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SUMMARY In this paper we investigate the foraging activity of an invasive ant species, the big headed ant Pheidole megacephala. We establish that the ants’ behavior is consistent with the use of two different pheromone signals, both of which recruit nestmates. Our experiments suggest that during exploration the ants deposit a long-lasting pheromone that elicits a weak recruitment of nestmates, while when exploiting food the ants deposit a shorter lasting pheromone eliciting a much stronger recruitment. We further investigate experimentally the role of these pheromones under both static and dynamic conditions and develop a mathematical model based on the hypothesis that exploration locally enhances exploitation, while exploitation locally suppresses exploration. The model and the experiments indicate that exploratory pheromone allows the colony to more quickly mobilize foragers when food is discovered. Furthermore, the combination of two pheromones allows colonies to track changing foraging conditions more effectively than would a single pheromone. In addition to the already known causes for the ecological success of invasive ant species, our study suggests that their opportunistic strategy of rapid food discovery and ability to react to changes in the environment may have strongly contributed to their dominance over native species. Key words: ants, pheromone, recruitment, collective decision, dynamic environment, exploration.



INTRODUCTION



Many group-living animals communicate about the location of food sources. Such communication is especially beneficial when food sources are ephemeral or hard to find (Sherman and Visscher, 2002; Dornhaus, 2002), or when they are too large to be exploited by a single individual (Detrain and Deneubourg, 2002). Recruitment towards food sources also provides a species with the opportunity to quickly monopolize the food source (Visscher and Seeley, 1982; Traniello, 1989; de Biseau et al., 1997; Beekman and Lew, 2008; Nieh, 1999; Nieh, 2004). The best-known examples of food recruitment are found in the social insects: ants, termites and some species of bees and wasps, which have evolved a wide range of signaling mechanisms (Beekman and Dussutour, 2009). For example, ants, termites and stingless bees mark the route between their nest and discovered food sources with a chemical (pheromone), thus indirectly leading nestmates to the food. Thus, the emitter and the receiver do not need to be present simultaneously to exchange information (Hölldobler and Wilson, 1990; Nieh, 2004; Reinhard and Kaib, 2001). Recruitment pheromones are not, however, restricted to the social insects and are found in a variety of taxa (Chapman, 1998; Wyatt, 2003) including caterpillars (Fitzgerald and Costa, 1986; Fitzgerald, 1995), social spiders (Lubin and Robinson, 1982; Vollrath, 1982; Saffre et al., 1999) and mammals (Galef and Buckley, 1996; Judd and Sherman, 1996). Pheromone trails can enable a rapid mass recruitment to food discoveries, but they also impose constraints on the overall foraging efficiency of a species (Beekman et al., 2001). The characteristics of trail pheromones used, particularly their decay rate, play an important role in determining foraging efficiency and flexibility. Short-lived, volatile trails can rapidly modulate recruitment to ephemeral food sources, whereas long-lived trails will be more suited



to persistent, or recurrent, food sources. Thus, trail longevity must be matched to the foraging ecology of a particular species. Indeed, trail longevity varies from minutes in Aphaenogaster albisetosus (Hölldobler et al., 1995) to days in the leaf-cutting ant Atta cephalotes (Billen et al., 1992), which exploits permanent food sources. Even when foraging in their natural environments, species with a fixed pheromone decay rate experience a tradeoff between efficient recruitment and a flexible response to changes in the environment. For example, Goss and colleagues (Goss et al., 1989) provided Argentine ants (Linepithema humile) first with a long path between nest and food. When a shorter path was added after the ants had established a trail, in most trials the majority of ants continued to forage on the longer path. Similar results have been reported with Lasius niger (Beckers et al., 1992b). Mathematical models predict that the ants will remain on an established trail for periods longer than the evaporation rate of the pheromone because ants continue to reinforce the trail on the long path (Goss et al., 1989; Nicolis and Deneubourg, 1999; Sumpter and Pratt, 2003). Thus even short-lasting pheromone trails can, through positive feedback, result in ants becoming ‘trapped’ in suboptimal situations.



