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Introduction

Several studies have demonstrated that parasites can influence the reproductive biology of their hosts through various mechanisms [START_REF] Minchella | Parasitism: a cryptic determinant of animal community structure[END_REF]. Thus, F. Thomas (~) 9 F. Renaud 9 J.M. Derothe 9 A. Lambert T. De Meetis Laboratoire de Parasitologie Comparde (URA 698, CNRS), Universit6 Montpellier II, place Eugene Bataillon, F-34095 Montpellier, Cedex 05, France Phone: 33 67 14 37 52, Fax: 33 67 14 46 46 E. mail: parasito@crit.univ-montp2.fr E C6zilly Station Biologique de la Tour du Valat, Le Sambuc, F-13200 Arles, France parasites can alter the reproductive potential of their hosts directly, through total or partial castration [START_REF] Baudouin | Host castration as a parasitic strategy[END_REF], or indirectly through reducing the ability to care for young [START_REF] Festa-Bianchet | Nursing behaviour of bighorn sheep: correlates of ewe age, parasitism, lamb age, birthdate and sex[END_REF]. In recent years much attention has been devoted to how parasites affect mating success and mate choice in several species [START_REF] Zuk | The effects of gregarine parasites, body size, and time of day on spermatophore production and sexual selection in field crickets[END_REF]Mr 1990;[START_REF] Houde | Effect of parasitic infection on male color pattern and female choice in guppies[END_REF]. Several hypotheses have been advanced to explain the observed relationship between parasite load and variance in mating success. According to [START_REF] Hamilton | Heritable true fitness and bright birds: a role for parasites[END_REF], under certain circumstances females should choose males on the basis of their secondary sexual traits, the condition of which to some extent indicate parasite resistance. Alternatively, the "parasite avoidance hypothesis" [START_REF] Borgia | Satin bowerbird parasites: a test of the bright male hypothesis[END_REF][START_REF] Borgia | Female choice for parasite-free male satin bowerbirds and the evolution of bright male plumage[END_REF] suggests that females should avoid infected males to minimize external parasite transfer during mating. However, a negative relationship between male parasite load and mating success can also correspond to parasite-mediated reduction in male competitiveness, without the need to invoke female choice [START_REF] Schall | Malarial parasitism and male competition for mates in the western fence lizard, Sceloporus occidentalis[END_REF][START_REF] Howard | Parasitism and mate competition[END_REF]Forbes t991). Thus, parasites can induce non-random pairing in their hosts through various mechanisms.

In this paper, we analyse the influence of MicrophaIlus papillorobustus Rankin 1940 (Trematoda: Microphallidae) on the reproductive biology of its intermediate host, Gammarus insensibiIis Stock 1966. The breeding biology of G. insensibilis (described by [START_REF] Brun | Variations intrasp6cifiques et sp6ciation chez deux esp~ces de gammares d'eau saumfitre du groupe Gammarus locusta (Crustac6s, Amphipodes)[END_REF][START_REF] Helluy | Un mode de favorisation de la transmission parasitaire: la manipulation du comportement de l'h6te intermddiaire[END_REF] is similar to that of the majority of Gammarus species [START_REF] Hynes | The ecology of Gammarus duebeni Lilljeborg and its occurrence in freshwater in western Britain[END_REF][START_REF] Hynes | The reproductive cycle of some British freshwater Gammaridae[END_REF][START_REF] Hartnoll | Pair formation and the reproductive cycle in Gammarus duebeni[END_REF][START_REF] Birkhead | Mate selection and precopnlatory guarding in Gammarus pulex[END_REF][START_REF] Ward | The breeding behaviour of Gammarus duebeni[END_REF][START_REF] Sutcliffe | Reproduction in Gammarus (Crustacea: Amphipoda): basic reproductive processes[END_REF]. Mating occurs only during a narrow part of the female's moult cycle, usually within a few days or hours of the moult [START_REF] Sutcliffe | Reproduction in Gammarus (Crustacea: Amphipoda): basic reproductive processes[END_REF]). In the absence of any mechanism synchronizing female moult cycles the operational sex ratio is consequently strongly male-biased: at any time, more males than females are available for mating. Thus, competition for access to mates takes place between males [START_REF] Ward | Sexual selection, natural selection and body size in Gammarus pulex (Amphipoda)[END_REF]. Males, which are able to identify females close to their moult [START_REF] Sutcliffe | Reproduction in Gammarus (Crustacea: Amphipoda): male strategies[END_REF], try to monopolize and guard them until fertilization of the eggs is possible [START_REF] Ward | The effects of size on the mating decisions of Gammarus pulex (Crustacea Amphipoda)[END_REF]. This precopulatory mate guarding may last several days [START_REF] Sutcliffe | Reproduction in Gammarus (Crustacea: Amphipoda): male strategies[END_REF], and it represents a substantial investment from the male since whilst he is guarding a female the opportunity to mate with other females is lost. After insemination, the male generally guards the female for a few hours before abandoning her. After fertilization, the eggs develop in the female's brood pouch. The time of development of the eggs varies according to water temperature and salinity, lasting about 11-15 days at 20~ in G. insensibilis [START_REF] Sutcliffe | Reproduction in Gammarus (Crustacea: Amphipoda): basic reproductive processes[END_REF].

