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Coexistence of an invasive and a native gammarid across

and experimental flow gradient: flow-refuge use, -mortality, and leaf-litter decay.

Introduction

The impact of invasive species on all types of native species, communities, and ecosystems has been recognized for decades [START_REF] Sakai | The population biology of invasive species[END_REF]. In freshwater ecosystems, biological invasions by non-native species are common; however, the extent of such inva-sions has dramatically increased over the last decades [START_REF] Ricciardi | Toward a global information system for invasive species[END_REF]. The dramatic increase of biological invasions of fl uvial systems was fostered by the intensifi cation of ship traffi c and chemical or physical habitat perturbations by humans [START_REF] Hartog | Why was the invasion of the river Rhine by Corophium curvispinum and Corbicula species so successful?[END_REF][START_REF] Bij De Vaate | Geographical patterns in range extension of Ponto-Caspian macroinvertebrate species in Europe. -Can[END_REF]. It related also to invader-specifi c attributes such as their tolerance of a wider range of environmental conditions [START_REF] Bruijs | Oxygen consumption, temperature and salinity tolerance of the invasive amphipod Dikerogammarus villosus: indicators of further dispersal via ballast water transport[END_REF][START_REF] Wijnhoven | Exotic and indigenous freshwater gammarid species: physiological tolerance to water temperature in relation to ionic content of the water[END_REF][START_REF] Devin | Biological and ecological characteristics of invasive species: a gammarid study[END_REF], their morphological and life-history traits [START_REF] Bollache | Rapid range extension of the Ponto-Caspian amphipod Dikerogammarus villosus in France: potential consequences[END_REF][START_REF] Pöckl | Strategies of a successful new invader in European fresh waters: fecundity and reproductive potential of the Ponto-Caspian amphipod Dikerogammarus villosus in the Austrian Danube, compared with the indigenous Gammarus fossarum and G. roeseli. -Freshwat[END_REF][START_REF] Statzner | Biological attributes discriminating invasive from native European stream invertebrates[END_REF], their behavioural traits [START_REF] Hazlett | Differences in memory capabilities in invasive and native crayfi sh[END_REF][START_REF] Rehage | Dispersal behavior, boldness, and the link to invasiveness: a comparison of four Gambusia species[END_REF], and their competitive superiority [START_REF] Kelly | Effects of environment and introduced invertebrate species on the structure of benthic macroinvertebrate species at the catchment level[END_REF][START_REF] Krisp | Consumption of macroinvertebrates by invasive and native gammarids: a comparison[END_REF][START_REF] Macneil | The predatory impact of the freshwater invader Dikerogammarus villosus on native Gammarus pulex (Crustacea: Amphipoda); infl uences of differential microdistribution and food resources[END_REF]. These invasions are a major threat to global freshwater biodiversity, composition of native communities, and ecosystem functioning [START_REF] Kelleher | Effects of exotic amphipod invasions on fi sh diet in the Lower Rhine[END_REF][START_REF] Simon | Impacts of freshwater invaders at different levels of ecological organisation, with emphasis on salmonids and ecosystem consequences[END_REF][START_REF] Kelly | Invasion by the amphipod Gammarus pulex alters community composition of native freshwater macroinvertebrates[END_REF][START_REF] Statzner | Linking productivity, biodiversity, and habitat of benthic stream macroinvertebrate communities: potential complications of worldwide and regional patterns[END_REF].

Among the European freshwater invertebrates, several amphipod species are particularly invasive [START_REF] Devin | Patterns of biological invasions in French freshwater systems by non-indigenous macroinvertebrates[END_REF]. They currently have drastic range expansions [START_REF] Bij De Vaate | Geographical patterns in range extension of Ponto-Caspian macroinvertebrate species in Europe. -Can[END_REF][START_REF] Bollache | Rapid range extension of the Ponto-Caspian amphipod Dikerogammarus villosus in France: potential consequences[END_REF]) and progressively replace populations of native amphipods in various freshwater systems of western Europe (e.g. [START_REF] Dick | Intraguild predation and species exclusions in amphipods: the interaction of behaviour, physiology and environment[END_REF][START_REF] Kelleher | Effects of exotic amphipod invasions on fi sh diet in the Lower Rhine[END_REF][START_REF] Bollache | Rapid range extension of the Ponto-Caspian amphipod Dikerogammarus villosus in France: potential consequences[END_REF]. For example, the originally Ponto-Caspian gammarid Dikerogammarus villosus invaded many European fresh waters, such as the Slovakian Danube [START_REF] Sporka | First record of Dikerogammarus villosus (Amphipoda, Gammaridae) and Jaera istri (Isopoda, Asselota) from the Slovak-Hungarian part of the Danube river[END_REF], major French and German river systems [START_REF] Tittizer | Aquatische Neozoen im Makrozoobenthos der Binnenwasserstraßen Deutschlands[END_REF][START_REF] Bollache | Rapid range extension of the Ponto-Caspian amphipod Dikerogammarus villosus in France: potential consequences[END_REF]), the Dutch Rhine [START_REF] Kelleher | Effects of exotic amphipod invasions on fi sh diet in the Lower Rhine[END_REF], and Lake Garda and other fresh waters of northern Italy [START_REF] Casellato | Dikerogammarus villosus (Sowinsky, 1894) (Crustacea, Amphipoda, Gammaridae) for the fi rst time in Italy[END_REF].

