclusively.
Depending on the kind of foraging employed by the species, this distance also reflects
the extension of individual foraging ranges.
a) Methods. In all Cataglyphis species, the locations of the subterranean nests can easily
be inferred from the positions of the entrance holes. As in Cataglyphis bicolor nest
entrances are rather unconspicuous, the easiest way to find such nest is to check the area
at that ime of the day at which the ants are fully active. A searching ant met anywhere
within the area was then rewarded with a piece of food whereupon it would immedi-
ately run back along a straight line to its nest. This procedure was repeated several
times to locate the position of every nest within the study area.
A Cataglyphis colony can occupy several nests. The question which nests belong to the
same colony is answered in two ways. The first method relies on the fact that there is a
frequent exchange of individuals between the nests of a colony. Experienced (exterior)
workers carry their nestmates (interior workers) from one site to another. By observing
this frequent exchange, which only occurs during daytime, the connections between the
anests can be established. Second, two workers taken from two different nests are placed
together in a glass flask, or one is taken and freed in the entrance of another nest.
Cataglyphis ants can readily distinguish, presumably by olfactory means, whether
another ant belongs to the same colony. Workers of Cataglyphis bicolor that are forced
to come close to one another do not tolerate members of an alien colony. In this way,
observations of agonistic behaviour can be used to distinguish subdivisions of one

colony from truly foreign colonies.

b) Numbers and Densities of Nests. The densities of nests vary dramatically between
the Tunisian and Greek study site: There are 11.2 nests per ha in Tunisia, but nearly
three times as many (31.0 nests per ha) in Greece (Fig. 1a,b). The areas investigate-d
measured 1.5 - 10* m? and 1.0 - 10* m?, respectively. The difference mentioned above is
even more pronounced when one refers to the densities of colonies rather than_ nests. In
Grecce, the colonies consist nearly exclusively of one nest only. Thus the density of the
nests corresponds with the density of the colonies. In Tunisia, hOWEV(:lj, a colony
consists of up to 6 nests {Fig. 1b)*. Consequently, in Tunisia, colony density is much

lower (2.6 colonies/ha) than nest density (11.2 nests/ha).

¢} Spacing of Nests. Due to the lower density of nests, the averagelnearestl—nelghbour
distance must be greater in Tunisia than in Greece. In August, this distance 153‘11)5 %18 m
= 31). These

(n = 14). In Greece, adjacent nests are separated by only 11 # 1 m (n

& Such a colony structure is conveniently termed polydomous» {Wilson, 1971).
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ues refer to nearest-neighbour distances between nests of alien colonies. The col-
es are spaced fairly uniformly both in Greece and in Tunisia (Fig. 1).

Forager Force and Colony Size

Cataglyphis bicolor, the workers adopt a temporal polyethism with the oldest
kers searching for food (see Schmid-Hempel, in prep.). As a consequence, only a
tion of the total number of workers can be observed above ground (exterior work-
. Nevertheless, the total colony size can be estimated without destroying the nests if
proportion of foragers is known. Furthermore, for several reasons the period of
> during which a worker performs its foraging tasks is of interest. This time sets an
er limit to the possibilities of acquiring foraging skill and gathering navigational
rmation. Finally, the body size of the forager defines an important ecological
umeter as far as food load capacities or interferences with co-existing competitors
concerned.

lethods. To estimate the forager force, records were taken of the number of ants
ing and entering the nest during a given period of time. Whenever an ant crossed a
rence circle drawn around the nest entrance, this event was recorded as an exit
en the ant had left) or an entry (when the ant had returned). Some of the workers
previously been marked individually. Thus the number of foraging trips (exits and
ies) made by individual ants could be determined. From this, the simple Lincoln-
x method (Southwood, 1976) revealed the total number of foragers. Of course, in
isia where a colony comprised several nests (Section II1.2.b), all nests belonging to
same colony had to be sampled. A further method of estimating the number of
gers used in Greece was to record the numbers of exits and entries from the
ning of activity in the morning in order to obtain a figure for the maximum excess
its over entries. In this way, one obtains a minimum figure for the number of
gers. The percentage of the workers of a colony that were engaged in foraging was
‘mined only at the Tunisian study site (Schmid-Hempel, in prep.). The result is
med to be valid for the Greek area as well.
hegd width taken at the ventral rim of the compound eyes was used as a measure of
' size. Head width is a convenient measure for ecological studies because it is
tly related to the size of the mandibles which in turn determines the maximum size
ey that can be carried by a single forager. Also, it is a measurement that can be
: x.avil:hout too much difficuity on an intact live ant.
ls:;rgzt:r;hncdgfz Z:;Sezziizs iz](?i ifvo;jafeﬁs, a(t) nm;-lbcr of ants leaving th? nest were
ke of all e ally. On the following ('iays, continuous rec-
;Elrietizz Oefnaowz(xjrli:r 1(;\}1 tl}llae i};ﬂl:;l:lrked ants. These records ymlc?ed the re-mghtnllg
sample. Due to a mathematical property — its
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approximately exponential decay — this re-sighting curve represents the survival
abilities for a cohort’ of foragers.

b) Number of Foragers and Size of Colony: According to the Lincoln-index me
each nest is estimated to dispose of an average of 93 foragers (Tunisia). As several
belong to the same colony, the average forager force of a colony is 340 worke
Greece, estimates lie between 200 and 300 foragers. Thus a somewhat greater f¢
force is present in a Tunisian as compared to a Greek colony, even though in the fi
this force is dispersed over several nest sites.

As described by Schmid-Hempel (in prep.), roughly 15 % of the total numl
workers of a colony are actually foraging. According to this ratio, a colony co
2000-2500 workers in Tunisia and 1300-2000 workers in Greece.

¢) Body Size of Foragers. The body sizes of the foragers differ markedly betwec
two study sites (Fig. 3). In Tunisia, head widths are much larger (2.62 + 0.02 mn
304) than in Greece (1.73 * 0.05; n = 90). At the Tunisian study site the st
Cataglyphis albicans occurs sympatrically (head width 1.27 £ 0.01; n = 141; Sc
Hempel, in prep.). As demonstrated in Fig. 3, the body sizes of the Greek Catagi
bicolor nicely fit in between the body sizes of Cataglyphis bicolor and Catag
albicans as measured at the Tunisian site,

d) Number and «Biomass» of Foragers. According to the difference in linear d
sions, the workers are markedly heavier in Tunisia than they are in Greece. /
former place the average fresh weight of a forager is 27.3 = 0.6 mg (n = 108); .
latter it is 9.3 £ 0.8 mg (n = 56).

Combining the numbers of workers per nest with the densities of nests, one car
mate the total number of ants per unit area. For Tunisia, this procedure yields a nu
of about 7000 individuals per ha (190 g fresh weight per ha). The correspo
numbers for Greece are 46 500 individuals and 500 g fresh weight per ha, Obvi
the area in Greece is much more productive in terms of what Cataglyphis ant

exploit than the area in Tunisia.

e) Life Duration of Foragers. The numbers of foragers that have been marked in
ually at a particular day decline rapidly and in very much'the same way at botb :
sites (Fig. 4). The rate of decay follows fairly well a negative expo.nen_tlai functio
outlined by Schmid-Hempel (in prep.), these re-sighting f.requena‘es indeed repr
the survival probabilities of a forager cohort. Hence, the life durations of the for
coincide at both study sites. Life expectancies were calculated to be 6 days.

at the same time. In |

7 A cohort denotes a group of individuals which enter a particular period of life 1 cohort

populations this may refer to individuals which are born on the same day. In the prflsent case,
to workers which shift from attending the interior tasks to foraging on the same day.
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Greece
02 +
o1 f

Tunisia
03 ¢
o2 |
o1 |

12 20 28 mm

Head width

3: Distribution of head widths of foragers (relative frequencies) measured in Greece {upper
sram, N = 90} and Tunisia (lower diagram, N = 304). Dot and horizontal bars indicate mean
te and standard deviation, respectively. The smaller species Cataglyphis albicans co-exists
1 Cataglyphis bicolor in Tunisia. The average head width of foragers in Tunisia (2.62 + 0.02
S.E.) is larger than that at the Greek site (1.73 + 0.05 mm S.E.; t-test, p < 0.001),

1glyphis ants attend to the foraging tasks at the end of their lifetimes
npel, in prep.). This is in agreement with
pendently (Fig. 5). The internal organs in
2| glands ~ decrease in size in workers sam
kers taken from the nest chambers —
ind — diggers — foragers.

{see Schmid-
results of histological studies derived
vestigated — fat bodies, ovarioles and
pled in the following sequence: interior
interior workers carried by foragers above
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® Greece (n=-35)
O Tunisia {n-48}

Survival Frequency

02 \\1\

Days after Marking

Fig. 4: Survival probabilities for a cohort of foragers. Each dot represents the number relative to
the initial sample size of ants re-sighted on a particular day.

10
£8
08
LNG!
06}
04
02
I C D F
ne 66 22 36 170

Fig. §: Developmental stages of ovaries @, fat ]?é)dy ®[’( and hyPoci)l};a?(/)rg;lrsggn(i;gnier::;?IC(:i)(j
ork letes) taken from the colony (I}, inside workers carried by )
:ig;efsrs(gfpaij f)oragers (E) of Cataglyphis bicolor. For each off Ellaesct]a or%ans ; Elgéi?;zli \‘r\%l;l;elrs
i : ically above which the organ is regarded as fully developed (c ‘ ,
;i;g;?dofz:lo‘*tfl)gﬁsl ga ]girihner, 1964). The ordinate represents the _number of specflirr:icns. v:ig}l;svgili
develt,)ped (;rgans ’divided by the total number (1) of ants investigated. Standard devia

given in g. [Maharés]
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4. Temporal Distribution of Foraging Activity

In foraging ecology, important questions relate to the time of day and night at which
animals are searching for food. In addition, navigational strategies involved in foraging
crucially depend on what time of day or night foraging takes place. For example, the
use of the sun or the pattern of polarized light is only feasible for diurnal animals,
Furthermore, if the animal uses celestial cues, the amount of time an ant spends outside
the nest and searches for food indicates whether a time-compensated celestial compass
is needed in determining homing direction.

a) Methods. As described earlier (Section IIL 3.a), the numbers of ants leaving and
returning to the nest were recorded whenever the ants crossed a reference circle (radius
2 m) drawn around the nest entrance. Data were collected over the entire daily foraging
periods of different colonies (Figs. 6 and 8). In other cases, the numbers of leaving and

300

250

200

150 ¢

Exits per Hour

100 |

50

| — T T T
6 8 10 12 1“4 1B 18 20

Local Standard Time
ig. 6: Temporal distribution of foraging activity recorded at one nest on July 26, August 8, and
\ugust 14 (Tunisian study site). The numbers of foraging trips (exits) are record;d ata disr’:mcr:
f 2 m from the nest entrance, The arrow marks local noon, The black bars ar the abscissa

uch\ca}lte the times of sunrise and sunset as they occurred during the experimental period. [Ma-
arcs ‘
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Fig. 7: Temporal distribution of foraging activity recorded at several nests of the Greek s.tudy site.
Mean values and standard errors are given for two years (August) (solid .and dashec;? line). The
grey area indicates the corresponding distribution obtained at the_ Tunisian study site (ffrddlf-
tailed data see Fig. 6). At the abscissa local noon and times of sunrise and sunset are marked by

the arrow and the black bars, respectively. [Platamon as compared to Mahares]

i nd the
returning ants were recorded several times per day, but over many days, a

data pooled thereafter (Fig. 7).

b) Colony Activity. At both study sites, Cataglyphis bicolor .is a truly d.1urll:al forrz;gi;r.
Whenever records are taken, the numbers of exits per hour rise steefply in the me(zl S thi
and peak well before local noon. Correspondingflly, the lnumbgrho lc;):f';sreei((:)eon oy
i i i but this surplus vanishes .
number of entries during the morning hours, . s before noon (18,
is indi hing outside the nest during the
8). This indicates that most ants are searc outside - o
hours. However, the length of the daily activity period is sh(;;};'tl).r (illflfe:enF att;]hee :ft:ri (1)10 l}]f
ies. | ier in the morning and finish later 1n .
sites. In Greece, the ants start earlier in rn ermoon
than in Tunisiaj Thus, at the latter site, the activity curves peak more sharply
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400
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Exits and Entries per Hour