Infective larvae of MicrophalIus papillorobustus enter gammarids through the branchial cuticle, migrate to the amphipod's brain and encyst in cerebroid ganglia [START_REF] Helluy | Un mode de favorisation de la transmission parasitaire: la manipulation du comportement de l'h6te intermddiaire[END_REF]. With at least one cerebral metacercaria present, the phototactism of the gammarid becomes strongly positive, and the geotactism is reversed from positive to negative [START_REF] Helluy | Un mode de favorisation de la transmission parasitaire: la manipulation du comportement de l'h6te intermddiaire[END_REF]. In addition, responses to mechanical disturbances are altered: gammarids swim along the water surface and/or cling to surface material [START_REF] Helluy | Un mode de favorisation de la transmission parasitaire: la manipulation du comportement de l'h6te intermddiaire[END_REF]. Thereby, the parasite's transmission to its definitive host, aquatic birds feeding on gammarids, is favoured [START_REF] Helluy | Relations h6tes-parasites du tr6matode Microphallus papillorobustus (Rankin, 1940). III Facteurs impliquds dans les modifications du comportement des Gammarus h6tes interm4diaires et tests de predation[END_REF]. Thus, survival of infected gammarids, and their broods, is reduced. Given the substantial investment in precopulatory mate guarding, selection presumably favours males who can detect and avoid females with metacercariae. The aim of the present study was to evaluate the empirical evidence, based upon data collected in the field, for a direct influence of parasitism upon mating patterns in G. insensibilis.

Materials and methods

All gammarids were collected during March 1994 in the Thau's lagoon (Southern France,43 ~ 25' N,3 ~ 35' E). We sampled a 1.5 m wide section at 40 cm water depth. We actively searched for and collected 214 pairs in precopula. In addition we collected unpaired individuals in the emergent aquatic vegetation. All individuals and pairs were immediately preserved in alcohol, and were later sexed, measured by length (from head to tip of telson), and dissected in order to count cerebral metacercariae of Microphallus papillorobustus. In unpaired individuals, only animals of breeding size (n = 504) were included in the analysis. This minimum breeding size was determined from the size of the smallest male and female found in the collection of paired individuals [START_REF] Ward | Sexual selection, natural selection and body size in Gammarus pulex (Amphipoda)[END_REF]). Following [START_REF] Margolis | The use of ecological terms in parasitology (report of an ad hoc committee of the American Society of Parasitologists)[END_REF], we estimated prevalence (proportion of infected individuals) and mean parasitic intensity (mean parasite load of infected individuals) for both males and females. Because of the behavioural alterations induced by Microphallus papiUorobustus on its intermediate host (positive phototactism and negative geotactism), infected individuals were probably more likely to be collected than uninfected ones [START_REF] Helluy | Un mode de favorisation de la transmission parasitaire: la manipulation du comportement de l'h6te intermddiaire[END_REF]. This bias may be especially important for pairs which were actively searched for and were more visible at the water surface. For unpaired individuals, which were randomly collected in large numbers within the aquatic vegetation, the proportion of infected gammarids is less likely to be overestimated. Consequently, prevalences should not be directly compared between paired and unpaired individuals.