Freshwater gammarids are commonly considered as shredders of leaf litter, although in reality they exploit a far wider food range [START_REF] Macneil | The trophic ecology of freshwater Gammarus spp. (Crustacea: Amphipoda): problems and perspectives concerning the functional feeding group concept[END_REF]). Correspondingly, recent experimental studies illustrate that D. villosus preys on native Gammarus and other native freshwater macroinvertebrates (Dick & Platvoet 2000[START_REF] Dick | Predatory impact of the freshwater invader Dikerogammarus villosus (Crustacea: Amphipoda). -Can[END_REF][START_REF] Kinzler | Asymmetry in mutual predation: possible reason for the replacement of native gammarids by invasives[END_REF], Mac-Neil & Platvoet 2005). Although these experiments were run at rather unnatural conditions (small aquaria, no fl ow, often artifi cial bottom substrate), they fostered the idea that predation by invading D. villosus leads to the population losses of native Gammarus species in real fl uvial systems (e.g. [START_REF] Bollache | Rapid range extension of the Ponto-Caspian amphipod Dikerogammarus villosus in France: potential consequences[END_REF][START_REF] Macneil | The predatory impact of the freshwater invader Dikerogammarus villosus on native Gammarus pulex (Crustacea: Amphipoda); infl uences of differential microdistribution and food resources[END_REF]. If predation by D. villosus would cause population losses of native Gammarus species in rivers, two mechanisms could interfere that cannot be discovered in small-scale experiments conducted in still water.

First, the magnitude or variation of environmental conditions could be an interfering factor in predatorprey interactions according to the harsh-benign hypothesis (e.g. [START_REF] Peckarsky | Stonefl y predation along a hydraulic gradient: a fi eld test of the harshbenign hypothesis[END_REF][START_REF] Lancaster | Scaling the effects of predation and disturbance in a patchy environment[END_REF]. This hypothesis predicts that the predator impact on its prey will decline along a gradient from benign to harsh environmental conditions for the involved species. It has been supported by assessments of harsh-benign gradients of fl ow conditions for insects [START_REF] Statzner | Longitudinal patterns and processes along streams: modelling ecological responses to physical gradients[END_REF]) and ionic conditions for gammarids [START_REF] Dick | Intraguild predation and species exclusions in amphipods: the interaction of behaviour, physiology and environment[END_REF].

Second, stream invertebrates have a fl ow-related use of refugial space such as the interstices between coarser bottom particles. In general, many lotic invertebrate taxa swim away from the bottom into the water column when the fl ow in their habitat decreases too much [START_REF] Minshall | The effect of reduction in stream fl ow on invertebrate drift[END_REF]), whereas they actively seek shelter in fl ow refuges when the fl ow increases too much [START_REF] Lancaster | Flow refugia and the microdistribution of lotic macroinvertebrates[END_REF][START_REF] Winterbottom | Field experiments on fl ow refugia in streams[END_REF][START_REF] Negishi | An experimental test of the effects of food resources and hydraulic refuge on patch colonization by stream macroinvertebrates during spates[END_REF]. Thus, fl ow may concentrate both predator and prey in relatively small spaces, which can facilitate prey capture for the predator and thus per capita consumption rates [START_REF] Lancaster | Scaling the effects of predation and disturbance in a patchy environment[END_REF].

To assess this hypothetical framework for coexisting D. villosus and a native Gammarus species, we combined a fi eld survey with a mesocosm-fl ume experiment to assess the potential importance of these two mechanisms (focussing on density in fl ow refuges and mortality) at conditions being realistic for running waters. We used easily accessible native French Gammarus pulex (note that this species is invasive in Ireland, e.g. [START_REF] Kelly | Effects of environment and introduced invertebrate species on the structure of benthic macroinvertebrate species at the catchment level[END_REF]) and focussed on shear stress (τ) as environmental variable, as nearbed hydraulics are known to be a key factor that affects behaviour and distribution of lotic invertebrates (e.g. [START_REF] Statzner | Hydraulic stream ecology: observed patterns and potential applications[END_REF][START_REF] Mérigoux | Hydraulic requirements of stream communities: a case study on invertebrates. -Freshwat[END_REF][START_REF] Brooks | Hydraulic microhabitats and the distribution of macroinvertebrate assemblages in riffl es. -Freshwat[END_REF].

Field assessments illustrate that G. pulex and other species of the genus have no well defi ned preference for a narrow τ range [START_REF] Dolédec | Modelling the hydraulic preferences of benthic macroinvertebrates in small European streams[END_REF], i.e. they have a rather wide physical niche. For D. villosus, the τ niche has not yet been assessed. If D. villosus would have a τ niche as wide as G. pulex, it should be an effective predator on the native species across a wide τ range. Alternatively, if D. villosus would have a τ niche being distinctly narrower than that of G. pulex, it should be an effective predator on the native species only in that narrow τ range. Concerning other niche dimensions of the two species, their bottom-substrate use was similar in the Moselle River [START_REF] Devin | Ecological traits of the amphipod invader Dikerogammarus villosus on a mesohabitat scale[END_REF], different in a tributary of the Rhine [START_REF] Kley | An example of niche partitioning between Dikerogammarus villosus and other invasive and native gammarids: a fi eld study[END_REF], and more similar in single-species than in mixed-species treatments in still-water aquaria [START_REF] Macneil | The predatory impact of the freshwater invader Dikerogammarus villosus on native Gammarus pulex (Crustacea: Amphipoda); infl uences of differential microdistribution and food resources[END_REF]. When their substrate preference differed in these studies, D. villosus preferred coarser mineral bottom (stones, gravel), whereas G. pulex preferred macrophytes. In still-water experiments, both species had a similar temperature niche across the temperature range that is typical for European streams and large rivers [START_REF] Wijnhoven | Exotic and indigenous freshwater gammarid species: physiological tolerance to water temperature in relation to ionic content of the water[END_REF]. In contrast, their waterdepth preference in a Rhine tributary differed, as D. villosus preferred deeper water than G. pulex [START_REF] Kley | An example of niche partitioning between Dikerogammarus villosus and other invasive and native gammarids: a fi eld study[END_REF]. Finally, although Gammarus preys on D. villosus and other stream macroinvertebrates [START_REF] Kinzler | Asymmetry in mutual predation: possible reason for the replacement of native gammarids by invasives[END_REF], Krisps & Maier 2005), D. villosus acts at a higher trophic level than the Gammarus species [START_REF] Dick | Predatory impact of the freshwater invader Dikerogammarus villosus (Crustacea: Amphipoda). -Can[END_REF].

