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INTRA-AND INTERSPECIFIC DENSITY-DEPENDENT DISPERSAL IN AN AQUATIC PREY-PREDATOR SYSTEM

Dispersal intensity is a key process for the persistence of prey-predator metacommunities. Consequently, knowledge of the ecological mechanisms of dispersal is fundamental to understanding the dynamics of these communities. Dispersal is often considered to occur at a constant per capita rate; however, some experiments demonstrated that dispersal may be a function of local species density.

Here we use aquatic experimental microcosms under controlled conditions to explore intra-and interspecific density-dependent dispersal in two protists, a prey Tetrahymena pyriformis and its predator Dileptus sp.

We observed intraspecific density-dependent dispersal for the prey and interspecific density-dependent dispersal for both the prey and the predator. Decreased prey density lead to an increase in predator dispersal, while prey dispersal increased with predator density.

Additional experiments suggest that the prey is able to detect its predator through chemical cues and to modify its dispersal behaviour accordingly.

Density-dependent dispersal suggests that regional processes depend on local community dynamics. We discuss the potential consequences of density-dependent dispersal on metacommunity dynamics and stability.

Knowledge of dispersal mechanisms is crucial to understanding the dynamics of spatially structured populations and metacommunities [START_REF] Leibold | The metacommunity concept : a framework for multi-scale community ecology[END_REF]. Such knowledge may also be useful for explaining the response of communities to fragmentation and climate change. Metacommunity dynamics can be influenced by local processes such as intra-and interspecific interactions (Lotka 1925;[START_REF] Rosenzweig | Graphical representation and stability conditions of predator-prey interactions[END_REF][START_REF] Volterra | Variations and fluctuations in the numbers of individuals in animal species living together[END_REF] and regional processes such as dispersal, that link the dynamics of several local communities [START_REF] Cadotte | Metacommunity influences on community richness at multiple spatial scales: A microcosm experiment[END_REF]. Dispersal is the movement of individuals from one patch (emigration) to another (immigration). Intermediate intensities of dispersal can increase the persistence of prey-predator metacommunities [START_REF] Crowley | Dispersal and the stability of predator-prey interactions[END_REF]Holyoak & Lawler 1996a, b;[START_REF] Huffaker | Experimental studies on predation : dispersion factors and predatorprey oscillations[END_REF]Nachman 1987a;[START_REF] Reeve | Environmental variability, migration, and persistence in host-parasitoid systems[END_REF][START_REF] Zeigler | Persistence and patchiness of predator-prey systems induced by discrete event population exchange mechanisms[END_REF]. Dispersal rate is often considered a constant trait of species, but it may be condition-dependent. In particular, it may depend on the density of species in the local community. Density-dependent dispersal implies a direct interaction between local (population dynamics) and regional (dispersal) processes, which could influence metacommunity dynamics and stability.

Many studies have explored dispersal in the context of a single species. They have shown that dispersal often depends upon a species' own local density [START_REF] Diffendorfer | Testing models of source-sink dynamics and balanced dispersal[END_REF].

We call this effect intraspecific density-dependent dispersal. Dispersal may either increase (positive density-dependent dispersal) or decrease (negative density-dependent dispersal) as population density increases. Positive and negative intraspecific density-dependent dispersal has been observed in mites [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF], insects [START_REF] Fonseca | Density-dependent dispersal of black fly neonates is by flow[END_REF] and vertebrates (French & Travis 2001;[START_REF] Galliard | Mother-offspring interactions affect natal dispersal in a lizard[END_REF][START_REF] Matthysen | Density-dependent dispersal in birds and mammals[END_REF]; see for review [START_REF] Matthysen | Density-dependent dispersal in birds and mammals[END_REF], but not in protists (Holyoak & Lawler 1996a, b). In a mite preypredator system, [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF] found positive intraspecific density-dependent dispersal
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in the prey, but not in the predator. Conversely, French & Travis (2001) observed densityindependent prey dispersal but density-dependent parasitoid dispersal in a beetle-wasp system.

