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Abstract

In arid habitats ant temporal foraging results from a set of trade-offs between species food

discovery and food domination ability and between species thermal tolerance and behavioral

dominance. We investigated how this set of trade-offs structures the spatial co-occurrence of ants

during foraging, hence focusing on interspecific competition. The consequences of food type on the

spatio-temporal foraging structure were also studied because food preferences were expected to

optimize the restricted foraging time and space of thermophilic species. The food partitioning

between 24 species attracted to protein or carbohydrate baits was studied in a dry forest of the

Paraguayan Chaco. Baits were spaced at one meter intervals and inspected every 15min over 90-min

sessions conducted during mornings and afternoons. Null model analyses revealed a temporal food

partitioning during afternoon sessions and a spatial partitioning, influenced by both thermal

conditions and interspecific competition. Bait type did not influence the spatio-temporal foraging.

Unexpectedly, evidence of interspecific competition was scarce and avoidance rather than overt

conflicts appeared to be the rule of thumb. Overall, the spatio-temporal food exploitation at a small

scale was affected by temperature and stochastic processes. This demonstrates that chance structures

ant foraging even in constraining arid environments.
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1. Introduction

Space, food type and time are the three most important niche axes which may be
partitioned among species in order to facilitate their coexistence (Schoener, 1974). In
ground-foraging ant assemblages species coexistence is eased by temporal segregations
occurring at seasonal (Fellers, 1989; Greenslade, 1971; Herbers, 1989; Levings, 1983;
Lynch, 1981; Rissing, 1988) and nycthemeral scales (Bernstein, 1974; de Biseau et al., 1997;
Vepsäläinen and Savolainen, 1990). At even shorter temporal scales (60–90min),
food exploitation is also temporally segregated among species depending on their resource
discovery and food dominance abilities (Fellers, 1987; Wilson, 1971). Competitive
hierarchy theory predicts the existence of three categories of species classified according
to their food exploitation behavior: ‘‘opportunists’’, ‘‘insinuators’’ and ‘‘extirpators’’.
Opportunists are subordinate species, capable of finding food quickly but which are
displaced when extirpators, aggressive ant species, arrive later. Insinuators are discreet ant
species able to steal food pieces from opportunists and extirpators (Davidson, 1998;
Wilson, 1971). This classical trade-off between resource discovery and resource dominance
abilities has been demonstrated in various temperate and tropical ant assemblages
(Andersen, 1992, 1995, 1997; Perfecto, 1994; Savolainen and Vepsäläinen, 1989).
Nevertheless at the same short time scale ant competitive hierarchy is modified in habitats

where thermal conditions may be stressful, as in arid or semi-arid habitats (Bestelmeyer, 2000;
Cerdá et al., 1998a; 1998b; Retana and Cerdá, 2000). In particular, Bestelmeyer (2000)
attracting ants with tuna baits in the Argentinean dry Chaco has demonstrated that the trade-
off between food resource discovery and food resource domination is associated with a second
one opposing thermal tolerance to behavioral dominance. Extirpators were most active at
moderately high temperatures whereas opportunists were active at extreme ones. This set of
trade-offs structures the ant temporal foraging (Bestelmeyer, 2000) and allows arid
environments to support a higher diversity of ant species than expected under these stressful
conditions (Cerdá et al., 1998a). Our aim here was to refine the Bestelmeyer study on temporal
foraging, bringing to the fore the simultaneous presence of species, by a spatio-temporal
foraging analysis taking into account also the species co-occurrence at baits, hence focusing on
interspecific competition. This spatio-temporal analysis was performed at a small scale and
with a randomization algorithm (null model) allowing the distinction between deterministic
and purely stochastic patterns (Gotelli and Graves, 1996; Ribas and Schoereder, 2002). In
addition we considered the influence of the type of the food resource by using not only
proteins but also carbohydrates as baits.
Ant preferences for a certain food are suspected to occur when the nutrients contained in