As other stream invertebrates, G. pulex seeks shelter in the interstices among coarser bottom substrates if τ increases in experimental fl umes [START_REF] Borchardt | Ecological impact of urban stormwater runoff studied in experimental fl umes: population loss by drift and availability of refugial space[END_REF], thereby reducing population losses by drift [START_REF] Borchardt | Effects of fl ow and refugia on drift loss of benthic macroinvertebrates: implications for habitat restoration in lowland streams[END_REF]). Correspondingly, with increasing near-bed hydraulics, the mean size of this species typically decreases on fi ne bottom substrates (providing limited interstitial space), whereas it tends to increase on coarser ones (providing more interstitial space) in real streams [START_REF] Statzner | The relation between "hydraulic stress" and microdistribution of benthic macroinvertebrates in a lowland running water system, the Schierenseebrooks (North Germany)[END_REF]). However, several other studies that assessed fl ow and refuge use provide no evidence that G. pulex or other stream amphipods use fl ow refuges during fl oods [START_REF] Imbert | Invertebrate responses to stepwise and abrupt increases in non-scouring fl ow: the role of refugia[END_REF][START_REF] Gayraud | The response of benthic macroinvertebrates to artifi cial disturbance: drift or vertical movement in the gravel bed of two sub-alpine streams?[END_REF], Lancaster 2000).

For D. villosus, we found no corresponding studies. In still-water aquaria, D. villosus swims more in the water column than G. pulex in single-species treatments, whereas this pattern is reversed in mixedspecies treatments [START_REF] Macneil | The predatory impact of the freshwater invader Dikerogammarus villosus on native Gammarus pulex (Crustacea: Amphipoda); infl uences of differential microdistribution and food resources[END_REF]. In contrast, Kinzler & Maier (2006) report that D. villosus swims always less than native Gammarus species in still-water aquaria (with one stone) in single-and mixed-species treatments. Thus, it is diffi cult to predict if both D. villosus and G. pulex would be concentrated in fl ow refuges at increased τ levels (in the interstices between coarser bottom material). Their concentration there should strengthen the predator-prey interaction among them, as the interstitial space would serve as a fl ow and not a predation refuge (see [START_REF] Harrison | Uncoupling strong predator-prey interactions in streams: the role of marginal macrophytes[END_REF], for an example of the uncoupling of predatorprey interactions through predation refuges involving G. pulex).

Finally, predation by D. villosus on G. pulex potentially affects a key process in streams, the leaf-litter decay. Lotic Gammarus species are undoubtedly involved in the processing of leaf litter in streams (e.g. [START_REF] Macneil | The trophic ecology of freshwater Gammarus spp. (Crustacea: Amphipoda): problems and perspectives concerning the functional feeding group concept[END_REF][START_REF] Dangles | A comparative study of beech leaf breakdown, energetic content, and associated fauna in acidic and non-acidic streams[END_REF], 2001). Thus, if D. villosus would decrease the abundance of G. pulex, one would expect chained effects on the leaflitter decay. Leaf-litter decay typically increases with the erosional nature (e.g. from sandy pools to stony riffl es) of the habitat (e.g. [START_REF] Reice | Environmental patchiness and the breakdown of leaf litter in a woodland stream[END_REF][START_REF] Casas | Environmental patchiness and processing of maple leaf litter in a backwater of a mountain stream: riffl e area vs. debris dams[END_REF][START_REF] Hoover | Flowsubstrate interactions create and mediate leaf litter resource patches in streams[END_REF]. In slow fl ows, moderate velocity increases have no effect on leaf-litter decay, whereas in fast fl ows, increasing velocity has negative effects on leaf-litter decay [START_REF] Reice | Environmental patchiness and the breakdown of leaf litter in a woodland stream[END_REF][START_REF] Hoover | Flowsubstrate interactions create and mediate leaf litter resource patches in streams[END_REF]. This suggests that across our experimental τ gradient, fl ow effects would increasingly confound the potential reduction of leaf-litter decay through predation by D. villosus on G. pulex.

To examine this framework, our fi rst task was to defi ne the so far unknown τ niche of D. villosus through a fi eld survey. Based on these results, we designed a fl ume experiment to assess the fl ow-refuge use of coexisting D. villosus and G. pulex, their mortality, and the leaf-litter decay at four τ conditions.

Material and methods

To assess the hydraulic preference of D. villosus, we sampled the French Moselle river near Metz; the experimental material of this species was collected at the same location. For G. pulex, we selected data from a database used by [START_REF] Dolédec | Modelling the hydraulic preferences of benthic macroinvertebrates in small European streams[END_REF] to describe its hydraulic preference across different stream types. The data we used here were collected in the German Ruhr river near Calle. This stream type resembled an unpolluted section of a river near Lyon (La Bourbre) from where we obtained our experimental material of G. pulex. Our experimental fl umes were placed outdoor in the Rhône fl oodplain ("Parc de Miribel", upstream of Lyon).

Field assessment of hydraulic preferences

For G. pulex, we selected data from the database of [START_REF] Dolédec | Modelling the hydraulic preferences of benthic macroinvertebrates in small European streams[END_REF] that were collected in the same month (December) in which we assessed the hydraulic preference of D. villosus. These data were obtained by quantitative random samples (using a 0.2 mm mesh) across riffl es and pools and, in addition, by selected quantitative samples to cover a wider range of near-bed hydraulic conditions [START_REF] Dolédec | Modelling the hydraulic preferences of benthic macroinvertebrates in small European streams[END_REF]). After invertebrates were collected, the substrate was re-arranged in each sampled area similarly to the pre-sampling conditions and the near-bed fl ow forces were assessed by the heaviest FST-hemisphere moved by the fl ow (see [START_REF] Statzner | Standard hemispheres as indicators of fl ow characteristics in lotic benthos research[END_REF], which provides an estimate of τ [START_REF] Statzner | Calibration of FST-hemispheres against bottom shear stress in a laboratory fl ume[END_REF].