100

6 8 10 12 14 18 18 20

Local Standard Time Fre. S

ig. 8: Temporal distribution of foraging activity (outward and return LEips) at two nests, o and fr
August). The total number of outward trips {exits, @) and return trips {entries, O) is recorded at
distance of 2 m from the nest entrance. The #sers depicr the differences A between the numbees

 exits and entries, In 5, additionally, the frequency of exits is given for November (M), | NMa-
res)

reece (Figs, 6 and 7). On the average, the widths of the
its) taken at half the maximum are 5.2 + 1.1 hours (n =
urs (n = 5) in Greece (t—test, p < 0.01)

activity curves (numbers of
5)in Tunisia, but 9.4 + 1.6

ly activiey pattern is determined by the number of
> and the number of runs these foragers perform per day.,

d ants, one can assess the relative
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Frg. 8b

he
the nest repeatedly. T
The whole day long, individual foragers leave and remﬁn tOnd activl'ty[;f the whole
ber of exits of any particular ant follows the bac grm; © che rwo sty sites
r‘mim “‘re n'mst foraging runs start in the morning. .N-evertheti:’ni (Tab. 2). First, in
:}:’ O:lyd,i\.i%ual foraging schedules follow clearly dls;mc:tthpil o Tunisia. On the other
(ol | 4 . ay a .
§ many ruis per sinoly. these
' > searchers perform twice a . . Surprisingly, the
]Greg.e}th;scri;tion ofpthe runs is much shorter in the ;}reekjorzglfrse dedpuced o the
nand, the du ful searchers. As ¢
e nsuccessful s . hers do
ieures o e in successful and u : ime than searcher
flguris Lomfi]d lickers stay outside the nest for longer periods of t
Greek records, lic

(sce also Harkness, 1977, 1979).
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Another parameter characterizing individual time schedules is the temporal separation
between successive runs. The time an individual stays inside the nest before it leaves
again is much shorter in Greece than it is in Tunisia (Tab. 2). Despite these differences,
the total amount of time an individual searcher spends foraging outside the nest each
day is nearly the same at both study sites. On the whole, the individual ants exhibit
rather different temporal foraging patterns in Greece and Tunisia, but the total amount
of time allocated to foraging does not vary. It is kept constant at about 200 min per day
(Tab. 2).

Table 2: A comparison of vatious parameters which characterize the foraging behaviour of individual ants,
Cataglyphis bicolor. Data about run durations include those of successful and unsuccessful foraging trips.
Nest time is the time an individual ant stays inside the nest between subsequent runs; total-out time is the
sum of the time a forager is searching for food during a who'e day. In Greece, this lacter figure is calculated by
maltiplying the average number of runs/day/ant (first row) by the average duration of the runs (second row).

Greece Tunisia T-Test
X Sz N X s; N
Runs/day/ant 9.5 1.5 24 4.2 0.3 52 p > 0.0001

Run duration (min) 19.0 1.2 165 529 39 8 p > 0.0001
Nest time (min) 75 1.2 67 47.5 7.7 49 p > 0.0001

Total-out time (min)  180.5 30.7 24 216.5 142 27 s,

5. Spatial Distribution of Foraging Activity

How are the spatial foraging patterns related to the spatial food availability? This is a
fundamental question in foraging ecology. It has most recently been treated in a semi-
nal‘ paper by Hoelldobler and Lumsden (1980). In this investigation, we do not set out
to inquire about how well Cataglypbis bicolor has adapted its foraging strategy to the
spatial characteristicg (patchiness, predictability, etc.) of its food distribution. neither
will we engage in theoretical modeiling. What we ,

. : : try to provide are experimental data
about spatial extension and temporal stability of ¢

he foraging ranges of individual ants,
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n=2471

: . T . vity
Fig. 9: Azimuthal distribution of foraging activi

leaving the nest,

28 (top) and August 14 (bottom). (& ants aving th .

IE[LErn}i-,ng without loads. Neither of the distributions is random {

Batscheler, 1981). [Mahareés]

@
A @

r'"=|©

| oot

{relative frequencies) at the same nest on July
® ants returning with Joads, (& ants
Rayleigh-test, p < 0.001;
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ind how the foraging ground of the whole colony is partitionedl among in_divi.dua] antg,
An answer to these questions is of major interest for studies on insect n avigation. As ap
xample, the spatial layout of a forager’s activity provides the necessary background
or judging about how familiar an individual ant is with its search arca. If an ang
requently returns to the same area, any navigational system is favoured that relies on
andmark cues.

) Methods. Individually marked ants were followed during consecutive foraging trips.
1 Tunisia, a 3m-square grid was painted on the desert ground to facilitate the record-
1gs of the foraging movements. Runs were recorded on scaled paper, and «fixes» (sce
Veems and Lee, 1958) were taken every 15 sec. In Greece, the observer recorded
1ccessive positions of the ants by placing numbered labels on the ground and later
apping the positions of the labels (see Section I1.3).

 the following, the spatial distribution of foraging activity is expressed in terms of the
atial distribution of search density. Records of scarch density are obtained by count-
g the numbers of fixes {(time marks) per unit area. The Greek data refer to average
imbers calculated over a period of four years, but all taken in August. In Tunisia, all
ta were collected in August 1981,

T measuring the circular (azimuthal) distribution of the foraging activity of a whole
st, the reference circle drawn around the nest (radius 2 m) was divided mnto 12
tors, each 30° wide. The sectors were marked with small sticks.

Azimuthal Distribution. Even though foragers leave the nest in all directions {Fig. 9),
> frequency distribution around the nest is rarely uniform. In general, some dircctions
re more movements than others. Over 3 period of time, the peaks can change their
sitions relative to the points of the compass. This suggests that the colony is able to
just its spatial activity pattern according to the distribution of more profitable food
s. For example, in Tunisia, nests near household refuse dumps of the nea rby
age exhibit pronounced peaks pointing towards such sites. Similar peaks can also be
duced experimentally by offering bait in a particular direction (sce Fig. 18). As the
ular distributions of exits and entries are very similar, the individual ants scem to be
ind to particular sectors of the whole foraging range of the colony,

Radial Distribution. Fig. 10 shows how search density varies with increasing dis-
ce from the nest. It is instantly apparent that the radial search profiles follow the
te general pattern at both study sites, but in Greece the overall
my is much more concentrated around the nest than it is in
iprising 90 % of the search density is defined by a circle whose ¢
sreece, but more than twice as large (r = 32.§ m)
foragers of Cataglyphis bicolor search within a
¢ as the corresponding area in Greece, Further
ging trip (recorded until the ant has found prey

search area of the
Tunisia. The area
adiusisr = 13.5 m
in Tunisia. Hence, in North Africa
N area that is almost six times as
more, the average path length of a
or until it returns unsuccessfully to
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Fig. 10: Spatial distribution of foraging activity {(cumulative frequency of search dc.ns:ty) w
respect to distance from the nest. The curves are the averages of N observed for.agmg ‘runs
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rom the numbers given above, the average path length of all foragers of a colony per
nit area can be inferred. This was done by multiplying the average pathlength by the
umber of runs per forager per day (Tab. 2) and the number of foragers per nest
ection 111.3.b), and then dividing this result by the foraging range covered (Fig. 10:
73 m” in Greece, 3318 m? in Tunisia). For a Greek colony, this calculation yields 65 m
F search path per m? and day. In Tunisia, the corresponding number is considerably
wer (13 m/m?*day/colony).

' Distribution of Finds and Rejects. By following individual ants during their foraging
ns, the locations where an ant takes a food item (finds) and then walks straight back
 the nest can readily be recorded. However, the ants do not take every food item they
icounter. If an ant investigates a food item with its antennae, but finally does not
asp the item but continues its search, this encounter is scored a reject. Rejection of
od items by individual foragers can be due to «task» or «food fidelity» (see Rissing,
’81 a). On the average, one reject per two finds occurs. The distribution of these
ents — finds and rejects — follows fairly well the distribution of the search density
ven above (Fig. 11). Thus, the foragers remove the food items more or less according
the search time applied per unit area.

Overlap of Foraging Ranges of Nests. Comparing the spatial separation of the nests
ection 111.2.b) with the search area of an average colony (Section IIL5.c, Fig. 10), the
me relation can be inferred for both study sites. The average nearest-neighbour

10 »Ila ] [
08
06
T ]

04 Greece  Tunisia

I o 3] visits
Q2 . n finds

L ' ® ] rejects
o |+ | | [ | .

0 10 20 30 40 50 60 70 m

Distance from Nest

- 11: Spatial distribution of foraging activity (searching density: visits) as well as finds and
ects of food items (cumulative frequencies). The distribution of foraging activity corresponds
that given in Fig. 10. Finds: N = 40; rejects: N = 79,
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distance between any two particular nests corresponds with the radius of a circle withir
which all foragers of a colony spend 95 % of their total search time. In Greece, the
nests are closer to one another, but the search areas of the colonies are much smalle
than in Tunisia. A shown in Figs. 10 and 28, both parameters combine to such ar
extent that the degree of overlap between the search areas of adjacent colonies is nearls
the same.

f) Foraging Ranges of Individual Ants. The circular distributions of the number of exit:
as shown in Fig. 9 stimulate the question whether an individual ant leaves the nes
indiscriminately in any one direction or whether it prefers a particular one. The obser
vations of individually marked ants do in fact show that each individual ant invariably
maintains a constant foraging bearing. This constancy is maintained over days anc
weeks and presumably extends over the whole lifetime of a forager (see also Harknes:
and Wehner, 1977, Schmid-Hempel, in prep.). Thus, in contrast to the temporal dis
tribution of the foraging activities of individual ants (p. 22), the spatial distribution o

Fig. 12: Foraging ranges of 4 individually marked ants, A-D, belonging to two adjacent nests
(N;, N). Foraging ranges have been mapped on the basis of 10-34 foraging paths recorded per
ant over periods of 3—5 days. For detailed structure of the individual foraging ranges seeFigs.

13-15. [Platamon]
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Fig. 13: The spatial layout of 13 foraging paths of an individually marked ant (see Fig. 12 A).
Fixes of the ant’s positions {small black dots) are taken every 30 sec. The sites where the ant has
found food are indicated by open circles provided with the numbers of the foraging trips (e. g @
indicates the position of the finding site of the ant’s 4th foraging trip). N, nest entrance; light
grey shading, plants of Artemisia scoparia (Compositae). [Platamon])

their activities does not reflect the behaviour of the colony as a whole. At the colony
level, activity might be distributed uniformly over all points of the compass, but an
individual ant restricts its activity to a small sector of the colony’s activity range.
Furthermore, during their entire foraging trips the foragers do not deviate much from
their initial compass bearings (Figs. 12—16). As a consequence, the foraging range
covered by an individual ant comprises only a minor fraction of the total foraging range
of the colony. This kind of «sector fidelity» also accounts for the fact that there is a
remarkable correspondence between the circular distributions of the numbers of exits
and entries (Fig. 9). Each forager returns more or less within the same sector in the
range of which it has left.

In addition, sector fidelity of individual foragers can be inferred from experiments
where bait is offered in abundance at the same place and at the same time of the day for
a number of successive days. Each day, the number of ants arriving increases more
steeply than on the day before (Fig. 17). This is primarily due to an increase in the
number of ants which arrive at the station rather than an increase in the frequency of
visits of individual ants, since the time to complete a round-trip — a run to the nest and
back to the bait — remains roughly constant after an individual ant has completed its
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first few visits at the bait. Hence, the increase in the number of ants is easily explained
by the assumption that a number of experienced ants already familiar with the position
of the bait is joined every day by a certain number of newcomers. The number of
newcomers arriving per day is determined by the rate at which these ants chance to

Fig.16:The spatial layout of 2 and 4 foraging paths of two individually marked ants belonging o
the same nest (M). Fixes of the ants’ positions (small filled and open circles) are taken every.30 sec.
The sites where the ants have found food are indicated by the large open circles whncl_u are
provided with the numbers of the foraging trips (¢. 2. (& indicates the position of the finding site of
the ant’s 2nd foraging trip). Light grey shading, shrubs {see p. 3). [Mahares)

I — ' ' encounter this particular bait during their normal foraging runs. Calculations based on
| the spatial extent and spatial overlap of individual foraging ranges confirm this hy-

Fig. 15: The spatial layout of 34 foraging paths of an individually marked i
y marked ant (see Fig. 12 D). For pothesis (Schmid-Hempel in prep.).

explanations sce Fig. 13. [Platamon]
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Fig. 17: Frequency of ants arriving at two feeding stations (a, b} on the first day after the stations
were established (D) and on subsequent days — the second day at 4 (@), the fifth day at b (). Food
items were offered at the feeding station for 80 min each day, i. e. twice 80 min in g and five times

80 min in b. Figs. 2 and b refer to observations made at two different nests in two different years.
[Platamon]

Offering a bait in a particular direction leads to a pronounced peak in the frequency of
exits pointing in that direction. In addition, the frequency of exits declines in the
adjacent sectors (Fig. 18). These «inhibitory flanks» are due to foragers which usually
attend to nearby directions but become trapped by the bait and subsequently leave the
nest in the sectors pointing towards the food site.