Theoretical predictions about ant foraging usually consider just a single trail pheromone (e.g. Pasteels et al., 1987; Nicolis and Deneubourg, 1999). In practice, ants use a variety of pheromones to mark the path to food discoveries (Wyatt, 2003). For example, Myrmica sabuleti uses pheromones from different glands depending upon the type of food it locates (Cammaerts and Cammaerts, 1980). A combination of long-lasting and short-lived pheromones could allow ants to ‘remember’ routes to sites that were previously rewarding and may become rewarding again in the near future. An example of pheromone trails that contain components that have
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2338 A. Dussutour and others different life times is given by the Pharaoh’s ants (Monomorium pharaonis). Jackson and colleagues (Jackson et al., 2007) showed that these ants leave a pheromone trail that can be detected up to 2 days after it is laid. This pheromone is deposited even in the absence of food (Fourcassié and Deneubourg, 1994). By offering Pharaoh’s ants a choice between a branch on which food had been recently located and a branch which ants had explored in the absence of food, Jeanson and colleagues (Jeanson et al., 2003) showed that the pheromone linked to the presence of food decays within 25 min. Jackson and Chaline (Jackson and Chaline, 2007) report that the intensity of trail laying, in terms of the degree of continuity of the markings made (when pheromone is deposited), changes only slightly between ants returning from a rewarding food source and those exploring. These ants exhibit both rapid exploitation of newly discovered food (Beekman et al., 2001; Sumpter and Beekman, 2003) and rapid abandonment of trails which no longer lead to food (Jeanson et al., 2003). A deposition of distinct chemicals during ‘exploration’ and ‘foraging’ is thus the most plausible explanation of the experimental observations (although Jackson and Chaline themselves are cautious about drawing this conclusion). ‘Exploration’ and ‘foraging’ pheromones are possibly complemented by a volatile negative pheromone that serves as a ‘no entry’ signal when food is not found at the extremity of a path (Robinson et al., 2005). Such a combined system seems most beneficial to opportunist species that forage at a wide range of resources. Pheidole megacephala Fabricius, the focus of our current study, is, like Pharaoh’s ants, an opportunistic species. Originally native to tropical Africa, it has become one of the most successful invasive ant species (Holway et al., 2002; Hoffman, 1998; Hoffman et al., 1999; Wilson, 2003), reaching a pan-tropical distribution and regarded as a major ecological pest threatening native invertebrate populations (Wilson and Taylor, 1967; Hoffman et al., 1999). We hypothesized that key to its success is its ability to rapidly adjust its foraging focus via the use of multiple pheromones. We investigated, first, the possibility that there are two different pheromones with different decay rates, second, how these pheromones affect recruitment in a static environment and, third, the extent to which these pheromones affect the ants’ ability to adapt to changing foraging conditions. MATERIALS AND METHODS Species studied and rearing conditions



We studied the big headed ant P. megacephala, a dimorphic species that uses mass recruitment through pheromone trails to exploit abundant food sources. This species favors shaded and moist environments, but can exist in open areas and wherever there is anthropogenic disturbance (Hoffman et al., 1999). We collected 15 colonies which contained 2000–3000 workers and 4–6 queens in Sydney (Australia). Ants were installed in eight test tube nests (10cm in length, 1.5 cm in diameter) covered with black paper. These tubes were placed in a rearing box (30 cm⫻20 cm⫻15 cm) with walls coated with Fluon® to prevent ants from escaping. Colonies were kept at room temperature (25±1°C) with a 12h:12h L:D photoperiod. We supplied each colony with water and a mixed diet of vitaminenriched food (Bhatkar and Whitcomb, 1970) supplemented with mealworms. We conducted a series of four experiments. The first two experiments were designed to establish the existence of two pheromones and to determine their longevity (i.e. how long the ants responded to them). The third experiment tested the role of pheromones when the ants were offered the choice between two



identical food sources placed at the end of the branches of a Yshaped bridge. The fourth experiment tested the ants’ response to a dynamic environment, where the food source changed position. Experiments 1 and 2: foraging trail life time Experimental set-up and data collection