The estimation of fecundity was restricted to a subsample of unpaired females and determined through counting the number of eggs contained in the brood pouches. In paired females many young may leave the female brood pouch at the time of capture (E Thomas, personal observation).

Statistical tests followed [START_REF] Siegel | Nonparametric statistics for the behavioural sciences[END_REF] and [START_REF] Sokal | Diplocotyle (Eucestoda), a parasite of Gammarus zaddachi in the estuary of the Yorkshire Esk, Britain[END_REF]. All tests were two-tailed. Throughout the paper values given are mean _+SD. Results were considered significant at the 5% level.

Results

Parasitic prevalence and intensity

For paired as for unpaired individuals, parasitic prevalence was significantly higher in males than in females (Fisher's exact test P = 0.0007 and P = 0.007 for paired and unpaired individuals, respectively) (Table 1). Within infected pairs, the mean intensity was significantly higher in females than in males (Wilcoxon signed ranks test, z = 2.44, n = 67, P = 0.007), whereas for unpaired infected individuals there was no significant difference between sexes in parasite intensity (Mann-Whitney test, U = 6767.5, P > 0.05). Further, the mean intensity in unpaired individuals (males: 7.1; females: 6.1) was higher than in paired individuals (males: 2.1; females: 3.2) (Mann-Whitney Utest, U = 5362 for males, P < 0.001; U = 3336.5 for females, P < 0.001). This last result was related to the larger proportion of infected individuals with more than four metacercariae in unpaired gammarids (Fig. 1).

Parasite load and female fecundity

The fecundity was estimated in 102 unpaired females. Fecundity increased with female size (log transformed data, r = 0.945; Fig. 2). There was no significant difference between slopes of infected and uninfected females (analysis of covariance, F1,99 = 0.001, n.s.), but uninfected females were more fecund than infected females of the same size (compmision of intercepts, FI,99 = 13.891, P < 0.001).

The mean egg number was 50.1 + 26.2 and 36.6 _+ 24 for uninfected and infected females, respectively. In addition, in infected females, residuals from the regression of fecundity as a function of size were negatively correlated with the parasitic load (i.e. intensity) (Spearman rank order correlation coefficient, rs = -0.336, n = 41, P < 0.05).

Parasite load and patterns of mating

Among the 214 pairs, the null hypothesis of random pair formation according to the presence/absence of parasites was strongly rejected (Z 2 = 57.08, df= 1, P < 0.001) (Table 2). Homogamic pairs UU (uninfected male -uninfected female) and II (infected male -infected female) were over-represented (75%). However, there was no significant relationship between male and female parasite intensity among II pairs (Spearman rank order correlation coefficient r s = -0.159, n = 94, n.s.). Among the two possible heterogamic pairs, the combination IU (infected male -uninfected female) was less under-represented than the UI (uninfected male -infected female) combination (IU partial Z 2 = 9.54; UI partial Z 2 = 20.35). Size distributions were not significantly different from the normal distribution (Kolmogorov-Smirnov onesample test, n = 214, D = 0.084 and D = 0.045 for males and females, respectively). There was a significant positive relationship between male size and female size within pairs (r = 0.467, n = 214, P < 0.001) (Fig. 3). Assortative mating by size was still significant when observed within pair categories (UU, II, UI and IU; Table 3), and there was no significant difference between slopes (analysis of covariance: F3,al 0 = 1.212, P = 0.306), nor between intercepts (P = 0.088). The differences in size distribution between paired and unpaired males (Fig. 4) were significant for uninfected and for infected males (Kolmogorov-Smirnov two-sample test, D = 0.405 for uninfected, D = 0.625 for infected, P < 0.01 in both cases). Paired males were larger than unpaired ones, both in infected and uninfected individuals (Mann-Whitney Fig. 4 Size distribution of paired and unpaired males of Gammarus insensibilis in parasite uninfected and infected specimens U-test, infected: U = 2362, P < 0.001; uninfected: U = 2765.5, P < 0.001), whereas no such difference was observed for females. Among pairs involving uninfected females, residuals from the regression of female size on male size were larger for uninfected males than for infected males (t-test = 1.997, df = 108, P < 0.05). Thus, compared with uninfected males at equal size, infected males were paired with smaller uninfected females.