A few studies have experimentally explored how dispersal of one species is affected by the density of another species. We refer to this type of dispersal as interspecific densitydependent dispersal. The presence of a predator or parasitoid has enhanced prey dispersal in some insect communities [START_REF] Holler | Enemy-induced dispersal in a parasitic wasp[END_REF][START_REF] Kratz | Effects of Stoneflies on Local Prey Populations: Mechanisms of Impact Across Prey Density[END_REF][START_REF] Wiskerke | Larval parasitoid uses aggregation pheromone of adult hosts in foraging behavior -a solution to the reliability-detectability problem[END_REF]. By contrast, in aquatic ciliates, dispersal of the prey (Colpidium striatum) was not affected by the presence of the predator (Didinium nasutum) (Holyoak, personal communication;Holyoak & Lawler 1996a, b). However, these studies considered predator presence or absence and not predator density. [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF] showed with terrestrial mites that prey emigration had a positive relationship with predator density and that predator emigration had a negative relationship with prey density. Similarly, [START_REF] Kratz | Effects of Stoneflies on Local Prey Populations: Mechanisms of Impact Across Prey Density[END_REF] found that a decrease in prey density enhanced predator emigration in aquatic insect larvae. French & Travis (2001) observed a decrease in parasitoid swap dispersal as prey dispersal increased but no interspecific density-dependent dispersal for the prey. Thus, overall, dispersal seems to be a function of local densities in several experimental models. However, only two studies [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF]French & Travis 2001) have considered the full set of intra-and interspecific effects of density on dispersal in prey-predator systems, in spite of their great interest in the perspective of metacommunity theory.

Interspecific density-dependent dispersal in prey may be considered as a predatorinduced defence [START_REF] Lima | Behaviorial decisions made under the risk of predation : a review and prospectus[END_REF]. Other predator-induced responses include morphological changes in vertebrates [START_REF] Kishida | Flexible architecture of inducible morphological plasticity[END_REF] and invertebrates [START_REF] Kuhlmann | The ecology and evolution of inducible defenses[END_REF][START_REF] Tollrian | Inducible defences in cladocera: constraints, costs, and multipredator environments[END_REF]. Predator-induced dispersal suggests that the prey is able to assess the presence of its predator. Several experiments in aquatic systems showed that prey may detect their predator because of organic compounds they release in the medium, for instance Daphnia [START_REF] Lampert | Chemical induction of colony formation in a green alga (Scenedesmus acutus) by grazers (Daphnia)[END_REF][START_REF] Stibor | Predator-induced phenotypic variation in the pattern of growth and reproduction in Daphnia hyalina (Crustacea; Cladocera)[END_REF] and ciliates [START_REF] Karpenko | Feeding Behavior of Unicellular Animals. II. The Role of Prey Mobility in the Feeding Behavior of Protozoa[END_REF][START_REF] Kuhlmann | The ecology and evolution of inducible defenses[END_REF]. By contrast, perception in ciliates may require encounter between individuals: two mechanisms have been reported in ciliates: (1) detection of their predators by direct membrane contact [START_REF] Kuhlmann | Escape response of Euplotes octocarinatus to turbellarian predators[END_REF][START_REF] Kusch | Behavioural and morphological changes in ciliates induced by the predator Amoeba proteus[END_REF]), and (2) detection of local hydrodynamic disturbances created by the motion of cilia [START_REF] Karpenko | Feeding Behavior of Unicellular Animals. II. The Role of Prey Mobility in the Feeding Behavior of Protozoa[END_REF].

Consequently, interspecific density-dependent dispersal in ciliates may occur through waterborn chemical cues or may require direct contact.