The previous analysis of individual search paths certainly shows that for any particular
ant the spatial structure of the search path is strongly influenced by the preceding paths.
This is not to say, however, that the ants always return to the very sites where they have
been successful before. It only means that they concentrate their search efforts to
individual foraging ranges (sectors that, in Tunisia, are some 50° wide and some 30 m
long}, Within these ranges, they often take the same route out from the nest and back to
it, but the finding sites are distributed rather irregularly over their entire foraging
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Fig. 18: Azimuthal distribution of foraging activity (frequency of exits) at one nest before (black
bars) and after (grey bars) a feeding station was established in Sector 3 ata dls.tan'xce of 1(_) m from
the nest. The black bars refer to the foraging activity as measured on 3 days within a period of 14
days. Frequencies f {exits/30%sectot/15 min} are given relative_ to the maximum frequ;ncy
occurring at Sector 9 (f. = 5.8; 11.0; 10.5 exits/sector/15 min for each of the three ays9,
respectively). Foraging activity after offering bait is given in terms of frequency at SectorA

before offering bait. After the feeding station was installed in Sector 3, the frequency of e:flts
increased at Sectors 2, 3, and 4, and decreased in the adjacent Sectors 1 and §. For explanation

see text. [Mahares)
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Fig. 20: Trajectories of 16 consecutive outward () and return trips (b} of an individually marked
ant, Fixes of the ant’s positions (e} are taken every 30 sec during the first and last 2 min of the
outward and return trips. In b the area covered by the outward trips (4} is shown in grey. N, nest

entrance. [Platamon]

<« Fig. 19: Trajectories of 12 consecutive outward (2) and return trips (b} of an individually
marked ant to an artificial feeding site. Fixes of the ant’s positions {for symbols see #nset) are
taken every 10 sec. All outward and return trips were performed within 83 min. In b the area
covered by the outward trips (a) is shown in grey. N, nest entrance; F, feeding site (1 m?).
[Mahares]
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ranges (see e.g. Figs. 13—135). This nicely underlines our previous statement that food
items are nearly randomly distributed within the ants’ spatial environment.

As to the fine detail of the ant’s foraging paths, two strategies can be distinguished: to
search at the previous finding site first, or to pass by the previous finding site and search
somewhere else. In both Tunisia and Greece, particular individuals seem to specialize in
one of the two strategies.

Finally, why are individual ants bound to spatially limited foraging ranges when the
distribution of food is really unpredictable in space and time? An answer to this
questton might well have something to do with the constraints under which the ant’s
navigational system must work. This is the point to be considered next.

Fig. 21: Trajectories of foraging trips nos. 2, 3, 4 {a), 9 and 11 (b} of an individually marked ant.
Fixes of the ant’s positions (black dots) are taken every 30 sec. At the end of each trajectory the
finding site is indicated by an open circle containing the number of the foraging trip. Large filled
circles mark previous finding sites, Numbers refer to the numbers of the foraging trips recorded.
N, nest entrance. [Platamon]
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6. Navigational Strategies

As shown in the previous chapter individual foragers restrict their searching activities
to small and distinct sections of their spatial environment. In the following, let us
inquire in more detail about the spatial structure of individual foraging runs. How
consistently do individual ants follow the same routes when leaving and returning to
the nest, and how consistently do they return to places where they have been successful
before? These are the topics to be considered first (Section TIL6.a). As a next step in
answering the question of how the ants find their way, successful foragers are displaced
within their individual foraging ranges from one place to another, and their homing
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are recorded (Section II.6.b). Finally, the hypothesis about the ant’s navigational
ey as derived from these displacement experiments is tested by exposing the ants
ificial landmark environments (Section 1IL6.c).

stial Structure of Individual Foraging Paths. In a structured environment where
al landmarks such as small bushes or annual plants are available as navigational
s, individual foragers follow distinct routes when leaving the nest and returning to
ten, the trajectories of the outward and return paths differ consistently (Figs. 19
0). Thus, the sequence of landmarks encountered by the returning ant is not just
versed sequence experienced during the outward trip.

ger distances from the nest, individual foragers vary considerably in how they
te their search effort to certain localities within their foraging range. Some ants
t more in searching at sites of previous rewards than others. Some restrict their
\es to limited areas, where they follow tortuous paths, others cover huge areas by
ng along straight trajectories. Individual foragers do not switch from one search
1 to the other, but maintain a given pattern throughout their lifetimes. What
behavioural idiosyncrasies mean in terms of an optimum foraging strategy of the
- colony is discussed extensively by Schmid-Hempel (in prep.). With respect to the
ational aspects considered here, let us concentrate on the more consistent for-

- examples are depicted in Figs. 21-23. In consecutive foraging trips, all three ants
tedly search at localities where they have found food before. In the case of Fig. 21
1t confines its searching activity to two locations, at least during a sequence of 11
ing trips. In Figs. 22 and 23, the ant having been unsuccessful at the previous
g site returns to an area where it had been successful farther back in the past.
ously, a Cataglyphis ant is able to locate more than one finding site within its
ing range. Thus, it needs a map.

mdmark Routes. To unravel the nature of the ant’s map, individually marked
ers are trained to an artificial food source located within their familiar foraging
. After they have run back and forth between nest and food source at least five
, they are displaced for short distances (35-85 % of the training distance), and in
us directions. After release, their return paths are recorded.

t strikes us immediately when looking at the results (Fig. 24) is the fact that at
point of release (Nos. 1-8) the ants always choose the direction that would have led
to the nest (N) had they been released at the food source (F), but did not lead
from the place where they were in fact released (positions Nos. 1-8). Thus the ants
ot walk straight home. This means nothing but that they do not use a map by
h they can compute the direction towards home from any point of their foraging
. Instead, they adopt a dead reckoning (vector navigation) strategy telying on a
ass and some means of measuring distances (Wehner, 1982 a). During a foraging

)
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trip the ant records the direction and distance of each segment of its path and su
all these unit vectors. The mean vector, reversed by 180°, leads directly back

nest. As a consequence, pure vector navigation would guide the displaced ants

points marked by the tips of the white arrows. (A white vector is obtained by inv
the black vector leading from N to F and shifting it to a given point of release
black dots at the centres of the circles indicate the mean positions where the ants s
searching for the nest. The radius of each circle represents the standard error (st
25 for method of determining the search point).

There is 2 marked difference in the homing behaviour of ants released at points !
6, 7 and 8 and those released at points Nos. 2-3. In the former case, the ant
searching where they would be expected to if they were using vector navigation

In the latter case, however, they do not stop at the points indicated by the home v
(tips of white arrows), but continue their straight homeward runs (dashed lines

Fig. 22: Trajectories of two consecutive foraging trips of an individually marked ant. For
nations see Fig. 21. [Platamon]
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'ig. 23: Trajectories of two consecutive foraging trips of an individually marked ant. Fixes of the
nt’s positions (small black dots) are taken every 60 sec. For explanations see Fig. 21. [Mahares]

hey are in fact very close to the nest. The additional information used to reach the nest
n the latter case must have been derived from the familiar landmark panorama which
the ants got to know during their former return runs from F to N. When the ants are
released at pointsNos. 2—5, vector navigation leads them close to the familiar landmark
route F— N. However, when they are released at points Nos.1, 6, 7 and 8, they finally
arrive at positions (black dots) that lie outside this route. The landmarks surrounding
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route F — N are visible even from the latter positions, but from there they appear ir
perspectives unfamiliar to the ants. The ants stop and start searching?®,

Obviously, they rely on a sequence of memory images characterizing the particula
route F — N, and do not use a topographical map in which the positions of the
landmarks are specified irrespective of the ant’s own position. This hypothesis is testec
in the following section by using artificial landmark panoramas,

L

L 1 1 L 1 1 1

Fig. 24: Homing in ants which have been trained from the nest (N) to an artificial food source (f)
and have then been displaced to different points of release (crosses,Nos. 1-8), n = 74. qucﬁ
arrow, mean vector of the outward paths; white arrows, theoretical home vectors. If thg homllng
ants relied exclusively on vector navigation they should stop vyalking along a straight lin
whenever they reach the locations marked by the tips of the V\:‘hlte arrows. Black dots,l mear
location of the points where the ants start searching (end of straight homing path, for dcfmln.or
see Fig. 25). The circles drawn around the black dots indicate standgrd errors. The mean homin;
directions pointing from the starting points (crosses) to the searchln.g points (black. dots) hz?vs
been recorded at a distance of 10 m from the start. Dashed lines, sections of the straight horr_npg
paths that cannot be accounted for by vector navigation, but are due to piloting along a familia;
landmark route. [Mahares]

% In the actual experiments, the ants were captured shortly after the search points had been determined. I
they had been allowed o continue their searches, sooner or later they would bave eqd«_:d up at the nest due te
a sensible backup system, their strategy of central place searching (Wehner and Srinivasan, 1981).
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Ratio I/d

Distance from Start {d)

25: Definition of distance d, (inverted black arrows) at which a homing ant starts searching,
is, stops walking along a straight trajectory, Four examples are shown. 1, path length acrually
elled by the ant; d, distance from the start (point of release). For different distances d the ratio
as been calculated and plotted. ¥d = 1 refers to a straight homing path. dg is defined as that
e of d at which the ratio I/d rises steeply and consistently. [Maharés]

emory Images. A colony of ants is displaced from its natural habitat to a vast
ert plain where the bare ground is completely devoid of any vegetation. Artificial
Imark panoramas consisting of one, two, or more black cylinders are arranged
und the entrance of the nest. After the foraging ants have become acquainted with
r new spatial environment (training area) for one day, they are individually dis-
ced to a third (test) area covered with a grid of white lines. This grid is used as a
rence system in recording the ants’ paths. In the test area the landmark cylinders are
anged either in the training configuration (control tests) or in modified configur-
ms (critical tests). The present account refers only to experiments in which two
nders are involved.

> ants are trained to a spot between the two cylindrical landmarks. During the test,
y are exposed to four different landmark configurations: markers arranged at train-
distance (a) or half-training distance (b), markers half-training size arranged at half-
ning distance (c) or full training distance (d). It is only when the apparent sizes of
landmarks coincide with what the ants have experienced during training (Figs. 25a,
hat the ants search midway between the two markers. Under these conditions, the
arent size of each cylinder is 10° (height) X 6° {width)., When the landmarks
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appear larger (Fig. 26 b) or smaller (Fig. 26 d) due to changes of either distance or si
respectively, the ants get lost. Hence, they confound distance and size and rely excl
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Fig. 26: Searching of Cataglyphis bicolor for the nest site. The nest site is marked by t
cylindrical landmarks (height 38 c¢m, diameter 22 cm), positioned east and west of the r
entrance. @ Control test: Sizes and distances of the markers coincide with those used dur
training, but the markers are transferred to the test area some hundred meters away from
training arcas. b—d Tests: Sizes and distances of the markers varied with respect to the train
situation. b Markers separated by half training distance. ¢ Markers half training size separated
half training distance. d Markers half training size separated by training distance. The four w/
arrows point towards the position of the nest. In each figure, search densities are calculated
the basis of the total path length recorded for 7 ants for 5 min each. Cross-hatched, > 70%
maximum search density; hatched, < 70% > 40% of maximum search density.

A



WrenNER/HarkNEss/ScuMin-HEMPEL

. on the two-dimensional panoramic image as seen from the nest entrance. This is in
rd with the hypothesis derived at the end of the last section.

\e experiments just described, Cataglyphis adopts a new search strategy whenever
remory image does not coincide with the current image, that is when the markers
1gh appearing at the same azimuthal positions as during training, are either in-
sed or decreased in size by no more than a factor of 2. Then, instead of searching
way between the markers, the ants search very close to either marker, running to

fro between them. In the case of Fig. 26 d where the size of each cylindrical
Imark is decreased, they turn towards such a landmark when its dimensions are
 3.7° (height) x 2.2° (width), or even less,

‘second series of experiments (Fig. 27), two cylindrical landmarks are arranged in
1 a way that they are separated by an azimuthal angle of 60° rather than 180° as
 from the entrance of the nest. Now, the landmark configuration has become
viguous. Opposite to the nest entrance, there is another point at which the landmark
orama coincides with what the ants experience at the nest. The ambiguity can be
Ived by referring either to distant landmarks or to celestial cues. Surprisingly, the
. do not resort to the latter possibility even though the ever blue sky vaulting over
desert provides conspicuous compass information. They do not use a celestial
ipass in order to decide whether the nest is north ot south of the two landmarks.
en the test area is far off the training area, so that the distant landmark panorama
ximal height 2.8°) bears no resemblance at all to that of the training area, the ants
ch indiscriminately at both points (Fig. 27 b). On the other hand, they are able to
e the ambiguity if the training and test areas share a common skyline (Fig. 27 a).