For D. villosus, we collected the data for the description of its hydraulic preference mimicking the collection methods applied on G. pulex. Using a Hess sampler supplied by UWITEC (sample area: 0.05 m 2 ; mesh size: 0.2 mm; see http://www. uvitec.at), we took 25 random samples and then 10 additional samples to cover the widest possible range of hydraulic conditions (across sand, gravel, and blocks) in December 2004. These samples were conserved in alcohol (70 %) and D. villosus was sorted and counted later in the laboratory.

It is important to note that sampling both species with a mesh size of 0.2 mm, the collected individuals covered a large size range, including juveniles and adults. Thus, our preference curves were representative for a larger size range than that one used in our experiment (see below). Because of the typically wide hydraulic niche of lotic Gammarus species (see Introduc-tion) and a similar niche width discovered through our fi eld assessment for D. villosus (see below), we considered this point as a minor problem.

Experimental design

We used 12 experimental fl umes (bottom surface: 1.25 m 2 ) (Fig. 1, see [START_REF] Statzner | Crayfi sh as geomorphic agents and ecosystem engineers: biological behaviour affects sand and gravel erosion in experimental streams[END_REF], for technical details such as pump types and capacities). Each fl ume was 0.2 m wide and high and had two 2-m-long straight sections that were connected through curved sections (Fig. 1). Infl ow and outfl ow of a fl ume were situated in the same curved section. These outdoor fl umes were made from PVC (4 mm) so that the fl umes could be tilted. Tilted fl umes had the highest elevation at the beginning of the fi rst straight section (i.e. near the fl ume infl ow) and the lowest elevation at the end of the second straight section (i.e. near the fl ume outfl ow). We used the energy of water pumped into the fl ume to bring the water uphill to the highest fl ume point, and excess water was discharged near the lowest fl ume point toward a reservoir that was common for all fl umes and pumps. A net (mesh size: 0.5 mm) fi ltered the water at the outfl ow opening, which had also a tailgate to adjust the water depth. Valves controlled the discharge into each fl ume. The common reservoir received a constant groundwater discharge (~0.5 of the reservoir volume h -1 ) and excess water of the reservoir was discharged toward a pond. Overall, the installations enabled us to produce a good among-fl ume replicability of a wished hydraulic condition (see [START_REF] Statzner | Crayfi sh as geomorphic agents and ecosystem engineers: biological behaviour affects sand and gravel erosion in experimental streams[END_REF].

We equipped each fl ume straight line with 5 PVC-boxes (box dimension in cm: 15 long, 10 wide, 5 high) that had perforated walls (hole diameter: 8 mm) to permit water circulation through them. Filled with sediments (see Fig. 4 in [START_REF] Statzner | Silk-producing stream insects and gravel erosion: signifi cant biological effects on critical shear stress[END_REF], for an illustration), each box served as one sampling unit of the gammarids during the experiment (see below). The boxes and the fl ume space around them was fi lled with three sediment layers: fi rst, ~1 cm of sand (median diameter: 0.6 mm); second, ~1 cm of fi ne gravel (median: 7.4 mm); and third, ~4 cm of coarser gravel (diameter range: ~20-50 mm). Thereby, the space among the coarser gravel provided fl ow refuges for the gammarids, i.e. gammarid densities in these box traps would provide a mixed measure of fl ume-population size and fl ow-refuge use. Downstream of the infl ow pipes, we only used coarser gravel and glued it to avoid its erosion through the high-energy discharge from the pipes. We also added four alder (Alnus glutinosa) leaf packs to each fl ume (fi xed at the vertical outer fl ume walls in the straight lines). We collected these leaves from the ground in autumn 2004 and stored them dry and cool. To prepare the leaf packs, we oven-dried the leaves at 105 °C for 24 h and fi lled 1 g each into bags having a large mesh size (1 cm) to enable access of larger gammarids. Prior to their installation in the fl umes, these leaf packs were incubated for 2 weeks at 12° C in a thermostat chamber in water from the reservoir of our experimental installation. Finally, we covered each fl ume with black plastic sheets that had holes about every 15 cm along the fl ume to prevent excessive algal growth in the fl umes and to provide shade for the test organisms.

Ideally, one would use a block design to assess the impact of a predator on its prey and potentially related effects of this predation on the processing of leaf litter, with a block containing, for a given hydraulic condition, one fl ume with both species, one fl ume each with predator or prey, and one fl ume with neither species. With only 12 fl umes available, such a design could not be realized with appropriate replication. Therefore, we had to opt for a simpler experimental design, which was justifi ed through so far existing knowledge about our experimental organisms (see Introduction). First, it is known that D. villosus preys on Gammarus. Second, G. pulex has such a wide τ niche that its mortality rates (without predator impact) should be unaffected across a gradient of τ conditions if these are not too extreme. Third, G. pulex obviously contributes to the processing of leaf litter. Thus, we did not intend to provide further support for these known facts, which would have required the above described block design.

We adjusted fl ume slopes, discharges, and water depths at the fl ume outfl ows to replicate in randomly selected fl umes three times each of the following FST-values (prevailing at the position of the ten box traps in each fl ume): 5, 9, 11, and 13 (13 is near the maximum that can be achieved with the installations). As an FST-hemisphere indicates a minimum τ moving it [START_REF] Statzner | Calibration of FST-hemispheres against bottom shear stress in a laboratory fl ume[END_REF], the corresponding minimum τ (N m -2 ) was 0.17, 0.53, 0.83, and 1.59, respectively. As the box traps were positioned equidistant from the fl ume walls, lower τ prevailed near the fl ume walls and below the infl ow pipes of the fl umes.