the food are usually less available or more limited in the environment (Kay, 2004). We
hypothesized that in arid or semi-arid habitats species with narrow thermal requirements
exhibit a food preference in order to optimize their restricted foraging time. Ant
competitiveness is affected by food type, quantity and/or patchiness (Chew and de Vita,
1980; de Biseau et al., 1997; Detrain et al., 2000; Gibb, 2005; McGlynn and Kirksey, 2000;
Vepsäläinen and Savolainen, 1990). However, it is still unclear how this may affect
spatially and temporally the ant foraging at the assemblage level.
To attain our objectives we: (1) first verified the influence of the set of trade-offs on the

temporal foraging activity of the assemblage considered before (2) to study the dynamic of
the ant spatial foraging overlap and (3) the consequences of food type on spatio-temporal
foraging patterns.
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2. Materials and methods

2.1. Study site

The study site was located inside Teniente Enciso National Park in northeastern
Paraguay (Lat: S 211120; Long: W 611390). The habitat is a xeromorphic forest called
‘‘Quebrachal’’ (Ramella and Spichiger, 1989). The upper vegetation stratum is composed
of emerging trees (Aspidosperma quebracho-blanco Schlechtendal 1861 and Chorisia insignis

Kunth 1822) and treelike cacti (Stetsonia coryne (Salm-Dyck) Britton and Rose 1920,

Cereus stenogonus Schumann 1899). The lower vegetation stratum is composed of shrubs
(Ruprechtia triflora Grisebach 1879, Capparis spp. and Ziziphus mistol Grisebach 1874).
The ground vegetation includes bromeliads (Bromelia spp., Dyckia spp.) and cacti
(Opuntia spp., Cereus spp., Cleistocactus baumannii (Lemaire) Lemaire 1861) (Ramella and
Spichiger, 1989). Precipitations range between 500 and 800mm per year (Ramella and
Spichiger, 1989), mean temperature is 26 1C.

2.2. Experimental protocol

Experiments were conducted in September 2002 in nine contiguous 4� 4m plots, covering a
total area of 144m2. The studied area was elected in order to maximize the homogeneity in
terms of exposure to the sun, soil texture and leaf-litter cover. Each plot consisted of a grid
with 25 points at 1m intervals (Fig. 1). The plot constituted the experimental unit. Bait
sessions were carried out with protein (3 g of natural canned tuna fish) or carbohydrate baits

ARTICLE IN PRESS

Fig. 1. Experimental protocol. Nine contiguous 4� 4m plots covering a total area of 144m2 were studied. Each

plot was constituted of a grid of 25 baiting points at 1m interval (illustrated in Plot 9).
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(two drops of liquid honey). Baits were installed on a 2 cm-side square of aluminum foil that
prevented ants from foraging below the bait. Ant species attracted to each bait were identified
and their abundances noted every 15min over a 90min period ( ¼ 6 successive records).
Voucher specimens were collected for later identification in the laboratory. All collected ants
were identified to species or morphospecies.
We conducted 18 baiting sessions including four ‘‘food resource–time of day’’ combinations

consisting of 3 ‘‘honey/morning’’ (75 baits), 5 ‘‘honey/afternoon’’ (125 baits), 7 ‘‘tuna/
morning’’ (175 baits) and 3 ‘‘tuna/afternoon’’ sessions (75 baits). Morning sessions were from
10.00–11.30h and afternoon sessions from 17.00–18.30h. In total, our study was based on 450
baits and 2700 (450 baits� 6 records) data collection points.
Each plot was studied two or three times but with a different combination separated by

more than 48 h. At the end of each experiment, baits were cleared to avoid a food
saturation of the habitat.
To evaluate temperature influence upon observed foraging patterns, ambient air

temperature was measured every 15min during the experiments, from which mean
temperature was calculated for each baiting session (Fig. 2). It is likely that ants are more
sensitive to ground temperature rather than to that of the ambient air. However, we
assumed that these variables were correlated.

2.3. Analyses of ant foraging

� Food preferences. For the nine most frequent ant species, we tested food preferences by
Chi-square analyses of contingency tables of species occurrences accompanied by Yates
corrections for continuity.