Here we explore intra-and interspecific density-dependent dispersal in freshwater protists. These organisms are often patchily distributed in ponds and lakes at the scale of millimetres or centimetres [START_REF] Arlt | Vertical and horizontal microdistribution of the meifauna in the Greifswalder Bodden[END_REF][START_REF] Smirnov | Spatial distribution of gymnamoebae (Rhizopoda, Lobosea) in brackish-water sediments at the scale of centimeters and millimeters[END_REF][START_REF] Taylor | Microspatial heterogeneity in the distribution of ciliates in a small pond[END_REF][START_REF] Wiackowski | Small-scale distribution of psammophilic ciliates[END_REF]). We use a prey-predator couple, in aquatic experimental microcosms under controlled conditions and investigate the effects of population density on dispersal, and address three questions. First, does a species' own density affect its dispersal (intraspecific density-dependent dispersal)? We test this hypothesis for the prey and the predator separately. Second, does prey density affect predator dispersal, and does predator density affect prey dispersal (interspecific density-dependent dispersal)? If prey dispersal is positively related to predator density, our third question investigates the effects of predator organic compounds on prey dispersal. In addition, we explore these effects at low and high initial prey density to assess the interaction between prey and predator densities on prey dispersal.

Study Organisms

Tetrahymena pyriformis Ehrenberg, a bacterivorous protist, and its protist predator Dileptus sp. were obtained from Carolina Biological Supply (Burlington, NC, USA). Prey and predator were cultured in 50 mL microcosms containing medium inoculated with a mixed bacterial suspension. The medium was prepared by sterilizing mineral water with 0•75 g.L -1 of Protozoan Pellet (Carolina Biological Supply). Cultures were maintained at 18•0 ± 0•5 °C under controlled light (14:10 h light:dark cycle). One day after bacterial inoculation, each culture was inoculated with 1 mL of T. pyriformis to give about 240 cells.mL -1 . Three days later, T. pyriformis cultures reached a stationary phase; they were then used to feed Dileptus sp. The same culturing method was used in all experiments.

Under our standard culture conditions, the minimal generation times of T. pyriformis and Dileptus sp. were 8,18 h and c. 24 h, respectively (Hauzy C. & Hulot F.D., unpublished data).

Experimental design

To measure dispersal, we used microcosms made of two 100 mL bottles (55 mm internal diameter) connected by a 10 cm tube (5 mm internal diameter). We defined dispersal as migration from a bottle initially containing organisms (donor patch) to a bottle free of organisms (recipient patch). We conducted six independent experiments according to the following design. The tube of each microcosm was initially clamped and donor patches were assigned randomly.

MATERIALS AND METHODS

Initial densities in all experiments were adjusted by serial dilution in 1-day-old bacterial culture after counting the 3-day-old T. pyriformis and the 1-day-old Dileptus sp. cultures.

Counts were done under a binocular microscope in 10 µL drops for T. pyriformis, and 100 µL drops for Dileptus sp. Several drops were examined until a minimum number of 400 individuals was counted. The donor patch received 50 mL of the experimental treatment culture. The recipient patch received 50 mL of standardized 1-day-old bacterial culture. The experiments were initiated by releasing the clamp off the tube. Organisms dispersed freely during a time that was shorter than the generation time of the species studied. Treatments were replicated five times, except experiment 5, which was replicated four times.

At the end of the experiment, the content of each bottle was fixed with formaldehyde at a final concentration of 0•2%. Because the recipient patches did not contain high population densities, they were concentrated by centrifugation (5 min, 2000 r.p.m., 425 g).

Organisms were counted under a binocular microscope in 10 µL drops for T. pyriformis, and 100 µL drops for Dileptus sp. Several drops were examined in accordance with the following two procedures: (1) in experiments 1-4 and 6 (see below) up to 100 or 400 individuals were counted, respectively, and (2) in experiment 5, individuals were counted in 800 µL. Dispersal was measured by the dispersal rate per capita and per generation, and was calculated as the ratio of the density of the focal species in the recipient patch at the end of the experiment to its initial density in the donor patch. Initial, not final, density in the donor patch was used to avoid the potentially confounding factor of prey depletion in experiments testing prey dispersal in the presence of the predator (see experiments 4, 5 and 6 below).