. main result drawn from these and many other experiments not described here is
t in piloting themselves home the ants adopt a simple strategy of template matching.
-y try to match a panoramic memory image (template) with whatever current image
v experience during homing. Apparently, they do not extract more generalized
srmation from these landmark panoramas. This is nicely borne out by the experi-
nts depicted in Fig. 26. There, the ants do not apply the seemingly simple rule that

nest is midway between two identical markers, irrespective of the sizes of the
rkers.
ther experiments have shown that the memory image is fixed with respect to a
nal system of coordinates. Usually, walking Cataglyphis ants keep the orientation of
ir heads, and thus their eyes, fixed with respect to both roll and pitch (see Wehner,
82 a, Fig. 19, p. 45). Knowing the directions of view of the individual ommatidia,
{ the compass bearing of the ant, one can then define the regions of the eye onto
ich a given landmark is projected. If those parts of the eye are painted out, the ants
- no longer able to use this landmark for navigation, irrespective of whatever other
rts of the eye have been left open. The memory image seems to be defined in terms of
inal coordinates. Strictly speaking, this statement only holds with respect to move-
nts about the roll and pitch axes. What remains as a really intriguing question is
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whether the memory image is also fixed with respect to the dorsoventral (yaw) axi
whether it can rotate inside the ant’s head about this axis, i.e. parallel to the horiz
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Fig. 27: Searching of Cataglyphis bicolor for the nest site. The nest site is marked by
cylindrical landmarks positioned at an azimuthal distance of 60° to the north of the
entrance. The white arrows point towards the position of the nest. a Test area near to the tra
area so that the distant landmark panorama coincides in both cases. b Test area several hur
meters away from the training area: Skyline differs from that of training area. ¢ Test area as
but landmark configuration rotated by 90°. For definition of search density (cross hatchea
hatched) see Fig. 26,



V. Discussion

1. Foraging Strategies

n both North Africa and Greece, Cataglyphis bicolor employs the same foraging
strategy. It is a strictly individual forager. There is no kind of communication or group
ction, e.g. no kind of recruitment. Furthermore, Cataglyphis is specialized in scaveng-
ng. As the small items of dead animal matter exploited by the ants are distributed
widely and unpredictably within the ants® habitat, individual foraging is a sensible
strategy to deal with such a food distribution. Why this is so will be one point to be
liscussed subsequently.

Another point relates to the differences in certain foraging parameters as they occur
setween the Tunisian and Greek populations studied here. These differences can be
raced back to differences in food density and availability. There is no a priori reason to
sssume that the differences in foraging behaviour between the North African and
Greek ants are the result of intrinsic differences between the populations.

a) Individual Foraging: In Greece, Cataglyphis bicolor encounters much higher food
densities than in Tunisia. This can be inferred even without direct measurements of
food density from a number of foraging parameters. For example, the ants need less
time to find a food item in Greece than they need in Tunisia (Tab. 2). Could such
differences influence the foraging strategy? As has been shown experimentally by
Hoelldobler and Wilson (1970) and Hoelldobler (1976), and later confirmed by the
observations of Davidson (1977 a), North American harvester ants Pogonomyrmex
badius, P. rugosus, and P. barbatus use group techniques when they forage in areas of
high seed abundance, but may switch to individual techniques under less suitable
conditions. No such change in the foraging strategy is found in Cataglyphis bicolor
when the two populations are compared. At both sites the foragers invariably search
individually. Oster and Wilson (1978) refer to this type of food searching behaviour as
«diffuse» foraging. However, the behaviour of individual ants is by no means diffuse or
random as this notation might suggest. Instead, individual foraging must be considered
as an adaption to the type of food exploited. All the evidence at hand favours the
hypothesis that the collected carcasses are widely dispersed and their presence is
unpredictable in space and time. As further discussed by Schmid-Hempel (in prep.),
such a type of food is best exploited by an individual foraging strategy.

At both study sites, foragers exhibit a high degree of individuality. This behaviour leads
to the spatial partitioning of the foraging ground of the colony. Why, however, does
each ant not leave the nest in another (random) direction every time it starts a new
foraging run? For at least two reasons, this alternative sounds less reasonable. First, in
any particular sector of the colony’s foraging range food density may vary over periods
of days, and this variation may be independent of the food density in other sectors.
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Thus, at any one time, some sectors will be more profitable than others, so that it will
pay the ant to return to a sector in which it has been successful before’. Let us recall,
however, that within such a transient «macro-patch» (sector) food occurs unpredict-
ably and widely spaced as far as the spatial dimensions of the ant’s foraging activity are
concerned. The second reason relates to the navigational strategies involved in forag-
ing. Ants which repeatedly visit the same area have the possibility of acquiring some
kind of landmark map, which can be used to back up the ant’s vector navigation
mechanism {Chapter IV.2).

b) Niche Dynamics. One of the most conspicuous differences between the Tunisian and
Greek populations is a morphological one: The average size of the foragers is much
smaller in Greece than it is in Tunisia. It seems that Cataglyphis bicolor can rather
readily adapt its body size to local ecological conditions. The foragers are larger in
more favourable areas (Delye, 1968) or at more favourable seasons (Schmid-Hempel,
in prep.). Therefore, one should expect the foragers of the Greek population to be
larger because it is at the Greek study site that food density is higher. However, just the
opposite occurs, But why?

In Tunisia, a congeneric species, the smaller Cataglyphis albicans, occurs sympatrically.
This species is suggested to be a major competitor of Cataglyphis bicolor. On the other
hand, Cataglyphis cursor, the ecological equivalent of Cataglyphis albicans in southern
Europe, does not occur at the site selected for this study in Greece (even though it
occurs at other sites in Greece), nor is there any other species to take the place of
Cataglyphis albicans. Cataglyphis bicolor is the sole scavenging forager at the time of
day when it is active. There are others, for example Pheidole pallidula, but they are
active mainly at other times of the day. The point we want to make in the following is
that the difference in body size between the two populations of Cataglyphis bicolor
might well be due to the presence or absence of a smaller congeneric competitor.

We can build up to the argument as follows: All species of Cataglyphis scavenge on
dead arthropods. In general, the size distributions of arthropods present in any particu-
lar area, are skewed towards the smaller end of the scale (Janzen and Schoener, 1968).
This has been confirmed for the Tunisian area by Schmid-Hempel (in prep.). Moreover,
in Tunisia, the smaller Cataglyphis albicans exploits the smaller end of the size scale
and thus has access to the more abundant food items. In Greece, where a smaller
congeneric competitor is lacking, Cataglyphis bicolor obviously shifts its diet towards
this more abundant end of the size scale. In turn, this leads to a reduction of the ants’
sizes, since body size and food size are intimately related for metabolic reasons: It really
does not pay for big-sized foragers to gather food items which are too small to compen-
sate for the costs.

% The crucial question how an individual ant selects ifs sector in the first place still remains to be answered.
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There are a number of accounts which suggest that differences in body size allow
otherwise similar species of ants to coexist. Such a correlation between body size and
prey size has often been assumed. In many seed-harvesting ants, a correlation between
preferred seed size and the sizes of foragers indeed exists (Hoelldobler, 1976; Oster and
Wilson, 1978; Davidson, 1978; Hansen, 1978; Whitford, 1978a, b). One should be
careful, however, about generalizing this statement too readily. First, the correlation be-
cween food and body size often does not apply in ant species which retrieve prey by
-0-operative social interactions (Hoelldobler et al., 1978; Oster and Wilson, 1978;
Adams and Traniello, 1981). Secondly, changes in morphology need not affect the
average body size alone. Davidson (1978) and Herbers (1980) point out that changes in
the amount of variation of a particular trait within the colony might be more important
than changes in the average value. For example, in Veromessor pergandei (Davidson,
1978) the variation in the body sizes of the workers increases when the number of co-
existing competitors is reduced. The same conclusion can be drawn from our Cata-
slyphis data (Fig. 3). The coefficient of variation as calculated from our data on head
width is 0.26 (n = 90) in Greece, but only 0.10 {n = 304) in Tunisia {p < 0.001). Taken
ogether, different niche characteristics account for the morphological difference which
:xists between the foragers of both populations. This niche shift is reasonably well
xplained by some kind of ecological release (Van Valen, 1965; Oster and Wilson,
1978) induced by the absence of a smaller competitor in Greece.

As argued above, the smaller body sizes of the Greek foragers as compared to the
[unisian foragers allow for the exploitation of a more abundant food source. It is
herefore not surprising that, in addition, the sizes of the foraging ranges are consider-
bly smaller in Greece than they are in Tunisia. This is in accord with a number of
eports that the size of the foraging range is decreased whenever the conditions become
nore favourable (Bernstein, 1975; Davidson, 1977 a; Bernstein and Gobbel, 1979)'°.
Jowever, a small foraging range cannot be managed in the same way as a larger one. In
areece, for example, the foraging runs last for much shorter periods of time than in
[unisia, but many more runs are made by an individual ant per day. Most remarkably,
he runs are completed in much shorter time intervals in Greece than in Tunisia even if
hey are unsuccessful. While searching, the ants might thus rely on some kind of time
?Xpectation when to stop. In such a case, these time limits should be set by the average
ood availability of the environment!.

0 The§e-stuf;iies relate the size of the foraging range to gross indicators of food availability, e. g. the amount

)f precipitation. However, behavioural changes, in patticular the choice of diet, and morphological character

i_lsplacement are other aspects that should be considered. In the latter case, it is a well-known fact that the

;llgt;lof th;of?)raging range is positively correlated with the body size of the animal (for ants see Bernstein,
s - S0f).

1A §1mllar kind of reasoning is used in deriving theoretically the optimal stopping rules for animals which

xploit patches of food fe. g. Charnoy, 1976)
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c) Colony Structure. How often a particular point of the environment is sampled by an
ant depends not only on the behaviour of individual ants, but also on the number of
foragers per colony and on the density of the colonies. The differences observed be-
tween the colony structures of the Greek and Tunisian populations might well be
related to such factors, In Tunisia, the colonies comprise a main nest and several
subsidiary nests, whereas in Greece all individuals of a colony are confined almost
always to a single nest, This implies that in Tunisia, foraging ranges are larger and
foraging densities smaller than in Greece. The polydomous structure of the Tunisian
colonies seems to result from a compromise between having to search a large area for
scarce food and avoiding the concentration of the searching activities near the same
nest by too many foragers. A similar correlation between polydomous colony structure
and extended foraging range has been demonstrated by Hoelldobler and Lumsden
(1980) for African weaver ants, Oecophylla longinoda. On the other hand, Cataglyphis
colonies must pay for decentralizing their foraging ranges by adopting a polydomous
colony structure. As the colonies are monogynous, many social activities of the indi-
vidual nests must be co-ordinated. This need reflects itself in the frequent exchange of
individuals {interior workers, larvae, and pupae) between nests of the same colony.
Besides these differences, in both populations the spatial distributions of the colonies
seem to be governed by the same ecological rules: The nearest nest of an alien colony
lies at a distance which corresponds with the outer edge of the foraging range. This
distance is given by the radius of a circular area to which the whole forager force of a
colony devotes about 90% of its total search time (Fig. 28).

d) Predation Risk. While foraging, the ants are continuously exposed to the risk of
being attacked by predators. In Greece, an individual ant performs more foraging runs
per day, each lasting for a shorter period of time than in Tunisia. Nevertheless, during a
whole day, each individual ant forages for an average time of almost 200min at both
sites {Tab. 2). As the life expectancies of the foragers are also the same at both sites (6
days), Tunisian and Greek ants suffer from the same risk of predation'?. This coinci-
dence might be accidental. On the other hand, predation risk seems to be a major factor
shaping foraging strategy as well as life history dynamics of Cataglyphis {(Schmid-
Hempel, in prep.). This conclusion is supported by recent results of Rissing (1981},
demonstrating that individually foraging ants are more vulnerable to predation than
group foragers. In the case of Cataglyphis bicolor, spiders of the genus Zodarium and

robber flies account for most of the losses'’.