ARTICLE IN PRESS

Fig. 2. Atmospheric temperature (1C) over time during the experiment.
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� Influence of temperature. The Pearson product moment correlation was calculated (1)
between temperature and the occurrence of each frequent ant species and (2) between
temperature and the abundance of every frequent ant species. If occurrences or
abundances increased with temperature, this indicates that thermal conditions may
influence the ability of ants to discover or to dominate baits, respectively.
� Behavioral dominance. We noted any aggressive behavioral interactions (biting or

stinging) that occurred between ant species at baits. The number of times that a
given species initiated an attack indicated its aggressiveness, which is a critical trait of
behaviorally dominant ant species (i.e. extirpator ants) (Fellers, 1987; Wilson, 1971).
� Food exploitation and recruitment strategy. To classify the frequent ant species and to

investigate their recruitment strategy we represented the cumulative abundance of ants
at baits as a function of time from the beginning to the end of the baiting session. By
definition, opportunistic ant species are abundant at baits at the beginning of the baiting
session and then, decrease in abundance at the benefit of extirpator species. The
abundance of insinuator species is independent of time.

2.4. Null model analysis

To determine the stochastic and deterministic parts of observed patterns of species
occurrences and abundances at baits, we compared the observed matrices (see below) to
those expected under the null hypothesis of random occurrence/abundance of species and
generated by null model randomizations (Gotelli and Graves, 1996).

2.4.1. Matrices of data

Temporal analysis. Rows of the data matrix represented species foraging at least once at
baits. Columns corresponded to the time from the start of the experiment. Entries in the
matrix consisted of the number of bait occurrences for each species. The data obtained for
the four ‘‘food resource–time of day’’ combinations were analyzed separately.

Spatial analysis. Rows of the data matrix represented species while columns represented
baits. Entries in the matrix consisted of the species abundance at each bait. The data
obtained for the four ‘‘food resource–time of day’’ combinations and for the six sampling
points in time following the start of the experiment were analyzed separately. Only species
that occurred at least at one bait during the given observation time were included in this
analysis. Points common to two contiguous plots were excluded from the analysis.

2.4.2. Quantification of spatial and temporal foraging overlaps between species

To quantify spatial and temporal foraging overlaps, we calculated the Pianka index of
niche overlap between each pair of species (Pianka, 1973):

O12 ¼ O21 ¼

Pn
i¼1

p2ip1iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðp2
2iÞðp

2
1iÞ

s .

In this formula, O12 is the overlap between species 1 and 2, p1i and p2i represent the
utilization of time i (for temporal analyses) or bait i (for spatial analyses) by species 1 and
2, respectively. Pianka index is symmetric, so O12 ¼ O21, and ranges from 0, for pairs of
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species that share no spatial or temporal resource state, to 1, for pairs that present an
identical resource utilization. To describe the observed spatial and temporal foraging
overlaps of the entire ant assemblage, we calculated the observed mean and variance of
foraging overlap indices for each data matrix.
We compared the values with those derived from 1000 iterations. All null model

simulations were performed with Ecosim software (Gotelli and Entsminger, 1999). We
used the randomization algorithm 3 (RA3) of Winemiller and Pianka (1990) which
corresponds to a simple reshuffling of each row of the matrix and which is often
recommended to create null matrices (Gotelli and Graves, 1996). All resources (time or
bait) were considered equiprobable. We did not use any adjustments for multiple tests
because we were interested in the overall pattern of which data sets showed significance
and which did not.

2.4.3. Interpretation of results

If ant species forage at the same time or at the same location more often than expected
by chance it can be interpreted as an effect of abiotic factor (Albrecht and Gotelli, 2001;
Gotelli and Graves, 1996). Here, temperature was the more plausible abiotic factor
constraining ant foraging (Bestelmeyer, 2000). By contrast, interspecific competition tends
to segregate ant species more often than expected (Albrecht and Gotelli, 2001; Gotelli and
Graves, 1996; Sale, 1974).
The study of foraging overlap variances informs about the ant assemblage structure. An

internal guild structure in the assemblage, in which some species pairs are very similar in
resource use while others are very dissimilar, leads to an observed variance index superior
to those generated by null models (Albrecht and Gotelli, 2001; Winemiller and Pianka,
1990). No guild structure can be demonstrated when the indice is inferior.