In experiment 1 we tested the effect of T. pyriformis density on its own dispersal in the absence of Dileptus sp. Density treatments corresponded to cultures with 12 700 cells.mL -1 , 1270 cells.mL -1 and 43.1 cells mL -1 . The dispersal time was 4 h.

In experiment 2 we tested the effect of Dileptus sp. density on its own dispersal.

Treatments correspond to three levels of density: 61.3 cells mL -1 , 30.6 cells.mL -1 and 15.3 cells.mL -1 . T. pyriformis density was adjusted to 3.3 cells.mL -1 in all treatments. The dispersal time was 18 h.

Interspecific density-dependent dispersal

Experiment 3 tested the effect of T. pyriformis density on Dileptus sp. dispersal. A Dileptus sp. culture was mixed 50:50 with a T. pyriformis culture of varying density. We obtained three treatments with the same initial Dileptus sp. density (20.8 cells.mL -1 ) but different initial T. pyriformis densities: 5400 cells.mL -1 , 540 cells.mL -1 and 54.0 cells.mL -1 .

The dispersal time was 18 h. Experiment 4 tested the effect of Dileptus sp. density on T. pyriformis dispersal.

Cultures with different Dileptus sp. densities were mixed 50:50 with a T. pyriformis culture.

T. pyriformis initial density was 1120 cells.mL-1 in all treatments, and Dileptus sp. densities were 37.5 cells.mL -1 , 18.8 cells.mL -1 and 9.4 cells.mL -1 . The dispersal time was 5 h.

Mechanism of detection

In order to test whether T. pyriformis is able to detect Dileptus sp. via a chemical signal, we compared prey dispersal rate in the presence of the predator (treatment «with»), in a filtered medium of predator culture (treatment «filtered») and in the absence of predator (treatment «without»). This hypothesis was tested independently for two initial T. pyriformis densities (experiment 5: 550 cells.mL -1 ; experiment 6: 6600 cells.mL -1 ). In the treatment «with», we added the Dileptus sp. culture to the T. pyriformis culture (initial density of Dileptus sp. in experiment 5: 63.5 cells mL -1 ; in experiment 6: 22.1 cells mL -1 ). In the treatment «filtered», we replaced the Dileptus sp. culture of the treatment «with» with the same Dileptus sp. filtered with a 1.2 µm Whatman GF/C filter permeable to chemical compounds and bacteria. In the treatment «without», the T. pyriformis culture was diluted with a 1-day-old bacterial culture. Each treatment was replicated five and four times in experiments 5 and 6, respectively. The dispersal time in both experiments was 8 h.

Statistical Analysis

Data were analysed with linear (LM) or linear mixed effects models in R vs. 2•2•0.

For experiments 1-4, data were considered as continuous variables whereas data of experiments 5 and 6 were considered categorical. When homoscedasticity of variances (Bartlett's test) was satisfied (experiments 2, 3, 5 and 6), we used the LM procedure. When variances were heteroscedastic (experiments 1 and 4), we used the Generalized Least Squares procedure of the linear mixed effects model, which accounts for heteroscedasticity.

The Generalized Least Squares procedure gave the same qualitative results as the LM procedure. Tukey's post hoc tests were used to determine the differences between treatments and groups of treatments.

In experiment 1, no T. pyriformis individuals could be detected in the recipient patch for three of five replicates of the low density treatment. T. pyriformis density had a strong significant effect on its own dispersal rate (Fig. 1a; t = 4.17, d.f. = 13, P = 0.001). The treatment with the highest density (12 700 cells.mL -1 ), which corresponded to the beginning of the stationary phase, was significantly different (P < 0.001) from the lower density treatments (1270 and 43.1 cells.mL -1 ).

Experiment 2 (Fig. 1d) showed no significant effect of Dileptus sp. density on its per capita dispersal rate ( F = 2•45, d.f. = 14, P = 0•141).