12 In the colonies kept in our Zurich laboratories individual workers of Cataglyphis bicolor have survived for
a number of years. .

13 The actual hazards that threaten any worker which ventures outside the nest are different at the two sites.
In Greece, predation by the spidet Zodarium frenatum imposes a heavy mortality on foragers that «guard»
the nest entrance, This kind of predation occurs exclusively at dawn and dusk (see also Harkness,.1976). In
Tunisia, predation by spiders and robber flies during a foraging run is the chief cause of mortality. Other
hazatds, e. g. aggressive interactions between ants, are also present, but our calculations show that predation
alone is almost sufficient to explain the observed loss of foragers.
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28: Locations of nest sites (as in Fig. 1 4,.b) and sizes of the foraging ranges (shaded areas)
ered by colonies of Cataglyphis bicolor in Greece (a) and Tunisia (5). The foraging range is
sidered to be circular with a radius containing 90 % of the total search density (see Fig. 10).

> short life expectancies of Cataglyphis foragers imply that a colony must replace
20 % of its entire forager force every day. In other words, a colony which com-
es 300 foragers must produce 30-60 workers a day to maintain its size. As shown
chmid-Hempel (in prep.) such surprisingly high turnover rates do indeed occur.

eturns from Foraging. As dramatically shown by the former arguments, if a colony
> keep up its population, every forager must collect within its short lifetime at least
amount of food that is needed to grow up the larva which will replace it. How
ctive are individual foragers in this respect? At both study sites roughly 50 per cent
he foraging ants returned without food items to the colony. In Tunisia these ants had
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failed to find anything. As compared to group foraging ants (Davidson, 1977b) 1
number is rather low and may reflect the price an individual forager must pay fog
adopting recruitment strategies. In Greece searchers were succesgfu] in ow?r ?O Y
their runs. Thus, nearly all the ants that returned carrying nothing in their jaws,
about 50 %, were lickers. o _

To answer the question posed above ~ how efficient is an individual forager in rep
ing its biomass within the colony? — the total amount of food gathered by a for_al
during its entire lifetime (M) is a more crucial number. It can be calculated by multi
ing the average weight of a food item (m) by the nun'iber of successful runsd ,
lifetime. The latter quantity is derived from the average hfe—expectan'cy (T = 6 d:
and the number of runs per day (n). As mentioned above, t‘he proportion of runs (e
which a food item is brought in is nearly the same at both sites, gb(?u*F hallf (e.: = 0.5).
calculated from M = m-T-n-e, in Tunisia each forager delivers within its lifetime 467
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fresh weight of food to its colony (n = 4.2, m = 37.1 mg; see Tab. 2). In Greece, the
corresponding number is 165 mg (n = 9.5, m = 5.8 mg; Tab. 2), How do these
quantities relate to the average body weight of a forager? In the end, it is this biomass
that must be replaced™. The average body weight of a forager is 27.3 mg and 9.7 mgin
Tunisia and Greece, respectively. Thus, during its entire lifetime a Tunisian Cataglyphis
bicolor delivers 17.1 times its own body weight to the colony. In Greece, the corre-
sponding number is 17.0. This comparison strongly suggests that the «foraging machin-

ery» of Cataglyphis, though operating in different ways at the two study sites, yields the
same returns.

2. Navigational Strategies

As it appears from the recording of individual foraging paths, an ant may repeatedly
visit particular locations within its foraging range. It does not merely memorize the
location where it has been successful last time, but other locations as well. To accom-
piish this task, it needs a map. In principle, Cataglyphis could rely on two types of map,
A vector map or a landmark map. A vector map implies that the ants determine the
directions and distances from the nest to particular points within their foraging range,
ind memorize all these pairs of polar co-ordinates (Fig. 29). This hypothesis could be
ested most conveniently in an environment completely devoid of landmarks, so that
here would be no way for an ant to determine positions by other means than using
sector information. That Cataglyphis is able to perform vector navigation has been
umply documented (Wehner, 1982a), but we have no data at hand to support the view
hat the ants store a number of compass bearings pointing at particular feeding sites'”.
Certainly, the ants use some kind of landmark map to specify locations of foraging
ites. This is clearly borne out by experiments, not described in this paper, in which the
nts change their individual foraging routes after the natural landmark panorama has
cen modified artificially. It can also be inferred from the common observation that the
patial layout of individual foraging paths is markedly affected by the distribution of
andmarks within the ant’s spatial environment. Further evidence derives from the

' Tor this calculation, we neglect the marerial collected by lickers in Greece and the berries which are
ollected by. the ants in Tunisia, arguing that this type of food is an energy source which drives the whole
stem, but is not needed as protein material to make new ants. In this case, the average fresh weight of a food
cm 15 37.1 £ 4.5 mg (n = 76). A more exact analysis would require to take into account the dry weights or
\Crgetic contents of consumers and their food. However, by assuming these quantities to be relatively the
e, we think it is justified to use the crude ratio of fresh weights,

To date, it is not kﬂOWE‘:l whether any animal species is able to establish and use a vector map. In recent
mmaries on animal navigation (Schoene, 1980; Merkel, 1989; Gauthreaux, 1980; Papi and Wallraff,
382),_the possibility of navigaring by vector maps is not mentioned at all. Wallraff (1974) and Wiltschko
d Wiltschko (1978) discnss how birds could pilot by «directionally oriented maps of familiar landmarks».

these “mosaic maps» the positions of landmarks are defined in terms of compass courses to be steered
en moving from one landmark to another.
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experiments on homing by artificial landmark cues (Section 1L 6.¢). Even in species
ants which engage in mass-foraging along scent trails, route fidelity depends, at 1east-
a certain degree, on panoramas (Pogonomyrmex spp.: Hoelldobler, 1976; Formi
rufa: Rosengren, 1971; Rosengren and Pamilo, 1978; Zakharov, 1978; Camponot;
modoc: David and Wood, 1980). In a most interesting experimental study Hoelldobl
{1980) has recently shown that African stink ants (Paltothyreus tarsatus, Ponerina
use the pattern of the forest canopy for navigating back to the nest, .
As deduced from our work on Cataglyphis, the ant’s landmark map differs conside
ably from a map used by human navigators (Wehner, in press). W}.lereals a hum:
navigator relies on a map in which the positions of landmarks. are defined in absolu
terms and not just relative to the paths actually taken, it is obviously the latter strate;
that the insect applies. Correspondingly, the ant’s «<map» does not complc‘tcily cover tl
area visited during consecutive foraging trips, but consists mainl?f in flarmllar «route:
passing through that area. According to this concept, each route is fieflned b)( a certa
sequence of landmark images which the ant expects to appear in SLICC(?SSIOHIW]'I]
proceeding along its foraging or homing paths. In these images, distances gnd sizes +
landmarks are confounded. Thus, the piloting ant seems to use a sequential map |
relying on sequences of two-dimensional images of its lal‘ldmark sn%rrour}dings. Appe;
ently, it is unable to develop the concept of a topographn;al map, in which landmar
are defined in three-dimensional space. Recently, Cartwright and C(?]lctt (1982) har
proposed a quantitative model of how honeybees use landmarks to gmde their return
a food source. The assumption undetlying this model is completely in accord with wh
und in ants. .
gfol;f:iiiif:vith a sequential map, the insect should fail to compute the direct ro.u‘:a frg
point A to point B when it has previously travelleld to A and B only from a th;r poi
C. A close inspection of all the foraging paths which we have 'recc')rded at bot expe
mental stations is in favour of this view'®, but any final generalization must await dire
experimental proof, Such experiments have high priorit_y in our futu‘re work. |
Using landmark information and using vector information are certainly not mutua
exclusive strategies. While foraging, Cataglyphis always relies on vector na}\ilgatlc
(dead reckoning), irrespective of the presence or absence of landm}arks.. BuF t C'T:{O
often an ant has travelled along a particular vector route, the more hk.ely it w1l.l bui h
in its mind a sequential landmark map of that route. Hence, vector 1nf0.rmat10nhr-n1}g].
provide a reference system for establishing a landmar-k route. According ]:o t 1sk
pothesis, landmarks are used to indicate a route which the ant_ would have t.a c
anyway by relying on its dead reckoning system. Dfaad recko.nmg, hovgev:;r,l elss t;
intrinsically noisy system, and vector information provided by this system bec

ini jour i : 196
' The conclusion is also supported by studies of trap-lining behavu_nur in bu.trfblebees (mf'xlels. I_[Cacii,d s
females: Heinrich, 1976) and orchid bees {Janzen, 1974). Particular sites are visited successively a
the temporal seqlicnce in which they have become incorporated into the route.
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29; lStrz.ateglf:s and concepts in Cataglyphis navigation. @ Outline of a foraging path. P;, P
er fmd.mg sites; P3, present finding site. From P, the ant moves straight back to the n-estr? N)2 )
Or navigation, Rel}fing on a dead reckoning (vector navigation) system, the ant is continuall';r
med ab_out its position (P;) relative to home (NJ. If it finds food at Py it returns to the nest
ra s.tralso_rht trajectory (vector B). In the vector navigation system of C,ataglypbis directional
mation is provided by a celestial compass. Landmarks are not necessary.

o7 map. The concept of a vector map implies that the ant is informed about the positions of
2, €tc. even in the absence of any landmarks, The positions are defined in terms of polar
dmates(a;,, a; and ay, a,, ete.). At present, there is no evidence at hand that Cataglyphif uses
tor map, i. €. a set of vectors ©. If it did, it would have to store vector information not only
t the last finding site (as it actually occurs), but about previous finding sites as well. Consider
in contrast to @, all vectors © have actually been experienced by the ant’s dead 'rcckonin
n 4urmg previous foraging runs. Vectors of type (dwould have to be computed ’
ential landmark map. Landmark panoramas defining certain routes (N— P;, P, N Py, etc)
:es {e. g .N) are used to back up ;rhe ant’s vector navigation system. As shown in this ];;aper,
emory 1mages stored in the ant’s brain are analogous to photographic images in so far as
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less precise the more tortuous the path the ant has taken. Backing up this system by ar
landmark information available is a sensible strategy.

If vector navigation really provides a reference system for using landmark informatio
we might be able to understand why the ant does not adopt the concept of a tri
(topographical) map. This is because vector navigation is incompatible with the co:
cept of 2 map, While the reference system used in vector navigation is bound to tl
animal and moves as the animal moves, the reference system underlying a map is fixe
in space. Using a topographical map and at the same time performing vector navigatic
implies the adoption of two mutually exclusive concepts of how to organize navigatio;
al information. This is as impossible for an ant as it is for men’.

To what extent is the ant able to uncouple landmark information from vector inform
tion? At least near the nest, Cataglyphis is able to pilot by landmarks even after tl
vector navigation system has been reset to zero (Figs. 26 and 27). Does this also ho
for landmark routes leading to feeding sites? Imagine that the ant starts to visit anoth
feeding site by travelling along another route. Then, landmark information about t]
former route might remain stored in the ant’s brain, while vector information pertai
ing to that route might get erased. There are at least two pieces of evidence that ler
some support to this hypothesis. First, Cataglyphis foragers can store landmark imag;
over extended periods of time, in fact over their entire lifettmes (Wehner, 1981a; Fi
64, p. 486). Second, in an area devoid of landmarks Cataglyphis foragers leave the ne
always in the directions of feeding sites from which they have successfully returne
during their immediately preceding foraging trips, but not during trips dating farth
back. Thus, it is reasonable to assume that the ant’s dead reckoning strategy provid

Fig. 29 {continued)

they are based on the apparent {angular) rather than absolute sizes and configurations of d
abjects.

Topographical map. The concept of a three-dimensional topographical map implies that the a
is informed about the absolute sizes of the objects as well as about the absolute positions of t]
objects relative to each other. Using such a map the ant should be able to compute its positic
relative to home when transferred from the nest to any particular point of its spatial envirpl
ment. According to our experiments, the ants do not adopt the concept of a true topographic
map. The reference system underlying such a map would have to be independent of the actu
position of the navigator. This seems to be incompatible with the simultaneous use of a vect
navigation system in which the reference system is bound to the navigating ant and, as a cons

quence, moves along with it.

7 See the discussion of Polynesian and Western navigation in Wehner {1983).
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only short-dated information about the ant’s current position relative to home (when
the ant is foraging) and about the position of the last finding site (when the ant is at
home). Memory images of landmark routes might be more persistent. This would
mean that the ant’s map consisted of a number of landmark routes rather than a set of
vectors. Consider, however, that even then the term «map» is used in a figurative rather

than literal sense of the word.