3. Results

3.1. Ecology of ants attracted to baits

Overall baits attracted 24 species (Table 1). Most baits were exploited by a single ant
species during the time of the experiment. Only 28% of baits attracted more than one
species (up to 4) (Fig. 3). The ‘‘food resource–time of day’’ combination did not influence
the mean number of species per bait (one-way ANOVA, df ¼ 3, P ¼ 0.55).
Only nine direct interspecific aggressions were observed at baits. Pseudomyrmex

denticollis attacked Wasmannia auropunctata (n ¼ 2) and Pheidole radoszkowskii (n ¼ 1).
Camponotus crispulus attacked Ps. denticollis (n ¼ 4), Solenopsis sp. A attacked W.

auropunctata (n ¼ 1) and this latter species attacked Solenopsis sp. B (n ¼ 1). A conflict
generally resulted in the retreat of the species attacked. A single aggressive intraspecific
interaction was observed between Ps. denticollis workers.
The numerical dominance of six ant species was influenced by temperature. Their

abundances were either negatively (n ¼ 4 species) or positively (n ¼ 2) correlated with
temperature (Pearson product moment correlation analysis, Pp0.05, Table 1). Identical
results were obtained by considering their occurrences (number of baits visited by contrast
to number of individuals observed in the area) according to the temperature indicating that
temperature also influenced bait discovery for these six ant species.

ARTICLE IN PRESS
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Among the nine most frequent ant species attracted to baits, 3 exhibited a food
preference, always for tuna baits (Ps. denticollis, w2 ¼ 6.603, df ¼ 1, Pp0.01; Ca. crispulus,
w2 ¼ 9.133, df ¼ 1, Pp0.01; Forelius brasiliensis, w2 ¼ 14.118, df ¼ 1, Pp0.001, Table 1).

Ca. crispulus and Ps. denticollis, two relatively large ant species (over 1 cm) foraged
mainly solitarily or in small groups and never recruited massively (maximal abundance at
bait of 15 and 10 workers, respectively). Ps. denticollis was by far the most frequent species
attracted to baits (Table 1). The other seven frequent ants whose workers are small
(around 1 or 2mm), often recruited massively (over 100 workers at some baits) over the
90min period.

For each ‘‘food resource–time of day’’ combination, we plotted the cumulative
abundance of ants at baits over time. With the exception of Crematogaster quadriformis, all
species exhibited a similar curve for each combination. We thus represented the pooled
data (Fig. 4). Among the nine most frequent species, abundance at baits of Brachymyrmex

aphidicola, B. leuderwaldti, Ph. radoszkowskii, Pheidole sp. A and W. auropunctata globally

ARTICLE IN PRESS

Table 1

Ant species collected during the study with baits (n ¼ 450)

Species attracted to baits (n ¼ 24) Percentage of

occurrences at baits

(%)

Food preferences Correlation between

ant abundance and

temperature (Pp0.05)

Pseudomyrmex denticollis 46.9 Proteins** Positive

Camponotus crispulus 10.0 Proteins** No

Pheidole radoszkowskii 7.1 No Negative

Wasmannia auropunctata 5.8 No No

Pheidole sp. A 5.6 No Negative

Brachymyrmex aphidicola 4.7 No Negative

Brachymyrmex leuderwaldti 4.4 No Negative

Crematogaster quadriformis 4.2 No No

Forelius brasiliensis 4.2 Proteins*** Positive

Camponotus termitarius 3.6

Pheidole jelskii 2.9

Pheidole vafra 2.4

Camponotus crassus 2.0

Solenopsis sp. A 2.0

Solenopsis sp. B 2.0

Forelius nigriventris 1.6

Ectatomma edentatum 0.7

Pheidole sp. B 0.7

Pheidole sp. C 0.7

Solenopsis sp. C 0.7

Pseudomyrmex acanthobius 0.4

Ectatomma brunneum 0.2

Ectatomma permagnum 0.2

Odontomachus chelifer 0.2

The percentage of the total number of bait used by each species is given. Food and temperature preferences of the

nine most frequent ant species attracted to baits are indicated. Food preferences were tested by Chi-square

analyses of contingency tables of species occurrences with Yates corrections for continuity. Correlation between

the abundance of each species and temperature were calculated by Pearson product moment correlation analyses

(**Pp0.01; ***Pp0.001).