From previous experiments run at different seasons and years (e.g. [START_REF] Statzner | Crayfi sh as geomorphic agents and ecosystem engineers: biological behaviour affects sand and gravel erosion in experimental streams[END_REF] we knew that the water temperature of the groundwater discharged toward the fl umes is relatively stable and cool (~15 °C) and that the water is well oxygenated, so we did not repeat such measurements during the current experiment. Furthermore, covering the fl umes with black plastic sheets, we eliminated a minor shade gradient along the installations that was created by neighbouring trees.

Originally, we planned the experiment for January/February 2005, to avoid the period of intense reproduction and associated subsequent natural mortality of the large specimens we needed for the experiment. Due to fl oods or body size frequencies prevailing in populations we checked at this time, we could not fi nd enough large specimens that would be safely retained by the mesh size securing our fl ume outfl ows, so we postponed the experiment into spring 2005. Using a hand net, we collected D. villosus on April 13 and G. pulex on April 19. We carefully sieved the collected specimens with a 2-mm mesh and retained these large individuals for the experiment. For transport, we stored the animals in oxygenated water in plastic cool boxes. We kept them in the laboratory at 12 °C in water from the reservoir of our experimental installation before they were used in the experiment. During this period, we fed them with alder leaves.

On April 23, we stocked each outdoor fl ume with 500 healthy (behaving normally and being visibly not infected by parasites) individuals of each species. For D. villosus, this density (per 1.25 m 2 fl ume bottom) was near intermediate natural densities, whereas it was relatively low compared to natural densities for G. pulex (see our Fig. 2 below). However, as our specimens were collected with a 2-mm mesh and the natural densities of both species were assessed with a 0.2-mm mesh, these densities are not exactly to compare.

During the experiment, we inspected the installation every day to check for fl ow stability and cleaned the nets at the outfl ows at these occasions. We used a hand net (mesh size: 1 mm) that could be accurately placed downstream of a given box trap to collect the boxes of each fl ume one day after the fl umes were stocked with animals (henceforth date "0 weeks"), starting near the fl ume outfl ow. All material of each box was kept separately in a plastic basin until the adult gammarids (i.e. the originally stocked ones and not offspring produced by them) of all ten boxes of a fl ume were sorted, identifi ed, and counted. Then, we sieved the sediments of each box and reconstructed the sediment layers in it, re-implemented it in its previous position, and re-introduced all gammarids to the fl ume. This procedure was repeated after two weeks and then weekly until week six of the experiment. At these occasions, we checked also for the occurrence of ovigerous females to have an indication of the "health" of the experimental animals. Furthermore, we made qualitative observations about the swimming behaviour of adult specimens at these occasions.

To avoid excessive leaf fragmentation and associated losses of smaller leaf pieces from the pack as well as to provide suffi cient food, leaf packs were changed every second week. Packs were collected with a hand net using a similar procedure as for the box traps. However, in this case, only the gammarids were re-introduced to their respective fl umes, whereas the leaf material of each pack was taken back to the laboratory and immediately oven dried and weighed (as before their incubation, see above). The leaf mass added by us every second week to each fl ume should have corresponded to more than the gammarids could eat (if compared to the leaf consumption rates of large Gammarus provided by Dangles & Guérold (2001)). Other potential food sources in the fl umes were algal patches growing near the holes in the black plastic sheets covering the fl umes and other biofi lm growing on the surface of the well-shaded bottom substrates.

At the end of the experiment, all fl umes were drained and the entire substrate was checked for gammarids. At this occasion, we discovered one ~12-mm long dytiscid (Rhantus) each in one fl ume with the FST condition 9 and one fl ume with the FST condition 11, i.e. these predators colonized the fl umes uncontrolled during the experiment. From the gammarids, we found only large-sized adults (i.e. the specimens we stocked at the beginning, but not their offspring) in the fl umes. We conserved these in alcohol; later we dissected spotchecks of D. villosus specimens to check for remains of G. pulex in their digestive tract. When we emptied the reservoir common to all experimental fl umes after the experiment, we fi ltered the water with a 0.2-mm mesh to check for the fate of the many juveniles we observed during the experiment (these were so small that they could pass through the 0.5-mm mesh at the fl ume outfl ows). We rapidly inspected ~10 % of the volume of juveniles retained by this operation, arriving at the estimate that the reservoir contained ~20,000 juveniles of both species. These juveniles were so small that they should not have contributed to the decay of coarse leaf litter in our experiment [START_REF] Macneil | The trophic ecology of freshwater Gammarus spp. (Crustacea: Amphipoda): problems and perspectives concerning the functional feeding group concept[END_REF].

Statistical analyses

We used multiple linear regression to assess the effects of time (duration of the experiment in weeks), τ, and their interaction (time × τ) on the gammarid densities in the box traps during the experiments and the leaf-litter decay (as gammarid densities in the leaf packs were notoriously low during the daytime censuses; mean densities ± 1 Standard Error (SE) per leaf pack were 1.5 ± 0.2 for D. villosus and 0.84 ± 0.13 for G. pulex). We partitioned the variance explained by time and τ applying the approach described by [START_REF] Borcard | Partialling out the spatial component of ecological variation[END_REF]. We assessed gammarid mortality over the entire experiment with simple linear regression. All regressions were applied on raw and transformed (e.g. log, square root) data. Compared to regressions on raw data, regressions on transformed data explained typically less or negligibly more of the data variability, so we communicate raw-data results below. We used Systat10 ® for all these analyses.

Results

Both D. villosus and G. pulex have obviously not a clear τ preference over the τ range assessed in the fi eld surveys (Fig. 2). For D. villosus, the maximum τ assessed in this survey was lower than the maximum τ in our experiment (potentially higher τ conditions were not accessible in the large Moselle River). For G. pulex, the maximum τ assessed in the fi eld survey and in our experiment were similar.

Many of the females of both species found in the box traps during the experiment were ovigerous, and many juveniles were born during the experiments. Qualitatively, we did not observe differences in gam-marid swimming behaviour in fl umes with the two lower τ conditions during the days we took the census of the box trap densities (only at these occasions, we removed the plastic sheet cover from the fl umes). At both conditions, we saw regularly individuals swimming away from the bottom substrate into the water column. In contrast, we never saw swimming gammarids in the fl umes with the two higher τ conditions.