Discussion

Parasitic prevalence and intensity

Data on the prevalence of M. papillorobustus in G. insensibilis are scarce. In 15 unpaired adults examined, [START_REF] Helluy | Un mode de favorisation de la transmission parasitaire: la manipulation du comportement de l'h6te intermddiaire[END_REF] found 6 individuals with metacercariae.

Although the present study is based on a much larger sample from a different field station, the observed prevalence (Table 1) is not significantly different (Z21 = 0.208, P = 0.648). However, variation in time and space in the prevalence of M. papilIorobustus remains largely unexplored. The fact that the prevalence was higher in males remains unexplained, but has already been reported by [START_REF] Ward | A comparative field study of the breeding behaviour of a stream and a pond population of Gammarus pulex (Amphipoda)[END_REF] for Gammarus pulex (L.) infected by Polymorphus minutus Goeze 1782. Data on parasite intensity in gammarids are scarce and do not consider the two sexes separately (e.g. [START_REF] Brown | Parasitism and host sensitivity to cadmium: an acantocephalan infection of the freshwater amphipod Gammarus pulex[END_REF]. Our results suggest that individuals, both males and females, heavily infected by M. papillorobustus are less likely to pair than individuals with reduced parasite loads. The interpretation of the observed higher parasite intensity in paired females compared to paired males remains difficult with-out a detailed analysis of parasite intensity and patterns of mortality in males and females.

Parasite load and female fecundity

The low fecundity of infected females, reported here for M. papillorobustus for the first time, have frequently been observed in crustaceans infected by parasites [START_REF] Reinhard | Parasitic castration of Crustacea[END_REF]Stark 1965;[START_REF] Moore | The ecology of the acanthocephalan (Plagiorhynchus cylindraceus) in the isopod (Armadillidium vulgare) and the starling (Sturnus vulgaris)[END_REF]. Parasitic infection may affect the reproductive potential of female gammarids through total or partial suppression of reproduction [START_REF] Ward | The breeding behaviour of Gammarus duebeni[END_REF][START_REF] Ward | A comparative field study of the breeding behaviour of a stream and a pond population of Gammarus pulex (Amphipoda)[END_REF]Poulton and Thompson 1988). Our results are consistent with results from female G. pulex infected with the acantocephalan parasite Pomphorhynchus laevis (Miiller) [START_REF] Poulton | The effects of the acanthocephalan parasite Pomphorhynchus laevis on mate choice in Gammaruspulex[END_REF].

As in the present study, [START_REF] Poulton | The effects of the acanthocephalan parasite Pomphorhynchus laevis on mate choice in Gammaruspulex[END_REF] found that uninfected females were more fecund than infected females of the same size. As infected females lay fewer eggs than uninfected ones and as, in addition, infected females and hence their eggs, have a lower survival through higher vulnerability to predation, we expect that male mating decisions will be influenced by parasitic prevalence. Since there is a direct connection between parasitism, altered behaviour (i.e. "suicide") and fecundity, males should be able to take into account parasitism when choosing a mate.