T. Delsinne et al. / Journal of Arid Environments 71 (2007) 29–44 35
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Fig. 3. Number of ant species attracted to baits (n ¼ 450).

Fig. 4. Cumulative abundance at baits of the nine frequent ant species as a function of time. Five species are

considered as extirpators because their cumulative abundance increased along with time (A). Pseudomyrmex

denticollis is classified as opportunist because globally abundant at baits at the beginning of the baiting session and

then scarcer (B). Two species exhibited an intermediate pattern (B). Crematogaster quadriformis behavior (C) is

function of food type (see text).
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increased over time, as expected for extirpators (Fig. 4A). The opposite was globally
observed for Ps. denticollis, as expected for opportunists. F. brasiliensis and Ca. crispulus

exhibited an intermediate pattern (Fig. 4B). Cr. quadriformis displayed an extirpator
behavior for carbohydrates and an opportunist behavior for proteins (Fig. 4C).

3.2. Temporal foraging overlap

Temperature constrained the temporal foraging of ants (at both protein or carbohydrate
baits) only during afternoons (observed mean indices greater than expected, Table 2).

An internal guild structure of the ant assemblage was revealed (observed variance
greater than expected, Table 2) except during afternoons with proteins.

3.3. Spatial foraging overlap

In most cases ants were not constrained spatially to exploit particular baits (Table 3, 15
out of 24 observed mean indices not different from those generated by null models).
However, at the end of morning sessions temperature influenced the spatial foraging
structure (mean indices were greater than expected). By contrast, at the end of afternoon
sessions, interspecific competition appeared as a structuring factor (mean indices were
lower than expected).

Only at the end of morning experiments a guild structure was revealed (observed
variance indices greater than expected, Table 3).

Food type did not influence the spatial foraging structure of the ant assemblage (similar
results obtained with tuna or honey baits for mean or variance indices, Table 3).

All results of temporal and spatial null model analyses remained valid when the most
frequent ant species was discarded from analyses. Therefore, they were valid for the whole
assemblage and not distorted by the overdominance of Pseudomyrmex denticollis.

3.4. Spatial distribution of ants

Fig. 5 represents, for every frequent species and all unfrequent species cumulated, baits
where the species were observed. Because bait type did not influence the spatio-temporal

ARTICLE IN PRESS

Table 2

Determination of stochastic or deterministic influences on the observed pattern of temporal food resource

exploitation and study of the ant assemblage structure

Food resource–time of day

combination

Observed vs expected mean

indices

Observed vs expected variance

indices

Proteins–morning 0.69 ¼ 0.69 n.s. 0.0940.07***

Carbohydrates–morning 0.76 ¼ 0.76 n.s. 0.0740.04**

Proteins–afternoon 0.840.76*** 0.02o0.03 n.s.

Carbohydrates–afternoon 0.6040.57* 0.140.07***

Observed means or variances of temporal foraging overlap indices are compared with those expected under

random for each ‘‘food resource–time of day’’ experiments. Expected values were calculated as the average

temporal overlap in 1000 randomized assemblages generated by the randomization algorithm 3 of Ecosim

(*Pp0.05; **Pp0.01; ***Pp0.001).
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foraging overlap patterns, data for both resources were combined. Bait occurrences gave
an indication over the extent of the foraging area for every species inside the studied
144m2. Pseudomyrmex denticollis exploited almost every available bait. Contrastingly, the
other eight frequent species exploited a restricted number of baits, which were often
clustered. This was particularly obvious for Ph. radoszkowskii, Ph. sp. A, Ca. crispulus and
W. auropunctata. The foraging areas of these species virtually did not overlap.
Brachymyrmex leuderwaldti and B. aphidicola were able to exploit baits present inside
the foraging area of these species because, rather than foraging over a group of baits, they
often exploited a single one which was exclusively dominated due to a high recruitment
(Fig. 4). The largest species (Ps. denticollis and Ca. crispulus) were also those who exploited
the largest number of baits (Table 1 and Fig. 5).