Our hypothesis was that ants lay a pheromone as they explore their environment (exploration pheromone) and use a different pheromone to recruit their congeners after the discovery of a food source (foraging pheromone). We also hypothesized that the exploration pheromone (E) is a long-lived signal that acts as an ‘external long-term memory’ of the environment allowing the colony to rapidly establish a new trail. In contrast, we expect the foraging pheromone (F) to evaporate quickly allowing the colony to abandon a depleted food source. In order to test our hypothesis we designed two different experiments. The first one quantified the decay rate of a trail comprising both exploration and foraging pheromone vs no pheromone at all (E+F vs N) while the second experiment quantified the decay rate of a trail containing exploration and foraging pheromone vs a trail containing only exploration pheromone (E+F vs E). We used eight colonies and each of these colonies was subdivided into two subcolonies each containing 1000–1500 workers with brood and queens, yielding a total of 16 colonies. Colonies were food deprived 5 days before an experiment. We decided to create subcolonies so that we could swap pheromone trails between two subcolonies while avoiding colony-specific effects on the ants’ behavior (Hölldobler and Wilson, 1990). Experiment 1



In the first experiment (E+F vs N), a colony was connected to a Yshaped bridge which had two branches (1 and 2) of equal length (60 mm, angle between the two branches 60 deg.; Fig. 1). The whole experimental set-up was isolated from any sources of disturbance by surrounding it with white paper walls. There were two main phases during this experiment: a foraging phase and a test phase. During the foraging phase the colony was first allowed to explore branch 1 and was then given access to the food for 1 h (3 ml of 1 mol l–1 sucrose solution) placed on a platform (70 mm⫻70 mm) at the end of branch 1. A piece of masking plastic coated with Fluon blocked access to branch 2 to prevent the ants from depositing any pheromone on this branch during the foraging phase. Traffic flow was assessed by measuring the number of ants on the bridge in 1 min intervals for 1 h. Counting began as soon as the first ant reached the food (Fig. 1). Before the test phase, the masking plastic and the food source were removed and the bridge was turned 90 deg. to eliminate any information from visual or other cues that might affect branch choice. This took approximately 1 min. During the test phase, which lasted 2 h, ants walking towards each branch were gently removed with a paintbrush as they crossed the decision line to prevent reinforcement of either branch. The number of ants crossing the decision line to either the marked or the unmarked branch was counted at 5 min intervals for 2 h. During this test phase ants had a binary choice between a branch with decaying trail pheromone (marked branch: E+F) and an unmarked branch. The whole experiment was repeated 16 times using the eight pairs of colonies. Experiment 2



During the foraging phase of the second experiment (E+F vs E) we gave a colony access to a bridge that had one branch of 60 mm
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A



Exploration and foraging trail (E+F) 60 deg. 1 cm



1 mol l–1 sucrose solution



Statistical analyses Unmarked branch (0)



10 cm Plastic barrier Subcolony A1



Decision line



Subcolony A1



Foraging phase Test phase 0 min 60 min 180 min



B 1 mol l–1 sucrose solution



Exploration and foraging trail (E+F)



Exploration Explorati trail (E)



10 cm



We used a two-way ANOVA with repeated measures (time) to test for the effects of type of pheromone and time interval on the flow of workers during the foraging and test phase. For the test phase, we tested whether ants preferred one branch over the other (asymmetric distribution), or whether they showed no preference (symmetric distribution) using a binomial test on the number of ants choosing each branch in each replicate for each 5 min interval. The null hypothesis was that ants chose the two branches with equal probability (Siegel and Castellan, 1988). We assumed that a branch was selected when the binomial test showed a significantly higher number of foragers on one branch. We then compared the pheromone decay rate in the two experiments. The decay rate was estimated by the slope of the regression line describing the relationship between the proportion of ants choosing the marked branch and time. Specifically, to evaluate evaporation rates of the exploration and foraging pheromone, we adapted the method of Jeanson and colleagues (Jeanson et al., 2003). We assumed that the rates of pheromone decay at time t are proportional to the pheromone quantity Ci at this time and to a constant λ, specific for each pheromone so that: Ci(t) = Ci(0)e–λCt .



lin Decision line



Subcolony A1 Subcolony A2



2339



In addition we supposed that the probability PCi that an individual chooses branch i is:



Subcolony A1



Exploration–foraging phase Test phase 0 min 60 min 180 min Fig. 1. (A) First experiment: top view of the bridge for the two different phases of a trial: foraging and test phase. Between the two phases the platform was rotated by 90 deg. (B) Second experiment: top view of the bridge for the two different phases of a trial: foraging and test phase. Between the two phases the platform was rotated by 90 deg.