V. Conclusion

In ants, indeed in any social insect, workets are just foraging machines. So powerful is
the selection for efficient foraging strategies in these animals that it can be expected to
have carried the evolution of appropriate systems of navigation along with it. From this
point of view, the ultimate cause of the refined neural circuitry involved in a particular
kind of navigation is nothing but the need to enhance foraging efficiency. In evolution-
ary terms, foraging strategies and navigational strategies are inextricably intertwined.

By appreciating this interrelationship we gain the proper framework for understanding
the evolutionary design of the neural strategies which the insect has at its disposal.
Apart from this framework, the insect’s strategies used in navigation might appear
inaccurate, ambiguous, and so much tailored to particular ecological needs within a
particular environment that they cannot be generalized to apply to any other situation.
Often, the impression seems inescapable that a perfect engineer, and a cyberneticist,
would certainly have come up with something better.

In particular, in reading compass information from the sky, the ant — like the bee —
relies on some simple rules of thumb. In terrestrial navigation, as considered in more
detail in the present account, the ant does not establish and use a topographical map or
floor plan of the arrangement of landmarks around its nest. It does not adopt a bird’s
eye point of view, but remains within the local world of its skyline pictures. Why is this
so? Why have the ants arrived at local rather than more general, global solutions?
One way to answer such questions is to inquire about the adapiive significance of the
navigational strategies involved in foraging. The main tesult of this inquiry is that the
foraging activity of any particular Cataglyphis ant is extremely limited in both space
and time. During its entire lifetime, an average individual ant makes not more than
about 20-30 foraging trips spread over a period of 4—6 days, All these foraging trips
are restricted to a small sector around the nest measuring 50-60° in width and
30—-40m in radial length {Tunisian data).

Why is the foraging ground of the whole colony so strictly partitioned among individ-
ual ants? Obviously, the answer lies in the kind of foraging strategy which a scavenger
on widely dispersed animal matter must adopt. For two reasons, natural selection does
not allow the ants to potter around in a leisurely manner. First, the number of food
items available per unit area and day is limited. Each day, the ants deplete their food
sources, so that the density of food declines towards the afternoon, Second, the
pressure exposed on Cataglyphis by predators is high and provides the truly limiting
factor for the lifetime of the foraging ant. Therefore, a Cataglyphis forager must find
food and return to the nest as quickly as possible. Otherwise, its contribution to the
colony, and hence to the next generation, is likely to become zero. This demand calls
for high walking speeds and efficient strategies of navigation. Indeed, Cataglyphis is
one of the most rapidly walking ants. Furthermore, as an individually searching forager
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must find its way by itself, it may profit by relying on familiar landmark routes, thus
confining all foraging trips to a limited area.

n referring to landmark cues, Cataglyphis does not establish and read a map, but uses
andmark information mainly to back up its dead reckoning system that is continuously
perating anyway. Constructing a map needs time and elaborate triangulation, which
Cataglyphis cannot afford. Left with a few foraging trips, it will encounter neither the
vossibility nor the need to acquire a topographical map of its landmark surroundings.
n terms of foraging ecology, each of the categories mentioned above blends and
ntergrades with the next: food distribution, searching strategy, partitioning of the
oraging grounds, walking speed, and strategies of navigation. With respect to the
atter, there is at least one further constraint set by foraging ecology. For an ant that
earches individually over an extended area, and must do so in as short a time as
ossible, the most efficient way to navigate is by visual means: by using the celestial
ues as a compass and visual landmarks for piloting, Indeed, Cataglyphis is a visual
avigator — and a truly diurnal insect.

nquiring about the ant’s navigational strategies in more detail, the human investigator
right be surprised to find that the ant does not solve a particular problem the way he
ould. Given the ecological constraints as described in this paper, this is not astound-
1g. However, it might humble the theorizing neurobiologist when he tries to interpret
1€ bits of information he has at hand in terms of the «correct» way of conceiving of the
roblem.

1. Acknowledgements

nce the early seventies various aspects of visual orientation and foraging have been
udied in Cataglyphis bicolor at both experimental sites, Platamon (R. H.) and Ma-
ares (R. W.). Most recently (1980, 1981), P. S. focused specifically on the foraging
ology of the species while doing his Ph. D, work at Mahares. In August 1979, 1980,
1d 1981, R. H. and R. W. were able to join their efforts at Platamon. Much of the
aluation of the data was done at R. H.’s residence near London. R. W. joyfully
members the kind hospitality he received at Rough Hey. We are all very grateful to
Ir wives, Margaret Harkness, dipl. nat. Sibylle Wehner-von Segesser, and dipl.
it. Regula Schmid-Hempel. Without their help and co-operation in the field this work
ould not have been accomplished. '

lany colleages have kindly provided us with specimens of Cataglyphis bicolor or have
ven us free access to their Museum Collections (see legend of Map 1). We thank all of
em. One of us (R. W.) wishes to express his special gratitude to Dr. C. Baroni Urbani
asel) for the encouraging help in taxonomic questions, and to Dr. E. Meyer in his
urich research group for collecting the data shown in Fig, 5. Finally, it is the family of
¢ late Si Abdallah Bel Hadj at Mahares, the Gerovasileus family and Mr. and Mirs.

Foraging Strategies - 61

Raptes at Platamon, to whom we are greatly indebted for their sympathetic and helpful
interest in our work. Furthermore, we thank A. Kohl for her help with the line draw-
ings, and D. Rigoli for providing the plates and maps.

We are especially grateful to Prof. Dr. Bert Holldobler (Harvard University) for reading
the whole manuscript and providing valuable suggestions.



VIL. Summary

- The foraging behaviour of the ant Cataglyphis bicolor is investigated at two study
ites, Tunisia and Greece. In association with climatic differences (annual rainfall
00-200 mm in Tunisia, 800-1000 mm in Greece), food density is much higher at the
reek than at the Tunisian study site. Consequently, the population densities of Cata-
lyphis bicolor in Greece and Tunisia are different, 46’500 ants per ha and 7'000
nts per ha, respectively. The foraging strategies of the Greek and Tunisian populations
re compared and discussed in terms of how they depend on food density.

. The Greek populations have previously been assigned to a separate species, Cata-
yphis nodus. New evidence is given that this taxonomical distinction cannot be
aintained and that the populations occurring in North Africa and the Eastern
lediterranean area belong in fact to the same species, Cataglyphis bicolor.

Like all species of the genus, Cataglyphis bicolor is a scavenger searching for widely
spersed food items (mainly dead arthropods). It is a strictly diurnal forager leaving
e nest individually and never undertaking mass foraging. Each individual ant restricts
- foraging activity to a small part of the nest environment. As a consequence, the
raging ground of the colony is partitioned among the workers.

In Greece foragers are substantially smaller (head width 1.73 + 0.05 mm) than in
misia (head width 2.62 + 0.02 mm). This difference can be accounted for by the
sence or presence of a smaller congeneric competitor at the Greek and Tunisian study
¢, respectively. In Tunisia, the smaller Cataglyphis albicans occurs sympatrically. As
¢ of food and body size of the foragers are correlated, the more abundant smaller
od items are exploited by Cataglyphis albicans in Tunisia, but can also be exploited
addition to the larger items by Cataglyphis bicolor in Greece.

The foraging range of a colony can be approximated by a circular area centred
und the nest. The radius of a circular area within which the ants spend 90 per cent
their foraging time, is 13 m in Greece and 32 m in Tunisia, This difference is due to
- differences in food density, food size, and forager size occurring between both sites.
e distances between nearest neighbour colonies correspond nicely with the sizes of

: foraging ranges. Thus, the density of the colonies is much lower in Tunisia than in
eece.

The' regional differences concerning the sizes of the foraging ranges are correlated
h differences in foraging behaviour. In the mean, the foraging runs last only 19 min
Greece, but 53 min in Tunisia, irrespective of whether a food item has been found.
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On the other hand, the ants make about 10 runs per day in Greece, but only 4 runs pe
day in Tunisia, At both sites, any particular ant leaves the nest repeatedly during th
entire duration of the day, but in Greece the activity of the ants starts earlier in th
morning and finishes later in the evening than in Tunisia. Nevertheless, a total foragin
time of about 200 min per ant and day holds for both study sites.

7. In Tunisia, the colonies consist of one main nest housing the queen, and 2-5 subsid
ary nests about 10 m apart from the main nest. This dispersed structure of the colon
corresponds with the size of the foraging range which is considerably larger in Tunisi
than in Greece. At the latter site, a colony is usually restricted to a single nest. In spite ¢
this difference, similar numbers of workers per colony attend the foraging tasks at bot
sites (about 270 and 340 foragers per colony in Greece and Tunisia, respectively). A
any one time, about 15 per cent of all colony members engage in foraging.

8. At both sites about half of the foragers return with solid prey (dead arthropods). Tt
life expectancies of the foragers also coincide: 6 days per forager. Even though impor
ant foraging parameters (food size, forager size, number of foraging runs per day an
ant) vary between the two sites, the overall intake of solid food is nearly the sam
During its lifetime, each forager retrieves a food weight which is 15 to 20 times i
average body weight.

9. At any one time and at any one place, a forager knows where it is relative to hor@
Furthermore, it is able to remember a number of foraging sites within its foraglm
range. The navigational abilities involved are intimately related to the Problems‘ in
posed by adopting an individual foraging strategy. Navigation relies mainly on visu:
cues. The strategies employed are dead reckoning (vector navigation by means of
celestial compass) and piloting by landmarks. At both study sites, any particular .fOJ
ager continuously performs vector navigation, but the extent to which vector navig:
tion is backed up by piloting depends crucially on the availability of land'marks.- A
landmark cues are much more abundant and pronounced in Greece than in Tunisi:
accuracy of navigation is improved at the former place.

10. Piloting strategies have been investigated by using sets of artificia} landmarks. Fc
pin-pointing the position of the nest, the ants establish and use two-dlmen51oqal mer
ory images of the landmark surroundings as seen from the nest. When foraging, the
rely on sequences of memory images, but do not adopt the concept of a true topc
graphical map.

We wish to express our sincere gratitude to our Arab and Greek friends, uthSB ?eipﬁ
understanding was as necessary in accomplishing this work as it was delightful.



Zusammenfassung

Beutesuchstrategien bei solitir jagenden Wiistenameisen (Cataglyphis bicolor, Hy-
menoptera: Formicidae).

1. Die Navigationsleistungen von Cataglyphis bicolor werden im Rahmen einer verhal-
ensokologischen Analyse der Beutesuchstrategie der Art diskutiert. Anhand dieses
Vorgehens lassen sich die ékologischen Anforderungen definieren, dic jedes bei der
Seutesuche eingesetze Navigationssystem zu erfillen hat und auf die hin es evolutiv
ngelegt worden ist. Da Cataglyphis bicolor einzeln jagt, wegen ihrer Grofe, Auffillig-
eit und der offenen Strukrur ihres Jagdgelindes leicht individuell zw markieren und zu
erfolgen ist und zudem wihrend ihrer gesamten Lebensdauer nur eine begrenzte Zahl
on 25-50 Beutesuchliufen absolviert, stellt sie fiir eine solche verhaltensbiologische
nalyse ein geradezu ideales Versuchsobjekt dar.

Im die Invarianten des Beutesuchverhaltens herauszuarbeiten, werden zwei in ihren
kologischen Bedingungen recht unterschiedliche Standorte verglichen: Maharés
[unesien) und Platamon (Griechenland). Gemif den klimatischen Unterschieden
vischen beiden Gebieten (mittlerer jahrlicher Niederschlag 100-200 mm in Maharés
00-1000 mm in Platamon) weist das Versuchsgelande in Griechenland ein weit hc'i-’
res Futterangebot als das in Tunesien auf. Dem entspricht die in Griechenland
esentlich hohere Populationsdichte von Cataglyphis bicolor (46’500 Individuen/ha
gentiber  7°000  Individuen/ha in Tunesien). Suchstrategien und beteiligte

av;gsﬂslonsmechanismen werden im Hinblick auf das unterschiedliche Futterangebot
rglichen,

ITaxonomisch hat man die griechischen Populationen gelegentlich einer eigenen Art
atagllypl:-zs nodus) zugeordnet. Neue Befunde zeigen eindeutig, dafl diese ta-
nomische Unterscheidung nicht gerechtfertigt ist und die nordafrikanischen wie dic

dosFeur-opalschen und vorderasiatischen Formen einer gemeinsamen Art (Cata-
yphis bicolor) angehéren,

Als Beuteobjekte dienen Cataglyphis bicolor wie allen Arten der Gattung vorwiegend

e Arthropoden, die im Geliinde raumlich weit und nahezu stochastisch verteilt sind
!enfalls keine ausgeprigten «patches» bilden. Bei der Beutesuche. die nur tagsﬁbe;
olgt, beschrinkt jedes Individuum seine Suchaktivitit wfihrend’ seiner gesamten
bensdaver auf einen eng begrenzten Bereich der Nestumgebung. Auf diese Weise
rd das Bentearea] einer Kolonie riumlich auf einzelne Individuen aufgeteilt. Re-
itierung oder andere Arten intraspezifischer Kooperation fehlen bej der Beutesn;che.