4. Discussion

4.1. Influence of the set of trade-offs on temporal ant foraging

The trade-off between food resource discovery and food resource domination (Fellers,
1987; Wilson, 1971) existed globally. We recognized five extirpators, one opportunist and
two intermediate species. Furthermore, infrequent ant species possibly corresponded to
insinuators since this behavior is often exhibited by cryptic ant species (Wilson, 1971).
Temperature influenced both bait discovery and dominance abilities of frequent ant species
as described by Bestelmeyer (2000) in the Argentinean Chaco (400 km away from our study
site). Forelius brasiliensis was the most thermophilic species and exhibited a foraging

ARTICLE IN PRESS

Table 3

Determination of stochastic or deterministic influences on the observed pattern of spatial food resource

exploitation and study of the ant assemblage structure

Morning Afternoon

Time (min) Proteins Carbohydrates Proteins Carbohydrates

Means of spatial overlap indices (observed vs expected values)

15 0o0.01 n.s. 0o0.03** 0.0440.03 n.s. 0o0.02 n.s.

30 0.0440.02** 0.01o0.03 n.s. 0.01o0.03 n.s. 0o0.02 n.s.

45 0.0340.01 n.s. 0.01o0.02 n.s. 0.0440.03 n.s. 0.02 ¼ 0.02 n.s.

60 0.0240.01 n.s. 0.01o0.03 n.s. 0.0o0.04* 0.01o0.02 n.s.

75 0.0240.01 n.s. 0.02 ¼ 0.02 n.s. 0.0o0.04** 0o0.02***

90 0.0840.01*** 0.0840.02** 0o0.03*** 0o0.02***

Variances of spatial overlap indices (observed vs expected values)

15 0o0.01 n.s. 0o0.01** 0.0240.01 n.s. 0o0.01 n.s.

30 0.0240.01 n.s. 0o0.01 n.s. 0o0.01 n.s. 0o0.01 n.s.

45 0.01 ¼ 0.01 n.s. 0o0.01 n.s. 0.0240.01 n.s. 0.01 ¼ 0.01 n.s.

60 0.0240.01 n.s. 0o0.01 n.s. 0o0.01 n.s. 0o0.01 n.s.

75 0.01 ¼ 0.01 n.s. 0.0240.01 n.s. 0o0.01* 0o0.01***

90 0.0540.01** 0.0740.01** 0o0.01*** 0o0.01**

Observed means or variances of spatial foraging overlap indices are compared with those expected under random

for each ‘‘food resource–time of day’’ experiments. Expected values were calculated as the average spatial overlap

in 1000 randomized assemblages.

T. Delsinne et al. / Journal of Arid Environments 71 (2007) 29–4438
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behavior (fast worker displacement with raised abdomen) typical of thermophilic ants such
as Cataglyphis rosenhaueri (Cerdá, 2001; Cerdá and Retana, 2000). Extirpators were
competitive non-thermophilic ant species (Brachymyrmex spp., Pheidole spp., Wasmannia

auropunctata), and opportunists were subordinate thermophilic ones (Forelius spp.). It
appears that the coexistence of numerically dominant ant species was allowed by the
coexistence of these two guilds. An internal guild structure in the assemblage was
confirmed. It was sometimes difficult to establish the guild to which a particular species
belongs, as for Pseudomyrmex denticollis (aggressive and thermophilic species whose
cumulated abundance pattern was typical of opportunists), or for Cr. quadriformis (which
appeared to change its food exploitation strategy according to food nature).
However, temperature and chance rather than interspecific competition structured the

temporal foraging at the assemblage level. Indeed, during afternoons temperature strongly
structured the temporal foraging but during mornings temporal foraging did not differ
from random.
Interspecific conflicts observed at baits were rare and moreover, were rarely initiated by