length. The colony was starved for 5 days prior to the experiment. The first colony of a pair (see above; e.g. subcolony A1) was given access to branch 1 in the absence of food (exploration phase) and was then given access to the food for 1 h (3 ml of 1 mol l–1 sucrose solution) placed on a platform (70 mm⫻70 mm) at the end of the branch. The second colony of the pair (e.g. subcolony A2) had access to a branch and a platform (70 mm⫻70 mm) only (without food), also for 1 h. Subcolony A2 was thus only allowed to explore the bridge and the platform (E) whereas subcolony A1 explored and recruited towards a food source (E+F). During the foraging phase we again measured the traffic on the bridge in 1 min intervals for 1 h. Counting began as soon as the first ant reached the food source. Traffic was assessed only for the colony which had access to the food source (subcolony A1). Prior to the start of the test phase, we added the branch explored by subcolony A2 to the bridge used by subcolony A1 in order to obtain a Y-shaped bridge. The bridge was then reconnected to subcolony A1 and turned 90 deg. Thus during the test phase subcolony A1 had the choice between a branch marked during the foraging phase (E+F) and a branch marked during the exploration phase (E). Once an ant had chosen a branch and crossed the decision line it was gently removed using a paintbrush. The number of ants crossing the decision line to either branch was counted in 5 min intervals for 2 h. The whole experiment was repeated using the eight pairs of subcolonies twice yielding a total of 16 replicates.
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where f(Ci) and f(Cj) are functions of the pheromone C dropped respectively in branch i and j (Beckers et al., 1992; Deneubourg et al., 1990). Rewriting Eqn 2 we get: f (C2 ) 1 . −1= PC f (C1 )



(3)



i



Because in experiment one there is pheromone on one of the branches only, we can assume that C2=0. Thus combining Eqns 1 and 3 we get: f (0) 1 −1= , f (Ci (0)e− λ t) PC (t)



(4)



C



i



where PC(t) is now specifically a function of time since the trial began. Solving for t gives:



() ()



() ()



⎛ ⎛ ⎛ f (0)PC 0 ⎞ ⎞ ⎛ f (0)PC t ⎞ ⎞ −1 λC t = ln ⎜ f −1 ⎜ ⎟ ⎟ − ln ⎜ f ⎜ ⎟ ⎟ . (5) ⎜⎝ 1 − PC 0 ⎟⎠ ⎟ ⎜⎝ 1 − PC t ⎟⎠ ⎟ ⎜⎝ ⎜⎝ ⎠ ⎠ i
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Thus by transforming the observed probability of taking the marked branch first by taking the inverse of f and then by a log transform we can use linear regression to estimate λC. Determining the correct form of f for a particular pheromone is by no means straightforward, but is equivalent to specifying what transformation we apply to the data in order to get a linear relationship between a set of observations. We used a multiple regression analysis to test for significant effects of type of pheromone (exploration or foraging) and time on the decay rate. Experiment 3: role of exploration pheromone during foraging



In the third experiment, a colony again starved for 5 days was given access to a Y-shaped bridge with branches of equal length (60 mm). At the end of each branch was a platform (70 mm⫻70 mm) on which food sources could be placed. This experiment consisted of three treatments. In the first treatment (‘foraging’: F), ants were allowed
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2340 A. Dussutour and others to forage at two food sources of equal quality (3 ml of 1 mol l–1 sucrose solution) for 1 h. In the second treatment (‘exploration’: E), ants had access only to the two platforms and were allowed to explore the bridge for 1 h. In the last treatment (‘exploration then foraging’: E+F), ants were allowed to explore the bridge for 1 h after which a food source was placed on each platform (both containing 3 ml of 1 mol l–1 sucrose solution) and ants were allowed to forage for 1 h. Ants were removed from the bridge prior to placement of the food sources. We replicated each treatment 15 times using 15 different colonies of 2000 individuals. To investigate whether the presence of an exploration pheromone enables the colony to more rapidly recruit towards a food source, we measured the flow of outbound ants on each branch every minute for 1 h for the three different treatments. Counting began as soon as the first ant climbed onto the bridge. Statistical analyses



We used a two-way ANOVA with repeated measures on time to test for the effects of treatment and time on the flow of workers. We then tested whether ants preferred one branch over the other or whether they showed no preference using a binomial test.



preference for the marked branch after 85 min (binomial test: P 
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