Interspecific density-dependent dispersal

In experiment 3 (Fig. 1c), T. pyriformis density had a strong significant effect on Dileptus sp. dispersal rate (F = 7.07, d.f. = 14, P = 0.019). The average Dileptus sp. dispersal rate was significantly higher at the lowest prey density (54.0 cells mL -1 ) than at higher prey densities (5400.0 cells.mL -1 and 540.0 cells.mL -1 ) (P < 0.0001).

In experiment 4 (Fig. 1b), the initial T. pyriformis density (1120 cells.mL -1 ) was chosen such that it does not affect its own dispersal rate (see Results of experiment 1). Dileptus sp. density had a strong significant effect on the dispersal rate of its prey (F = 22.28, d.f. = 14, P < 0.001) and the dispersal rate of T. pyriformis was significantly higher at the two highest Dileptus sp. densities (37.5 cells.mL -1 and 18.8 cells.mL -1 ) than at the lowest density (9.8 cells mL -1 ) (P < 0.0001). 

RESULTS

Mechanism of detection

Experiments 5 and 6 were conducted at a predator density that induces prey dispersal (see Results of experiment 4). When the density of T. pyriformis was low (experiment 5), the differences among treatments on T. pyriformis dispersal rate were significant (Fig. 2a; F = 165.4, d.f. = 12, P < 0.001). Tukey's post hoc test indicated that prey dispersal rate in the treatments «filtered» and «with» were significantly higher than in the treatment «without» (P < 0.001). Prey dispersal rate was also significantly higher in the treatment «filtered» than in the treatment «with» (P < 0.005). When initial T. pyriformis density was high (experiment 6), the effects of the treatments «without», «filtered» and «with» on T. pyriformis dispersal rate were marginally significant (Fig. 2b; F = 3.623, d.f. = 9, P = 0.070). Tukey's post hoc test shows that the prey dispersal rate in the treatment «filtered» was marginally higher than in the treatment «without» (P = 0•060). The results of our study suggest that in aquatic prey-predator systems, the dispersal of a species can be a plastic trait that depends on population densities. We observed intraspecific density dependence in dispersal for the prey T. pyriformis. By contrast, there was no significant intraspecific density dependence in dispersal for the predator Dileptus sp.

Interspecific density-dependent dispersal was observed for both the prey and the predator. A decrease in T. pyriformis density led to a significant increase in Dileptus sp. dispersal rate, while T. pyriformis dispersal was higher when Dileptus sp. density was higher.

The two previous studies [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF]French & Travis 2001) that have exhaustively explored density-dependent dispersal in a prey-predator system revealed two different patterns (Fig. 3). French & Travis (2001) observed that predator dispersal depended on its own density and on prey density, but prey dispersal was densityindependent. By contrast, [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF] showed interspecific density-dependent dispersal for both the prey and the predator, and intraspecific density-dependent dispersal for the prey only. Our results follow the same pattern as [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF]. Thus, only two patterns of density-dependent dispersal in prey-predator systems have received experimental support. An increase in the prey dispersal rate when predator density increases, suggests that the prey is able to detect its predator and avoid it. Studies on ciliates' perception have shown that two different detection mechanisms are possible:

recognition through chemical cues released in the medium [START_REF] Karpenko | Feeding Behavior of Unicellular Animals. II. The Role of Prey Mobility in the Feeding Behavior of Protozoa[END_REF][START_REF] Kuhlmann | The ecology and evolution of inducible defenses[END_REF][START_REF] Seravin | Feeding Behavior of Unicellular Animals. I. The Main Role of Chemoreception in the Food Choise of Carnivorous Protozoa[END_REF] and recognition that requires direct contact [START_REF] Karpenko | Feeding Behavior of Unicellular Animals. II. The Role of Prey Mobility in the Feeding Behavior of Protozoa[END_REF][START_REF] Kuhlmann | Escape response of Euplotes octocarinatus to turbellarian predators[END_REF][START_REF] Kusch | Behavioural and morphological changes in ciliates induced by the predator Amoeba proteus[END_REF]). Our results suggest that the prey is able to detect its predator through chemical cues. At a low initial prey density, prey dispersal was significantly higher when prey was in the presence of predators or in the presence of a filtered medium of predator cultures than in the control. At a high initial prey density, prey dispersal was marginally higher when prey was in the presence of a predatorfiltered culture than in the control or in the presence of the predator. The difference in prey dispersal between the predator-filtered culture and the predator culture may be a result of prey depletion by the predator in the latter treatment.