Die KorpergroRe lie

gt bei der tunesischen Po ulati ienifi 5 i
iy Kopfhce pulation signifikant héher als bei der

te der AuBendienstiiere 2,62 % 0.02 mm in Mahargs und 1.73 +
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0.05 mm in Platamon). Dieser Unterschied [aft sich auf das sympatrische Auftretes
einer kleineren, konkurrierenden Cataglyphis-Art (Cataglyphis albicans) in Tunesier
zuriickfiihren. Im griechischen Versuchsgelidnde fehlt dieser oder ein aquivalenter Kon
kurrent. Da Grofle der Beuteobjekte und Kérpergrofe der AuRendiensttiere korrelier
sind, kommt es in Tunesien zu einer gréfenmifigen Aufteilung des Futterspektrum:
zwischen beiden Arten. In Griechenland steht Cataglyphis bicolor dagegen das gesamt
Beutespektrum zur Verfiigung. Folglich zeigt auch die Groflenverteilung der griechi
schen Cataglyphis bicolor einen breiteren und zu niedrigeren Werten verschobener
Verlauf.

5.Das Beutesuchareal einer Kolonie kann durch eine kreisformig um das Nest zentriert
Fliche angenahert werden. Der Radius eines solchen Kreises, in dem alle Individuer
90 % ihrer gesamten Suchzeit verbringen, betrdgt 13 m in Griechenland und 32 m i
Tunesien. Diese markante Differenz lift sich auf die geschilderten regionalen Unter
schiede beziiglich Beutedichte, Beutegrofe und Kérpergrofe der Aufendiensttiere
zuriickfiihren. Die Entfernungen zwischen den Standorten benachbarter Kolonien ent-
sprechen den Radien der 95 %-Futtersuchareale. Die Koloniedichte liegt daher in Tune-
sien weit unter derjenigen in Griechenland.

6. Die regionalen Groflenunterschiede zwischen den Beutesucharealen sind mit ent-
sprechenden Unterschieden im Beutesuchverhalten der Einzeltiere korreliert. Unabhin-
gig davon, ob ein Beuteobjekt gefunden wird oder nicht, dauern die Beutesuchliufe in
Griechenland im Mittel 19 min, in Tunesien 53 min. Andererseits fithrt eine griechische
Cataglyphis bicolor im Mittel 10, eine tunesische nur 4 Beutesuchlaufe/Tag aus. Die 10
Beutesuchldufe werden in Griechenland auf eine grofere Zeitspanne des Tages verteilt
als die 4 Beutesuchliufe in Tunesien. Die mittlere tigliche Beutesuchzeit eines Indi-
viduums stimmt jedoch an beiden Versuchsplitzen iiberein. Sie betrigt ca. 200 min/
Individuum/Tag,.

7. In Tunesien bestehen dic Kolonien aus einem Hauptnest, das die Kénigin enthile,
und 2—-5 Nebennestern in ca. 10 m Abstand voneinander. Diese aufgeléste Kolonie-
struktur entspricht der betrichtlichen Gréfle des in Tunesien von einer Kolonie
abgedeckten Beutesuchareals. In Griechenland mit seinen wesentlich kleineren
Beutesucharealen ist cine Kolonie in der Regel auf ein Nest beschrinkt. Trotz dieses
Unterschiedes stimmt die Zahl der im AuBendienst titigen Individuen einer Kolonie an
beiden Versuchsplitzen iiberein (im Mittel 270 Aufendiensttiere/Kolonie in Griechep-
land und 340 AuRendiensttiere/Kolonie in Tunesien). Da die Aufendiensttiere in
beiden Fillen ca. 15 % der gesamten Individuenzahl einer Kolonie ausmachen, weisen
die Kolonien der nordafrikanischen und sitidosteuropiischen Populationen gleiche Stér-
ken auf.
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8. An beiden Versuchsplitzen betrigt die Beutesucheffizienz 50 %: Jeder zweite
Beutesuchlauf bringt der Kolonie ein Beuteobjekt ein. Unter den restlichen 50 % befin-
det sich ein grofler Prozentsatz von Tieren, die kohlenhydratreiche Nahrung (Pflan-
zensekrete) eintragen. Auch die mittlere Lebenserwartung wihrend des Aufendienst-
Stadiums stimmt in Griechenland und Tunesien iiberein. Sie betrigt 6 Tage/Indi-
viduum. Der hohe Rauberdruck (vor allem durch Spinnen und Raubfliegen) zeichnet
fiir diese geringe Lebenserwartung verantwortlich. Berechnet man anhand dieser
beiden Gréfen sowie der an beiden Versuchsplitzen unterschiedlichen Werte fiir
Beutegrofse, Kérpergrofse der Auflendiensttiere und Anzahl Beutesuchliufe pro Tag den
gesamten Futtercintrag pro Individuum, erhidlt man ein iiberraschend einheitliches
Ergebnis: In Griechenland und Tunesien trigt jede Cataglyphis bicolor im Laufe ihres
Lebens das 13- bis 20fache ihres eigenen Korpergewichts ein.

9. Die bei der Beutesuche eingesetzten Navigationssysteme sind eng mit der Art der
individuellen Suchstrategie korreliert. Sie bedienen sich fast ausschlieflich visueller
Orientierungsreize. Uber einen Vektor-Navigations-Mechanismus (mit Hilfe cines astro-
nomischen Kompasses) ist jedes Individuum zu jedem Zeitpunkt iiber seine relative
Position zum Ausgangspunkt (Nest) orientiert. Zusitzlich werden die eingeschlagenen
Routen iiber ein Pilotierungs-System anhand terrestrischer Panoramabilder markiert.
Das Ausmag, in dem das stindig laufende, aber relativ unprizise Vektor-Navigations-
System vom Pilotierungs-System unterstiitzt wird, hingt von der Struktur der verfiigba-
ren terrestrischen Marken ab. Da solche Marken im griechischen Versuchsgeldnde weit
hiufiger und ausgeprigter sind, steigt hier die Navigationsgenauigkeit.

10. Der Mechanismus des Pilotierens wird experimentell mit Hilfe kiinstlicher Land-
markenkonfigurationen untersucht. Bei der Beutesuche bedient sich Cataglyphis
bicolor nicht des Konzepts einer dreidimensionalen topographischen Landmarken-
karte, sondern Sequenzen von «eidetischen» Erinnerungsbildern, die das Nest mit cin-
zelnen Geldndepunkten verbinden. Diese Art des Pilotierens, die sich eines Vergleichs
von memorierten und aktuellen Retina-Bildern bedient, arbeitet mit den scheinbaren,
nicht den wahren (absoluten) Gréfen der terrestrischen Objekte. Sie funktioniert daher
nur, wenn sich die Ameise auf einer gegebenen Route befindet und ihr die Landmarken
von den einzelnen Punkten der Route stets unter gleichem Blickwinkel erscheinen, Da
sich Cataglyphis bicolor wihrend ihrer gesamten Lebensdauer stets des gleichen
Beutesqchareals bedient, ist diese Bedingung erfillt. Absolute Geldndekenntnis, d. h.
der Besitz einer topographischen Karte, die unabhingiges Navigieren zwischen beliebi-
gen Geldndepunkten erlaubst, ist nicht erforderlich.

Unsest-en fzrabiscben und griechischen Freunden, obne deren verstindnisvolle Hilfe diese
Arbeit nicht méglich gewesen wdre, danken wir herzlich.

Résumé

Stratégie de fourragement de la fourmi cherchant individuellement, Cataglyphis bicolos
(Hymenoptera: Formicidae).

1. Le comportement de fourragement de la fourmi Cataglyphis bicolor a été étudié en
Tunisie et en Grece.

En raison des différences de climat (de 100 2 200 mm de pluie en Tunisie et de 800 3
1000 mm en Gréce) la quantité d’alimentation disponible est beaucoup plus considér-
able en Gréce qu’en Tunisie. Par conséquent, la densité de la population Cataglyphi:
bicolor en Gréce est de 46’500 fourmis par ha et en Tunisie de 7'000 fourmis par ha
Les stratégies de fourragement des populations en Gréce et en Tunisie sont discutées en
comparant leur dépendance de la quantité alimentaire.

2. Les populations grecquesont jusqu’a present été classées comme appartenant  une
autre espece, Cataglyphis nodus. Nous avons aujourd’hui la preuve que cette distinc-
tion taxonomique ne peut pas étre retenue et que les populations existant en Afrique du
Nord et dans la région 2 I'est de la Méditerrannée appartiennent a la méme espéce,

Cataglyphis bicolor.

3. Comme toutes les espéces appartenant au méme genre, Cataglyphis bicolor est un
nécrophage cherchant des piéces d’alimentation trés dispersées (essentiellement des
arthropodes mortes). Il s’agit d’une fourrageuse exclusivement diurne quittant sa four-
mili¢re individuellement sans jamais fourrager en groupe. Chaque fourmi limite son
activité de fourragement 3 un petit territoire A proximité de la fourmiliere. Par consé-
quent, le domaine de fourragement de la colonie est morcellé par les ouvriéres.

4. En Gréce, les fourrageuses sont beaucoup plus petites {largeur de la téte 1.73 £ 0.05
mm) qu’en Tunisie (largeur de la téte 2.62 + 0.02 mm). Cette différence s’explique par
P’absence ou la présence d’un concurrent congénérique plus petit. En Tunisie, Catagly—
phis albicans, qui est plus petite, existe dans la méme région. Puisqu’il y a une corréla}'fmn
entre volume des pigces alimentaires et grandeur de la fourrageuse, les petites picces
d’alimentation qui sont abondantes sont consommées par Cataglyphis albicans en
Tunisie. En Grece, Cataglyphis bicolor consomme des piéces plus larges sans pour

autant mépriser les piéces plus petites.

5. Le domaine de fourragement d’une colonie peut se situer dans un rayon circulaire
autour de la fourmilidre. Le rayon circulaire dans lequel des fourmis passent 90 pour
cent de leur temps de fourragement mesure 13 m en Grece et 32 m en Tunis%e. Cette
différence s’explique par la densité et le volume des pitces alimentaires et la taille de la

. . < 1
fourrageuse. Les distances entre les colonies avoisinantes correspondent a I'étendue du
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Jomaine de fourragement. Par conséquent, la densité des colonies est bien moindre en
unisie qu’en Gréce.

. Il y a une correlation entre les différences régionales des dimensions des domaines de
ourragement et Jes différences dans le comportement de fourragement. En moyenne,
es excursions de fourragement ne durent que 19 minutes en Gréce, mais 53 minutes en
‘unisie, sans tenant compte si une piece d’alimentation a été trouvée ou non. Leg
ourmis de Grece font approximativement 10 excursions par jour, en Tunisie, par
ontre, seulement 4. Aux deux endroits, toute fourmi quitte la fourmiliére a plusieurs
eprises du matin au soir, mais en Gréce, les fourmis commencent leur activité plus &t
> matin et la terminent plus tard le soir que les fourmis de Tunisie. Néanmoins, Je
mps total de fourragement est d’environ 200 minutes par fourmi et par jour en
unisie comme en Gréce.

- En Tunisie, la colonie consiste en une fourmilizre principale ot se trouve la reine, et
> 2 4 5 fourmiliéres secondaires 4 10 m de distance environ de la fourmiliere prin-
pale. Cette structure dispersée de la colonje correspond au domaine de fourragement
nsidérablement plus vaste en Tunisie qu’en Gréce. En Grece, une colonie ne com-
orte généralement qu’une fourmiliere, Malgré cette différence le nombre d’ouvritres
r colonie qui accomplissent les tiches de fourragement ne différe que de peu (env.
' en Gréce et 340 en Tunisie). Environ 15 pour cent des membres d’une colonie sont

nnls;taqn'nent occupés a des tiches de fourragement. Cela, c’est le cas en Gréce comme
Tunisie,

En Gréce comme en Tunisie, I'efficacité de fourragement est d’environ 50 pour cent.
s d’.unfe excursion sur deux la fourmi rapporte une piece d’alimentation, Il y a aussi
€ coincidence en ce qui concerne la durée de 1z vie: 6 jours par fourmi. Et malgré le
t que les paramétres de fourragement (volume d’alimentation, grandeur de la four-
seuse, nombre d’excursions par jour et par fourmi) divergent largement, la consom-
tion de nourriture est quasiment la méme chez les fourmis de Gréce et’ de Tunisie.

ndant’la.l durée de sa vie, chaque fourrageuse apporte des aliments d’un poids 15 3 20
S superieur au poids de son corps.