Size-assortative pairing

An important feature of precopulatory mate guarding in amphipods is that males and females tend to be matched for size (i.e. positive assortative pairing for size; Crespi 1989). Thus, larger males are found with large females and smaller males with small females [START_REF] Birkhead | Mate selection and precopnlatory guarding in Gammarus pulex[END_REF]; see [START_REF] Kusano | Size assortative mating and sexual dimorphism in gammaridean Amphipoda[END_REF] for a review). Various hypotheses have been advanced to explain assortative pairing by size in amphipods [START_REF] Pringle | Factors affecting the microdistribution of different sizes of the amphipod Gammarus pulex[END_REF][START_REF] Adams | Why are males bigger than females in pre-copula pairs of Gammarus pulex ?[END_REF][START_REF] Greenwood | Sexual dimorphism in Gammarus pulex: the effect of current flow on pre-copula pair formation[END_REF][START_REF] Ward | The effects of size on the mating decisions of Gammarus pulex (Crustacea Amphipoda)[END_REF][START_REF] Ward | The relative roles of habitat structure and male-male competition in the mating system of Gammarus pulex (Crustacea; Amphipoda): a simulation study[END_REF]; see Crespi 1989 for a review). A likely explanation lies in the increase in female fecundity with size coupled with malemale competition for access to large, more fertile females [START_REF] Ward | Advantages and a disadvantage of large size for male Gammarus pulex (Crustacea Amphipoda)[END_REF][START_REF] Ward | The effects of size on the mating decisions of Gammarus pulex (Crustacea Amphipoda)[END_REF][START_REF] Ward | Sexual selection, natural selection and body size in Gammarus pulex (Amphipoda)[END_REF]. Males have been observed to take over females held in precopula by other males [START_REF] Ward | Advantages and a disadvantage of large size for male Gammarus pulex (Crustacea Amphipoda)[END_REF][START_REF] Elwood | The amorous Garnmarus: size assortative mating in G. puIex[END_REF]. In this context, large paired males would have better ability to resist attacks from other males and they should be more likely to take over females from small males [START_REF] Ward | Advantages and a disadvantage of large size for male Gammarus pulex (Crustacea Amphipoda)[END_REF]. Two major alternatives to the sexual selection hypothesis have been advanced to explain size-assortative pairing in gammarids. The loading constraint hypothesis [START_REF] Adams | Loading constraints, sexual selection and assortative mating in peracarid Crustacea[END_REF]) considers that males may be limited in their ability to carry females whose size is large relative to their own. However, this hypothesis, mainly relevant for populations in running waters, has so far received weak empirical support [START_REF] Crespi | Causes of assortative mating in arthropods[END_REF]. According to the spatial segregation hypothesis, size-assortative mating occurs through either size-related microhabitat preference or because of constraints on male and female habitat caused by size variation [START_REF] Birkhead | Mate selection and precopnlatory guarding in Gammarus pulex[END_REF][START_REF] Thompson | Substrate selection and assortative mating in G. pulex[END_REF][START_REF] Ward | The relative roles of habitat structure and male-male competition in the mating system of Gammarus pulex (Crustacea; Amphipoda): a simulation study[END_REF]. However, data from [START_REF] Thompson | Substrate selection and assortative mating in G. pulex[END_REF] and [START_REF] Elwood | The amorous Garnmarus: size assortative mating in G. puIex[END_REF] show that size-assortative mating can occur in experimental patches where the substrate is homogeneous. [START_REF] Ward | A comparative field study of the breeding behaviour of a stream and a pond population of Gammarus pulex (Amphipoda)[END_REF] also reported significant size-assortative pairing in a pond population where the substrate was homogeneous. In the present study, pairs were all collected in a homogeneous environment and in still water. Therefore the observed pattern of sizeassortative pairing is more likely to be the result of malemale competition for access to large females.

Assortative mating by parasitic prevalence

The over-representation of homogamic pairs UU and II indicates that the trematod M. papillorobustus has a strong effect on pair formation in its host G. insensibilis. This result contrasts with what has been previously reported for G. pulex where males do not pair less frequently with females infected with Polymorphus minutus [START_REF] Ward | A comparative field study of the breeding behaviour of a stream and a pond population of Gammarus pulex (Amphipoda)[END_REF] or Pomphorhynchus laevis [START_REF] Poulton | The effects of the acanthocephalan parasite Pomphorhynchus laevis on mate choice in Gammaruspulex[END_REF] than with uninfected ones. Two alternative hypotheses can be proposed to explain assortative pairing related to parasite prevalence in G. insensibilis.