The mean density in the box traps per fl ume (y, individuals 150 cm -2 fl ume -1 ) of both species decreased with the duration of the experiment (time in weeks) and increased with the fl ume τ (N m -2 ) (Fig. 3a,b). After two weeks, the box trap densities of both species in the two fl umes housing a dytiscid at the end of the experiment were consistently lower than in the other fl umes with the same τ (Fig. 3a,b). For D. villosus, these density patterns were described by (± 1 SE) y = 2.04 (± 0.66) -0.329 (± 0.136) time + 3.43 (± 0.51) τ (N = 72, R 2 = 0.423, P < 10 -8 ).

The partial P-values were 0.018 (time) and < 10 -9 (τ); time explained only 4.9 % of the variance in the box trap densities of D. villosus, whereas τ explained 37.4 % of this variance. An interaction term would not signifi cantly (P = 0.668) contribute to the model. For G. pulex, we obtained y = 5.95 (± 0.59) -0.899 (± 0.122) time + 1.99 (± 0.46) τ (N = 72, R 2 = 0.513, P < 10 -10 ).

The partial P-values were orders of magnitude lower for time (< 10 -9 ) and higher for τ (< 10 -4 ) if compared to D. villosus. Correspondingly, time explained 38.2 % of the variance in the box trap densities of G. pulex, whereas τ explained only 13.1 % of this variance. However, an interaction term would be signifi cant, i.e. for G. pulex a more realistic model would be y = 4.55 (± 0.82) -0.480 (± 0.212) time + 3.79 (± 0.87) τ -0.539 (± 0.225) time × τ (N = 72, R 2 = 0.551, P < 10 -11 ).

In this model, the partial P-values were 0.026 for time, <10 -4 for τ, and 0.019 for the interaction term. Thus, the density of D. villosus in the box traps was particularly related to τ, whereas that of G. pulex was particularly related to time (model without interaction). Including an interaction term in the model on G. pulex, however, the signifi cance of time dropped by orders of magnitude, as time effects were better explained by the product time × τ.

Although all these relations were very signifi cant (P < 10 -8 ), the data of each species scattered considerably, i.e. interspecifi c differences are easier understood by a comparison of the models (with interaction for G. pulex) (Fig. 3c). At the beginning of the experiment, the box trap densities of G. pulex were higher than those of D. villosus and densities of both species increased with a similar slope with increasing τ. Toward the end of the experiment, the box trap densities of G. pulex dropped below those of D. villosus at higher τ, whereas both species had similar densities a lower τ (Fig. 3c).

Because of the occurrence of one predaceous dytiscid each in two fl umes, the mortality rates over the six weeks of the entire experiment of both species were highest in these fl umes (Fig. 4). Ignoring these two fl umes, the overall mortality rates (in %) of D. villosus were signifi cantly (P = 0.0002; t-test) lower (mean ± 1 SE: 49.5 ± 3.7) than those of G. pulex (70.9 ± 2.5). Mortality tended (P = 0.239) to decrease (i.e. the regression had an insignifi cant negative slope) linearly with τ in D. villosus, whereas it tended (P = 0.185) to increase (insignifi cant positive slope) linearly with τ in G. pulex (Fig. 4). Comparing the fi t of the linear G. pulex model with alternative transformations, the log-transformation of τ was the only case in all our analyses that provided an essential increase in the explained variability (R 2 increased from 0.207 to 0.304 and P dropped from 0.185 to 0.098).

To identify G. pulex in the digestive tract of D. villosus required fi nding larger pieces of the urosoma (which has characters discriminating both species). Among the ~60 dissected D. villosus, several contained such larger urosoma parts of G. pulex. Finally, the mean leaf-litter decay (y, g-dry weight 2 weeks -1 fl ume -1 ) decreased with time and τ (Fig. 5a). After four weeks, mean leaf-litter decay in the two fl umes housing a dytiscid at the end of the experiment was consistently lower than in the other fl umes with the same τ (Fig. 5a). These leaf decay patterns were described by (± 1 SE) y = 0.942 (± 0.052) -0.0337 (± 0.0106) time -0.0913 (± 0.0330) τ (N = 36, R 2 = 0.349, P = 0.0008).

The partial P-values were 0.003 (time) and 0.009 (τ); time explained 19.9 % of the variance in leaf-litter decay and τ explained 15.0 % of this variance. An interaction term would not signifi cantly (P = 0.921) contribute to the model. However, the modelled leaflitter decay decreased only moderately with both time and τ (Fig. 5b). At the lowest τ condition, it decreased statistically (i.e. modelled) by 15.5 % from week two to week six, whereas it decreased by 18.5 % over this period at the highest τ condition.

Discussion

Concerning their preferred environmental conditions, D. villosus and G. pulex have seemingly a wide τ niche. Although we could not assess D. villosus densities at higher τ in our fi eld survey, the data scatter in Fig. 2a and 2b and similar patterns reported for D. villosus in the Upper Rhône River (Mérigoux, pers. comm. 2007) and G. fossarum in a Black Forest stream [START_REF] Peckarsky | Stonefl y predation along a hydraulic gradient: a fi eld test of the harshbenign hypothesis[END_REF]) suggest that the τ range of our experiment was not harsh for freshwater gammarids in general and thus also not for our D. villosus and G. pulex. Likewise, the temperature niche of both species is wide [START_REF] Wijnhoven | Exotic and indigenous freshwater gammarid species: physiological tolerance to water temperature in relation to ionic content of the water[END_REF] and the temperature conditions in our experiment were benign for them. The bottom substrate they preferably use is either similar (including coarser substrates, [START_REF] Devin | Ecological traits of the amphipod invader Dikerogammarus villosus on a mesohabitat scale[END_REF] or D. villosus prefers coarser substrates (stones, gravel) than G. pulex [START_REF] Kley | An example of niche partitioning between Dikerogammarus villosus and other invasive and native gammarids: a fi eld study[END_REF][START_REF] Macneil | The predatory impact of the freshwater invader Dikerogammarus villosus on native Gammarus pulex (Crustacea: Amphipoda); infl uences of differential microdistribution and food resources[END_REF]. Finally, D. villosus prefers deeper water than G. pulex [START_REF] Kley | An example of niche partitioning between Dikerogammarus villosus and other invasive and native gammarids: a fi eld study[END_REF]. Thus, the environmental conditions in our experimental fl umes were less optimal in one factor each for D. villosus (shallow water) and G. pulex (gravel bottom). However, despite the suboptimal depth or bottom substrate, both species reproduced and released thousands of offspring, suggesting that the realized niche space in all our 12 fl umes was similarly benign for them. Thus, the experimental part of our study cannot serve for conclusions about the harsh-benign hypothesis.