I'ou]c.mrs ¢t partout, une fourrageuse sait s’orienter par rapport a sa fourmiliere. Elle
ausst capable de se rappeler d’un nombre de sites de fourragement 3 l’intérieL;r du
naine de lf?urragement. Ses capacités de navigation sont en corrélation avec les
blemes créés par ’adoption d’une stratégie de fourragement individuelle. La naviea-
1 5e base essentiellement sur des indications visuelles. Les stratégies sont: navi atiin
vecteur a Paide fi’}:ne boussole astronomique et pilotage par repéres te.rrestris En
cecomme en Tunisie, toutes fourrageusesnaviguentcontinuellement arvecteur n.lais
proportion dans laquelle la navigation par vecteur est renforcéeppar le pil;tage
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dépend fortement du nombre de reperes terrestres disponibles. Les reperes terrests
sont beaucoup plus nombreux et marqués en Gréce qu’en Tunisie, ce qui éléve
précision de navigation en Greéce.

10. Des stratégies de pilotage ont été érudiées a I'aide d’une série de repéres terrests
artificiels. Afin de situer la position de la fourmiliére, les fourmis utilisent des imag
mémorisés 4 deux dimensions du repére terrestre vu de la fourmiliere. En fourrageas
elles se fient aux séquences d’images mémorisées sans toutefois adopter la conceptis

d’une véritable carte topographique.

Nous voudrions exprimer notre gratitude envers nos amis arabes et grecs. Sans le
aide et sans leur comprébension, ce travail n’aurait pas pu étre effectué.
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‘H orpatyyun tis dvalftnong toofis otd pvouiyxia tig éofuov (Cataglyphis
bicolor, tuevémtepa: Formicidae), td dnoloa wuvnydve Tiv hela Tovg pepovouéva.

1. ‘Egevviioaue otiv ‘EAAGda ovdv TMhatoudve xoi oty Tuvwnoila otd Maydoess,
*otd mowd tedmo Th puppnywwo Cataglyphbis bicolor Yéyvouv tiv toogf toug.
"Avdpego otolg dud témovg Umbgyovv ueydhes xhpotikéc diagpogéc. ‘H peoala
gMowa Booydmtwon dvépyetor otd 100-200 mm otd Moydpees xal 800-1000 mm
otdv IMhatapdva,

Katdmy aldtod tmdoyer 016 Exdnvind newapatixnd medlo mapd mold mepLoodtepn
toogh) &’ 811 o1d Tuvnoland. ADTo Exer odv ouvénmeia St otiv ‘Elkddo 46.500
puopiywe Cataglyphis bicolor Tolv, Evd otiv Tuvnola povo 7000.

2. Meguxol 2QevvnTég puounyxL@v TaELvOuNcay Té vOTLoavVaTOAKO-E0QMTATRG u-
puiiyxta of Eva Eeywouotd eldog (Cataglyphis nodus). Néa dmotehéopata deixovv
Suwg 8T 1@ EMAvind xal Td Tvvnowaxd pvewiyxia dvixovv ot duo eidog (Cata-
glyphis bicolor).

3. *H toon v Cataglyphis bicolor émoteheltal xvolwg dimd verpd Eviopa nal Ghia
dpdodmoda. ADtd Té péoLa Teogiic Polonovian Siaoropmiopéve oté nedio. Kabde
uvepfyxL Yhyver of Evo otevd megrwpropévo Tufipa TS TeQoyis yiow &b v
pohié. Katv® adtd 1év 1odmo Sayxwgiletar tomnd f meprox yiow &md miv poiud
oth pepovouéve dtopa tig dmowmicg. Td puowiyria dév deixovral ouvepydowpua
®otd v dudoxewa Tig dvatfnon Tiig Teowiic Tovs.

4. Ziv Tuvnola 16 Cataglyphis bicolor elvou mokd (odolwdig) peyakitega dmom
otiiv ‘EMAGda. =16 Mahares 16 mhdrog 100 xepaiod 1ol nadevég avéoyetan atd
uéoov 2,6 mm xai otév [Thatopdva 1,7 mm. *H aitio odtijg tic diagpopds EEnyetlta
oté 61 oty Tuvnola Eupavitevol Bva wxgdtego eldog Cataglyphis 16 (Cataglyphis
albicans) oév &viayoviotic. T6 uéyedog tdv xopuotidv Ths Teoghg TG 6moid
umogel vé peTapépsl Eva puouiyxt EEaptdtol Quowd dmd 6 péyedog Tod CUOUOTOS
TOU .

Stiv Tuvnota péhota 6 dto dvtaywviotnd etdn Cataglyphis motmer vé xweloovv
iy mpoopopd Toopiic: Té Cataglyphis bicolor palebe Té peyéha xoppdria TEOPHG,
16 Cataglyphis albicans poleter 16 wrpd. 16 EAMVIAG TELQOMOTIRG nedio td
Cataglyphis bicolor Exel dviBETog OMéxANEN TV TEOOPOEE TOPHS OTY Suddean
Tou. Tuvénera 1o0ToV elvan &1L 6 péyedog Tod oduatos TV EMnvixdy Cataglyphis
bicolor 84, elvaw wnpdtego:

5. 'H tmgdvein tdve othy émola o 16 puouiyxia Rog dorowniog Waxvory THY
t00pY Tovg, sivar omijv Tuvnola cagpdg peyohiteen amén oriv ‘EAhGda. H
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Suduetog Evég ximhov, otév dmolo Bha Ta Gropo mepvotv mepimov 16 90% Ttod
x@évou toug elvan otiv ‘EAMGSa 26 uétoa xai oty Tuvnola 64 péroo. Av
duapogd Eyxettar 016 6, T 1 Teowr elvan oriv ‘BALGSa oAl mepLoadteon dmo &, w
oty Tuwnoic.

2wy Tvwnota va Cataglyphis bicolor yué vé Bof} Eva xouudm Teogi moénn vé mm
oMY b pooprd GrtL oviv “EALGSa. Adt Exer odv dmotéheopa St kol of Ppwhiéc
otiiv Tuwnaia Boloxovion o€ peyaritegn dndotaon st otiv ‘Eirdda. H dndo-
Toom Gvapeoa otig goiés dviiotouel otd péyetog Thg Emgdvelns méve oTHV
dmola Péxvouv 16 puouryia wiég dmoukiog Y1 ToopA.

6. ‘H duapogetini mgooqopd Teogiic oy ‘EAAGSa, %ol omiv Tuynoia meotnodtte
611 6 poewiyria otols dud Témoug Phyvouv xoTé dragopetirovg Tedmovg yid v
10091 ToVS. "AveEdomyta dv Boed Toor i Sy Evag yUpog dwapxel oty ‘EArdda,
19 hemtd wai omiy Tvwnoia 53 hemtd. “Eva eMnvixd Cataglyphis bicolor Emuyerpsl
wade péoa 10 yhgoug, Eva Tuvnoland avudétwg pdvo téooepelg yhpovs.

Edv dmohoyion navels méoo ypovind dudotnua xoeLdleton Eva pupwiyxt xode
uégo. yud dvaliton teogiic, tétE Poloxel 6t nai otéd Svd mepopating media
Gvtiototyel § (B tun dnhady 200 Aerrrd dvd Evrouo v fipéoa.

7. Ztv Tvwnolo &rotehoivian of dmownies 4nd pia wevrounn pwild, oty Omoia
elval 1 Baoihoca, nai 2-5 devtegetovose poléc of dméotaon déxa pérpa
TeQlmov 1 pia &nd v EAhn. Zviy ‘EhhGda 1) dmowxia nepLogifetan tlg meguo-
701808 QoS of pla uovadixy pwild,

’l'Iocg’ Shv adtiv v Siagpogd, ovpgovel & douiude tdv xuvnydv péoa oy
tmoutio xal otd St metpopoTind media (270 wuvnyol &vé dmownio otiv “EALGSa
Lot 349 xuvnyol oty Tuwnola). Té nocootd Tty HUVNYQV avégyetan xal otig dto
TEQLUTTdOELS negimov 016 15% SAwv oV HUQUNYRLOY Wibg dmowiac. Kat® aitd
fJ}:Léemvﬂovv xal of 8o &mowies omiv "Edhddo xad otiv Tvwnola mepimov Lo
Yovaur).

F. ’Kou', o'tétl dY0 mepopaTIRG media Exovv T4 puouiyrie mv idia émrvyia. Kade
laevtsgzo ’wa‘gmo PEpvouv Eva xoupdr T0PHS oy dnowia. Méoa oté Hméhouto
.(?0/? vnfxgxeovv TokhG, 1d Snoia Gm0QEEOQOTV PuTRoTC XVUoUg ki petagégouy
TV Tiv 'l’J'YQ‘f!V 0PNV oty guld. ‘H ddoxera Lwfg ouppove éniong ot
EMaE’)a ol omy Tuvnola. Kéde poopiym xovmyoe Lei neQimov 6 fpéoec. Mokhol
vﬁg?t (mgomdvtog *Agdyvec xal AnoTiés uuiyeg) elvon, tretduvor yiéd 16 f1 Td
vy d¢év Lolv dmwe otd €0Yaotiol0 moAG Yodvia. *Amd ToUg mé mhv
:vmpagf)emweg duipots, umopei navelg vé troroylom, n6oN 100 Pmooel vé péon
vaL WoopTy otV amowia, oTiv Sidoxsio ™5 Lwfig Tov. TlapdEeva nixc, dhké of
.'I‘E(I)}\,O'YLOME‘VOL douduol ovpgovoiv xai otd EMn v wal oté Tvvnowoxd pu-
A ymLeL, Kébe Cataglyphis bicolor Retagéger oTiv didoxneia g Lwfig tov 16
LHOOUTASG TOT S1roD Tov Bdoovs owiv dmownia,
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9. Katd v didgrera g dvalimong toogic Exovv té puoutyxic 16 modBinua v
Savofootv Ty mxer], Sy xal 1600 pavegr|, poild tovg, dmé ueydhec dmooTEoEL
['d mpocavatollopd yonoonolotv dto ovothpata. “Eva *aotgovouxd olotu
val Eva Eniyewo ovompa. Koard 16 *aotgovopund ohotmua unogoiv vé zavovicov
16 pvounymia tiv xotedtuvon mEos Ty QoMld, dxdun xal &v dév Umdoyou
onuadia oty vi). T6 cvomua doydletar ndvimg &y né dxoifeia. "Edv vmdpyou
onuédra oty vij, Té1E dvégyetan 1) dxgifela o1 TEOTOVOTOALOROT.

10. O mpocavatoiiopds pé tiv foffea onuodidv mdve otiv yf §& EEstaort
nepopatird. Xonaowomnowotpue yU' oitd tdv oxond patpovg xudivdgoug, ol dmoic
delyvouv otd puguijyrio tov dpduo medg ™y pwiid. Td dmotshéopate mOIMD
nepapdtoy delyvouv td EEfg ovpmepdouata. T puppiiynt «Bydler pio porc
yoaplo» THg TEQLOYTS YoR® Gtd THY QwELE Tov. Aty TV eixdva Ty xoatdsl oTH
uvijun Tou xotd v dudgxelo thg dvalitmong teogiis. “Otov Emotoégel doydteg
otV pwAld tov mpoormadel vé épel of vGhuyn Ty elxdva Thg pvijung Tov ué ™
meayponixn eixdva. "Edv 16 puoniiyxu 8el 8 onuddua mdve oty yij drd pio ik
npoomTLky|, T0Te dév Poloner Tév dpdpo mRsg v pwiid. Té puoufynl xatéyel Ev
veoyooprd ydpm yopw &nd v polMd tou, bmwg Evag dviodmivog moo
OOVOTOMOTIG.

Etyaouototpe tepud tovg "EAdnves xal "Agofeg giiovg, ywoic v fondea td
dnolwv 8év §d ftav Svvat adtd 1) dgyaoia.
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