Two hypotheses may explain the discrepancy between the experiments at low and high densities. First, at a low initial prey density (550 cells.mL -1 ), there is no effect of prey density on its own dispersal (see experiment 1, Fig. 1a). The dispersal observed in the presence or simulated presence of the predator is only due to the predator. By contrast, at a high initial prey density (6600 cells.mL -1 ), prey density may have an effect on its own dispersal. Therefore, in the absence of the predator, prey dispersal is high and the effect of a predator (whether real or simulated) on dispersal is reduced in comparison with the prey's intraspecific density effect. This result suggests an upper bound on prey dispersal. Second, the discrepancy between the two experiments might be a consequence of different predator densities in experiments 5 (63.5 cells.mL -1 ) and 6 (22.1 cells.mL -1 ). However, these two densities are both in the range of predator densities that induce prey dispersal (see experiment 4, Fig. 1b). Therefore the latter hypothesis is not supported by our data. [START_REF] Travis | Density-dependent dispersal in host-parasitoid assemblages[END_REF], and in (b) [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF] and present experiments.

Implications for prey-predator metacommunities

In a seminal paper, [START_REF] Huffaker | Experimental studies on predation : dispersion factors and predatorprey oscillations[END_REF] showed that prey-predator interactions persist longer in a large fragmented landscape than in a small fragmented landscape or isolated patches. His experiment stimulated theoretical studies that have explicitly addressed the role of spatial heterogeneity in the persistence of prey-predator interactions that are prone to extinction when isolated de Roos, 1991 #29;Hassell, 1991 #30;Sabelis, 1988 #31;Sabelis, 1991 #32}. Several experimental studies showed that individuals' migration between local communities allows regional persistence because of the asynchrony of local dynamics (Holyoak & Lawler 1996a;[START_REF] Janssen | Metapopulation dynamics of a persisting predator-prey system in the laboratory: Time series analysis[END_REF][START_REF] Taylor | Metapopulations, Dispersal, and Predator-Prey Dynamics: An Overview[END_REF][START_REF] Van De Klashorst | A demonstration of asynchronous local cycles in an acarine predator-prey system[END_REF].

Theoretical studies focused on the essential role of dispersal intensity in prey-predator metacommunities [START_REF] Crowley | Dispersal and the stability of predator-prey interactions[END_REF]Nachman 1987a, b;[START_REF] Reeve | Environmental variability, migration, and persistence in host-parasitoid systems[END_REF][START_REF] Zeigler | Persistence and patchiness of predator-prey systems induced by discrete event population exchange mechanisms[END_REF]. These models (reviewed in (Holyoak & Lawler 1996a, b) predict that an intermediate dispersal level of prey and predator enables metacommunity persistence. A low dispersal rate reduces the probability of recolonization of locally extinct patches and cannot prevent local extinctions, whereas a high dispersal rate tends to synchronize local dynamics [START_REF] Brown | Turnover Rates in Insular Biogeography : Effect of Immigration on Extinction[END_REF][START_REF] Levins | Extinction. In Some mathematical questions in biology[END_REF][START_REF] Yodzis | The Indeterminacy of Ecological Interactions as Perceived through Perturbation Experiments[END_REF]. Experiments have confirmed that moderate dispersal extends the persistence of prey-predator systems (Holyoak & Lawler 1996a, b). However, in these theoretical studies the dispersal ability of species from one patch to another is regarded as an unconditional process described by a single parameter.

Our results add to the body of experiments [START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF]French & Travis 2001; for review see Matthysen 2005) that show that dispersal is density-dependent, and hence that regional processes depend upon local population dynamics. This strong interaction between local and regional processes is likely to affect the dynamics and stability of communities and metacommunities.