In real streams, substrate size typically decreases and water depth typically increases from headwater to large rivers, i.e. the preferences of D. villosus for these environmental variables impose antagonistic constraints on its longitudinal distribution. Seemingly, water depth is the stronger actor in this antagonistic play, as D. villosus did so far not colonize the tributaries of the large rivers it rapidly invaded [START_REF] Beckmann | Effects of increased fl ow in the main stem of the River Rhine on the invertebrate communities of its tributaries. -Freshwat[END_REF][START_REF] Josens | Native and exotic Amphipoda and other Peracarida in the River Meuse: new assemblages emerge from a fast changing fauna[END_REF]. Thus, although many native Gammarus populations disappeared from large rivers after the invasion by D. villosus (see Introduction), Gammarus species that live also in smaller tributaries (e.g. G. pulex) have numerous populations currently not endangered by D. villosus.

With increasing τ, the gammarids stopped swimming in our fl umes and their density in the fl ow refuges (the gravel interstices in the box traps) increased. It is important to note that this pattern potentially related to the daytime census of the box trap densities, as during night gammarids leave fl ow refuges that they use during daytime [START_REF] Statzner | Nature and causes of migrations of Gammarus fossarum Koch (Amphipoda) -a fi eld study using a light intensifi er for the detection of nocturnal activities[END_REF]. The higher box trap densities of G. pulex than of D. villosus at the beginning of the experiment indicate that the former was not forced by the latter to leave the daytime fl ow refuges, in contrast to experimental results suggesting such interactions for gammarids (including D. villosus andG. pulex, MacNeil &Platvoet 2005, Kinzler &Maier 2006) and a stonefl y predator and its prey [START_REF] Thomson | The effect of hydrological disturbance on the impact of a benthic invertebrate predator[END_REF].

The steeper drop of the box trap densities of G. pulex at higher τ (if compared to lower τ) during the experiment had two potential causes. First, G. pulex learned to avoid the gravel interstices faster at higher than lower τ conditions, because of higher interstitial densities of D. villosus at higher τ. Second, the higher densities of both D. villosus and G. pulex in the gravel interstices at higher τ led to higher predation of the former on the latter, corresponding to fi eld observations on a caddisfl y predator and its prey [START_REF] Lancaster | Scaling the effects of predation and disturbance in a patchy environment[END_REF]. In that case, the stronger decline of the box trap densities of G. pulex over the experiment at higher than at lower τ would indicate a stronger decline of the fl ume populations of G. pulex at higher τ. The mortality assessment at the end of the experiment provided marginally signifi cant (P < 0.1) support for among-τ differences in the decline of the fl ume populations of G. pulex. In addition, the tendency that the overall mortality of D. villosus decreased with τ suggests that it profi ted from easier prey capture at higher τ conditions. Furthermore, this tendency provided further support for our view that the higher τ conditions in our experiment were not harsh for D. villosus (see above).

However, all these patterns were obviously blurred by the uncontrolled action of preying dytiscids. Presumably, they originally colonized the common reservoir of our experimental fl umes and reached the fl umes through aspiration by the pumps discharging to them. Not knowing exactly when this happened during the experiment, we did not exclude the two concerned fl umes from the analyses of the box trap densities. Alternatively, the dytiscids could have colonized the experimental fl umes through the holes in the plastic sheet cover of the fl umes, and perhaps could use these holes also to escape from the fl umes. In that case, we cannot exclude that other fl umes than the two that had dytiscids at the end of the experiment were visited, undiscovered by us, by these predators during the experiment.

Overall, the mortality of both species was relatively high over the six experimental weeks if compared with the mortality of 0.2 % d -1 of G. pulex in a fl ume type similar to ours [START_REF] Borchardt | Ecological impact of urban stormwater runoff studied in experimental fl umes: population loss by drift and availability of refugial space[END_REF]). This elevated mortality in our experiment related to the large size (and thus old age) of our test organisms: in April/ May, overwintered individuals of both D. villosus [START_REF] Bollache | Rapid range extension of the Ponto-Caspian amphipod Dikerogammarus villosus in France: potential consequences[END_REF][START_REF] Pöckl | Strategies of a successful new invader in European fresh waters: fecundity and reproductive potential of the Ponto-Caspian amphipod Dikerogammarus villosus in the Austrian Danube, compared with the indigenous Gammarus fossarum and G. roeseli. -Freshwat[END_REF]) and G. pulex [START_REF] Iversen | Life-cycle, drift and production of Gammarus pulex L. (Amphipoda) in a Danish spring. -Freshwat[END_REF][START_REF] Statzner | The relation between "hydraulic stress" and microdistribution of benthic macroinvertebrates in a lowland running water system, the Schierenseebrooks (North Germany)[END_REF]) reproduce intensively and typically many of these individuals die afterwards so that the mean size in their populations drops until summer.