extirpators, which are supposed to be the most aggressive species (Wilson, 1971).
Avoidance could be a typical interference behavior among ants. Fellers (1987) specified
that interference between species in his study occurred on around 55% of the occasions
when two or more species used the same bait and that avoidance behavior accounted for
half of these observed interactions. Yanoviak and Kaspari (2000) also found a low
frequency of aggresive bait defense at ground in a seasonally wet tropical forest of
Panama. However, Bestelmeyer (2000) indicated that non-aggressive encounters between
taxa were relatively infrequent at his baits and did not integrate them in his analyses.
Nevertheless, the apparent absence of interspecific competition in our temporal study

may be an artifact. The high density of baits at small spatial-scale may allow subordinate
species to move to a second bait when extirpators arrived at the first exploited. Hence,
although a species turnover at one particular bait existed, at the scale of a whole baiting
session, the coexistence time of the guild was increased. We never observed this directly but
noted that 21% of the baits were never exploited by any ant species and that half of them
(51%) attracted only a single species. This is rather unusual with bait experiments. Only
invasive tramp-species are known to monopolize baits exclusively (Davidson, 1998). Here
ants were confronted with unusually high quantities of food which could modify their
foraging behaviors.

4.2. Influence of the set of trade-offs on spatial ant foraging

Our results show that ants in a semi-arid habitat adjust their foraging behavior to
environmental conditions very finely in space. Variance indices of spatial foraging overlap
indicated that several guilds foraged at the end of morning experiments (thermophilic and
non-thermophilic ants probably) and only one guild foraged at the end of afternoon
experiments, (non-thermophilic dominant and aggressive species which had excluded
submissive thermophilic ants). In the morning, ants were able to forage randomly on the
entire soil surface but when temperature became stressful (at the end of morning
experiments), ants foraging was aggregated possibly around microsites where temperature
was lower. Under high temperatures, only thermophilic ants were able to explore the
environment randomly before being excluded by non-thermophilic ants as the temperature
cooled down (at the end of the afternoon experiments). To sum up, the set of trade-offs
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structured the spatial ant foraging when thermal conditions were stressful. When
temperature was not too high (during mornings), bait spatial exploitation appeared
stochastic.

Among species recognized as extirpators, two strategies of space occupation were
observed (Fig. 5). Baits exploited by Ph. radoszkowskii, Ph. sp. A and W. auropunctata

were clustered. It is plausible that these species defended a foraging area and only exploited
baits located inside their territory ( ¼ ‘‘territorial species’’ following the three-leveled
competition hierarchy of Savolainen and Vepsäläinen, 1988). Conversely, B. aphidicola

and B. leuderwaldti seemed to defend a punctual food resource rather than a foraging area
( ¼ ‘‘encounterers species’’ of Savolainen and Vepsäläinen, 1988). They controlled the bait
thanks to a massive recruitment, which allowed them to dominate it even inside the
foraging area of other extirpators.

In numerous organisms as diverse as birds (Hyman, 2005), lizards (Trigosso-Venario et
al., 2002) or termites (Kaib et al., 2002), it was observed that neighboring individuals avoid
each other in order to reduce energetically expensive fighting. It was called the ‘‘dear-
enemy phenomenon’’ (Fisher, 1954). In ants this effect also exists. Gordon (1989) has
shown that Pogonomyrmex barbatus workers confronted with conspecifics from
neighboring colonies detered foraging more frequently than with ants from geographically
distant colonies. This behavior was also observed during interspecific encounters in two
desert Pheidole species (Langen et al., 2000).

Here, a ‘‘dear-enemy’’ effect between interspecific neighboring colonies could explain:
(1) a very low number of conflicts at baits; (2) no-overlap of foraging areas (Fig. 5) and
small mean spatial foraging overlaps (Table 3); (3) a weak interspecific competition effect
on the spatio-temporal foraging (Tables 2 and 3); (4) a very small number of baits
exploited by more than a single species (Fig. 3).