The behavioural alterations of infected gammarids (positive phototactism and negative geotactism) induce a vertical segregation between infected and uninfected individuals that may explain the low frequency (25%) of heterogamic pairs UI and IU. However, in order to reduce such bias, all gammarids were sampled in a homogeneous environment of no more than 40 cm depth. Moreover, the proportion of uninfected, unpaired gammarids that were sampled among the emergent vegetation (at the water surface) seems too large to be in accordance with the vertical segregation hypothesis. [START_REF] Poulton | The effects of the acanthocephalan parasite Pomphorhynchus laevis on mate choice in Gammaruspulex[END_REF] in an experimental study on Pomphorhynchus laevis parasites, and [START_REF] Ward | A comparative field study of the breeding behaviour of a stream and a pond population of Gammarus pulex (Amphipoda)[END_REF] in a field study on Polymorphus minutus parasites, both parasites affecting the photophilic behaviour of G. pulex, found no evidence for any spatial segregation on pair formation. The second hypothesis assumes reduced competitivity in infected males. IU pairs were more frequently observed than UI ones, and for the same female size in UU and IU pairs, infected males were significantly larger than uninfected ones. Thus, like uninfected ones, infected males may attempt to mate with large, uninfected females. However, they need to be larger than uninfected males to gain access to uninfected females, probably because they are less competitive. The idea that male's competitiveness is negatively affected by the parasite load is corroborated by the higher mean intensity observed in unpaired infected males compared to paired infected ones. A similar result has been reported by [START_REF] Ward | A comparative field study of the breeding behaviour of a stream and a pond population of Gammarus pulex (Amphipoda)[END_REF] in G. puIex infected by Polymorphus minutus. According to this author, such an infection which reduces the male's vigour (Rum-OECOLOGIA 104 (1995) 9 Springer-Verlag 263 pus and Kennedy 1974), makes the male less capable of obtaining and keeping a female until her moult. Moreover, in our data, the fact that there were no significant difference in the mean parasite load between unpaired individuals of both sexes, while in pairs females were, on average, more parasited than males, supports the hypothesis of a parasite-mediated reduction in male competitiveness. Thus the "sexual selection" hypothesis for assortative pairing in G. insensibilis includes the following components: all males attempt to pair with relatively large and uninfected females, uninfected males outcompete infected males, and the subsequent pairing between uninfected males and uninfected females leaves infected individuals to pair among one another. Testing the two hypotheses ("spatial segregation" and "sexual selection") would require monitoring pairing patterns in an experimental setting. In addition, the "sexual selection" hypothesis essentially considers male behaviour to be the main agent of assortative pairing. However, female behaviour may be important in promoting assortative mating. Female gammarids have been reported to be able to resist males' attempts to engage in precopula [START_REF] Sutcliffe | Reproduction in Gammarus (Crustacea: Amphipoda): basic reproductive processes[END_REF]. As males are driving the females during the precopula phase, females paired with infected males should then be exposed to the consequences of the males' altered behaviour and experience higher predation risk. Thus, uninfected females resistant to infected males may also induce assortative pairing by prevalence. Observations of female behaviour when confronted with uninfected and infected males should help assessing the relevance of this hypothesis.

Although the precise mechanisms promoting assortative pairing in parasite-infected specimens remain to be quantified, this study provides the first evidence for a strong effect of a parasite on pair formation in gammarids. The study illustrates the need for considering parasites as important agencies affecting the population biology and behavioural ecology of their host.

  Fig. 1 Number of Microphallus papillorobustus in infected paired and unpaired males and females of Gammarus insensibilis

Table 1

 1 Number of unpaired and paired male and female gammarids, non-infected and infected by the MicrophaIlus papilIorobustus cerebral metacercariae

		Unpaired	Paired
	Males		
	Non-infected	131 (45.3%)	76 (35.5%
	Infected	158 (54.6%)	138 (64.5%)
	Females		
	Non-infected	124 (57.7%)	110 (51.4%)
	Infected	91 (42.3%)	104 (48.6%)

Table 2

 2 Observed and expected values of pair formation with respect to parasite load under the hypothesis of random mating for each pair category (UU uninfected male -uninfected female,/Jr infected male -infected female, Ut uninfected male -infected female, 1U infected male -uninfected female)
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	Pair	UU	II	UI	IU							
	Observed	66	94	10	44							
	Expected	39,3	67,1	37,7	69,8							

Table 3

 3 Regressions of females size as a function of male size in homogamic and heterogamic pairs. Same notation as in Table2; n:sample size, r correlation coefficient, S coefficent of the slope

	Pair	n	r	S	P
	UU	66	0.61	0.99	<0.001
	II	94	0.39	0.77	<0.001
	UI	10	0.68	0.81	<0.05
	IU	44	0.42	0.65	<0.01
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