We cannot be sure that the leaf-litter decay during the experiment was exclusively caused by G. pulex, as D. villosus, though acting as predator [START_REF] Dick | Predatory impact of the freshwater invader Dikerogammarus villosus (Crustacea: Amphipoda). -Can[END_REF], is in reality an omnivorous species that also fi lter-feeds suspended material, shreds or collects benthic detritus, or scraps algae [START_REF] Ponyi | Ökologische, ernährungsbiologische und systematische Untersuchungen an verschiedenen Gammarus-Arten[END_REF][START_REF] Platvoet | Feeding on microalgae in the invasive Ponto-Caspian amphipod Dikerogammarus villosus (Sowinsky, 1894)[END_REF]. Thus, the decreasing leaf-litter decay with time could have been caused by the population decline of both species, whereas the decreasing leaf-litter decay rates with τ should have been primarily caused by the higher population decline of G. pulex at higher τ conditions. If so, this would explain why the interaction of time × τ was not signifi cantly contributing to the leaf-litter decay model (i.e. the potential signifi cance of this interaction caused by G. pulex was masked by D. villosus). However, the two fl umes with the highest gammarid mortality (housing the dytiscids at the end of the experiment) had a leaf-litter decay rate of 37 % and 47 % over the last two weeks of the experiment, suggesting that other agents contributed considerably to the litter decay. Furthermore, from week two to week six of the experiment, the statistical (i.e. modelled) drop of the leaf-litter decay rates differed so little between the lowest and highest τ (15.5 % vs. 18.5 %) that this difference should be ecologically irrelevant for real streams, where gammarids process typically not more than ~15 % of the overall leaf-litter input [START_REF] Macneil | The trophic ecology of freshwater Gammarus spp. (Crustacea: Amphipoda): problems and perspectives concerning the functional feeding group concept[END_REF]). Thus, it is ecologically unimportant if the difference in the drop of the leaf-litter decay rates at low and high τ was related to different population declines of G. pulex or to confounding fl ow effects (see Introduction).

Despite the problems with the uncontrolled invasion by dytiscid predators, our experimental results support the idea that at higher τ, both D. villosus and G. pulex are concentrated in fl ow refuges, which increases the predator impact of the former on the latter. Thus, experimental results on predator-prey interactions between D. villosus and lotic Gammarus species (and presumably other lotic invertebrates) obtained at still-water conditions (Dick & Platvoet 2000[START_REF] Dick | Predatory impact of the freshwater invader Dikerogammarus villosus (Crustacea: Amphipoda). -Can[END_REF][START_REF] Kinzler | Asymmetry in mutual predation: possible reason for the replacement of native gammarids by invasives[END_REF][START_REF] Macneil | The predatory impact of the freshwater invader Dikerogammarus villosus on native Gammarus pulex (Crustacea: Amphipoda); infl uences of differential microdistribution and food resources[END_REF] are not representative for running waters. There, fl ow effects on potential interactions between the two species have particularly important implications for restoration projects that increase the discharge in bypassed sections of regulated large rivers. For example, a current project aims to increase the discharge in eight by-passed sections of the French Rhône River. The fi rst restored section in the Upper Rhône received more discharge starting in July 2004 [START_REF] Harby | A mesohabitat method used to assess minimum fl ow changes and impacts on the invertebrate and fi sh fauna in the Rhône River, France[END_REF]. At that time and in 2005, D. villosus was so rare in the concerned section (Mérigoux, pers. comm. 2005) that we had to collect the specimens for our experiment in the more distant Moselle. Since 2006, however, D. villosus abundances in that section explode (Mérigoux, pers. comm. 2007). Both the population explosion of D. villosus in that section and the increase of the area with fast fl ow caused by the discharge rehabilitation [START_REF] Harby | A mesohabitat method used to assess minimum fl ow changes and impacts on the invertebrate and fi sh fauna in the Rhône River, France[END_REF]) should increase the predation pressure by this gammarid on other gammarid species (this study) and other invertebrates [START_REF] Lancaster | Scaling the effects of predation and disturbance in a patchy environment[END_REF]) that seek fl ow shelter in the same fl ow refuges as D. villosus. If so, the fl ow rehabilitation would not increase the population size of rheophilic invertebrates as expected by [START_REF] Harby | A mesohabitat method used to assess minimum fl ow changes and impacts on the invertebrate and fi sh fauna in the Rhône River, France[END_REF]. Instead, the elevated predation of D. villosus on these rheophilic invertebrates would imperil the restoration success of this faunal compartment in this and other by-pass sections of the Rhône that will be restored in the future.
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 1 Fig. 1. (a) Experimental fl umes and their common reservoir and (b) schematic graph of one fl ume. Note that the fl umes were slightly tilted (i.e. the straight lines and curved sections had a slope) and that they were covered with black, regularly perforated plastic sheets (and not mosquito nets as in (a)).

Fig. 2 .

 2 Fig. 2. Plots of abundance vs. shear stress (τ) for (a) Dikerogammarus villosus and (b) Gammarus pulex in the same season (winter) and for running waters that were identical (a) or resembled (b) the running water from which we collected our experimental organisms. Note that it required to log-transform τ here (but not in subsequent fi gures) to illustrate the data distribution along the x-axis.

Fig. 3 .

 3 Fig. 3. Mean density in the box traps of (a) D. villosus and (b) G. pulex, showing data of three fl ume replicates per date and shear stress. The squared symbols indicate the two fl umes where we found one specimen each of the predator Rhantus at the end of the experiment. (c) Models of the box trap density as a function of time and shear stress for (a) D. villosus and (b) G. pulex. See text for equations and statistics.

Fig. 4 .

 4 Fig. 4. Plots of mortality (over the six weeks of the entire experiment) vs. shear stress for (a) D. villosus and (b) G. pulex. The dytiscid symbols indicate the two fl umes where we found one specimen each of the predator Rhantus at the end of the experiment.

Fig. 5 .

 5 Fig. 5. Mean alder leaf-litter decay. See Fig. 3 for further details.
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