Because abiotic conditions in arid and semi-arid habitats strongly constrain the ant
foraging, the cost of fighting in these environments may be particularly strong and may
allow the establishment of ‘‘a dear-enemy phenomenon’’ more easily than in temperate or
tropical habitats. More studies are necessary to examine the importance of avoidance
between neighboring interspecific colonies, its occurrence according to habitat type and
season and its impact on space use and species coexistence.

Although a ‘‘dear-enemy phenomenon’’ may explain our observations, nonexclusive
alternative hypotheses may also be proposed. First, our baiting protocol may have
saturated the habitat with high quality food, decreasing the spatial foraging of ants.
Indeed, optimal foraging theory (MacArthur and Pianka, 1966) predicts that the number
of microhabitats visited by species during foraging decreases when the set of food resource
increases. Second, it is possible that some areas were unfavorable due to high predation
risks. High densities of antlion larvae, known to influence the spatial distribution of ants
(Gotelli, 1993, 1996), were noted in some small patches of the studied area. Third, as we
discussed above temperature appeared to influence strongly the foraging strategies
exhibited by ants and it is not excluded that the majority of species in semi-arid habitat
forage only near their nest entrance to decrease their exposure to stressful temperature.

4.3. Food type influence on spatio-temporal foraging

Food preferences were highlighted for three frequent ant species, always for proteins. As
we predicted, two of them are thermophilic species: Pseudomyrmex denticollis and Forelius
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brasiliensis. Temperature restricted the foraging time and space of these species, which in
turn exhibited a strong food selectivity to optimize their foraging. Kay (2004) found that
species with relatively easy access to carbohydrates preferred proteins. In this direction,
Forelius spp. are mainly plant nectar consumers. However, protein food preference of
Forelius brasiliensis could be an artifact due to temperature constraints. Indeed,
F. brasiliensis is a hot temperature specialist and only the experiment with the hottest
temperature conditions (around 42 1C) was really attractive for this species and was carried
out with protein baits. During this extremely hot episode, F. brasiliensis was the only ant
species present at baits (sometimes along with Ps. denticollis). Forelius species forage
usually in open areas under direct sunlight and rarely in forest where non-thermophilic and
aggressive species are favored (Bestelmeyer, 1997, 2000). However, when ambient air
temperature was high, and hence when competitors were less favored, the subordinate
Forelius spp. were able to expand their foraging area into the leaf-litter. More replicates at
very high temperature are necessary to confirm food preferences of F. brasiliensis.

Cr. quadriformis appeared to adapt its foraging behavior according to the bait nature,
confirming that bait exploitation by ants could be different according to the food resource
(de Biseau et al., 1997; Sanders and Gordon, 2000). However, even if we observed specific
food preferences and foraging behavior changes according to food nature, it appears that
this did not affect the global foraging at the assemblage scale.
Although it was possible that food preference may be confounded by texture preference

(Kaspari and Yanoviak, 2001), we believe that bait exploitation was weakly biased by
texture. Canned tuna contains water and salts, proteins and fats in solution, which were
probably attractive to both liquid and solid feeders and we assumed honey to be thick
enough to be exploited by both ant groups. In the future, it would be more precise to use
nutrient solutions of sucrose or casein as Kay (2004) at the cost of realism (Kaspari and
Yanoviak, 2001).

4.4. General conclusions

In hot and dry habitats the set of trade-offs between species food discovery and food
domination ability and between species thermal tolerance and competitive dominance
strongly influence the temporal foraging of ants (Bestelmeyer, 2000). The set of trade-offs
has also consequences on the spatial co-occurrence of species during foraging.
Nonetheless, temperature and chance rather than interspecific competition deeply
structure the spatio-temporal foraging at the assemblage level. As for food preferences,
no effect was detected at the assemblage scale. An interspecific ‘‘dear-enemy phenomenon’’
may explain the scarcity of evidences of interspecific competition. Albrecht and Gotelli
(2001) already demonstrated the part of chance in the structure of the ant spatio-temporal
foraging at both seasonal and nycthemeral scales in grassland ant assemblages from North
America. Our results suggest that this finding can be extended to smaller spatio-temporal
scales and to more constraining habitats as arid environments.
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