Recent models that incorporate density-dependent dispersal behaviour show different community-level effects of dispersal (reviewed in [START_REF] Bowler | Causes consequences of animal dispersal strategies: relating individual behavior to spatial dynamics[END_REF]. Most of these models explored the effects of intraspecific density-dependent dispersal on the stability of single-species metapopulations. Models that incorporate positive densitydependent dispersal behaviour, as we showed here with T. pyriformis, have found a stabilizing effect of dispersal on population dynamics, whereas models that have simpler dispersal rules do not observe stabilizing effects [START_REF] Janosi | On the Evolution of Density Dependent Dispersal in a Spatially Structured Population Model[END_REF][START_REF] Ruxton | Fitness-dependent dispersal in metapopulations and its consequences for persistence and synchrony[END_REF]; but see [START_REF] Ruxton | Density-dependent migration and stability in a system of linked populations[END_REF]. Other models have shown that the form of the relationship between dispersal and density is important for predicting its consequences for stability [START_REF] Amarasekare | Interactions between local dynamics and dispersal: Insights from single species models[END_REF][START_REF] Ruxton | Density-dependent migration and stability in a system of linked populations[END_REF][START_REF] Ylikarjula | Effects of Patch Number and Dispersal Patterns on Population Dynamics and Synchrony[END_REF].

The effects of interspecific density-dependent dispersal on the stability of preypredator metacommunities are still unclear. French & Travis (2001) parameterized a model and found no differences in species persistence and community dynamics between a fixed mean dispersal and interspecific density-dependent dispersal for the predator (parasitoid).

By contrast, taking into account intra-and interspecific density-dependent dispersal improves the ability of prey-predator metacommunity models to predict metacommunity dynamics in experiments [START_REF] Bernstein | A Simulation Model for an Acarine Predator-Prey System (Phytoseiulus persimilis-tetranychus urticae)[END_REF][START_REF] Ellner | Habitat structure and population persistence in an experimental community[END_REF]Nachman 1987a, b). Thus, density-dependent dispersal may be fundamental for our understanding of prey-predator metacommunity dynamics. At present, several questions remain unanswered. Is there an interaction between the effects of intra-and interspecific density-dependent dispersal on prey-predator metacommunities? Do different density-dependent dispersal patterns (Fig. 3)

have different effects at the metacommunity level? What are the implications of the interaction between local and regional processes for conservation and biological control?

Our microcosm experiments demonstrate that the dispersal of prey and predator protists can depend on both intra-and interspecific density. Our results may be fundamental and general because they were obtained with relatively simple organisms (unicellular eukaryotes). We further show that prey can detect predator presence through organic compounds that the predator releases in the medium. Therefore chemical signals among organisms may play an important role in species dispersal, and density-dependent dispersal may be a pivotal process in metacommunity dynamics. Understanding and testing the effects of density-dependent dispersal on metacommunity dynamics, is a challenge for future studies.

Figure 1 .

 1 Figure 1. Effects of (a) Tetrahymena pyriformis density and (b) Dileptus sp. density on T. pyriformis dispersal rate, and effects of (c) T. pyriformis density and (d) Dileptus sp. density on Dileptus sp. dispersal (mean ± 1 SE). Letters indicate significant differences in dispersal rate among density treatments.

Figure 2 .

 2 Figure 2. Tetrahymena pyriformis detects Dileptus sp. presence through chemical cues (mean ± 1 SE). (a) Low initial density of T. pyriformis; (b) high initial density of T. pyriformis. Letters indicate significant differences in dispersal rate among treatments.

Figure 3 .

 3 Figure 3. Density-dependent dispersal patterns in prey-predator systems. Arrows indicate positive (+) or negative (-) significant effect of density on dispersal observed in (a) French & Travis (2001), and in (b)[START_REF] Bernstein | Prey and predator emigration responses in the acarine system Tetranychus urticae-Phytoseiulus persimilis[END_REF] and present experiments.
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