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Abstract

Crayfishes and other invertebrates were collected during 2010 to 2016 from 519 sites located in the river basins of
the Adour, Charente, Dordogne, Garonne, Loire, Seine, Rhéne and Sélune in France. North American species
included Pacifastacus leniusculus at 255 sites, Faxonius limosus at 206 sites, Procambarus clarkii at 56 sites, and
the endemic Austropotamobius pallipes at two sites. However, branchiobdellidans were only recorded from 100
sites with 23 of these being sampled more than once, resulting in atotal of 127 collections.

The widely distributed western North American, P. leniusculus carried four of its endemic branchiobdellidan
species. Cambarincola gracilis, C. okadai, Triannulata magna and Xironogiton victoriensis. X. victoriensis was
found at the majority of sites, with C. okadai, C. gracilis, and T. magna at fewer locations. Although F. limosus was
the second most numerous crayfish species collected, it did not carry any of its endemic North American
branchiobdellidan species. However, it was found cohabiting with P. leniusculus at four sites but carried X.
victoriensis at only one of these. European A. pallipes only occurred at two sites with individuals harboring X.
victoriensis, although no cohabiting exotic crayfish were found. Crayfish were also absent from three sites where
free-living X. victoriensis were recovered from substrate samples. Procambarus clarkii appeared at sites scattered
across the country, while specimens with C. mesochoreus were restricted to the Adour drainage.

This study has shown the widespread distribution of exotic branchiobdellidans in the wild and the virtual
extinction of endemic species in France. In addition, we have provided the first European record of T. magna, and
the first record of C. mesochoreus in France; the latter being only the second recording in Europe. With this
comprehensive survey of their crayfish hosts in France, monitoring future exotic range expansions and endemic
contraction or extinction can be traced. These data will be available to authorities for future planning in
maintaining healthy freshwater bodies by reducing the damaging effects caused by exotic crayfishes.

Keywor ds. Ectosymbiosis, French distribution, Triannulata magna, Cambarincola mesochoreus, Cambarincola
gracilis, Cambarincola okadai, Xironogiton victoriensis, North American crayfish, Pacifastacus leniusculus,
Procambarus clarkii, Faxonius limosus, Austropotamobius pallipes

I ntroduction

The French naturalist, Alphonse Odier, discovered specimens of Branchiobdella astaci Odier, on Astacus
astacus (Linnaeus) in 1819 and this became the second species to be described in the Branchiobdellida
(Annelida: Clitellata) or crayfish worms. Unfortunately reports of this and subsequent finds of B. astaci,
Branchiobdella hexadonta Gruber, Branchiobdella parasita (Braun) and Branchiobdella pentadonta
Whitman in the country were not accompanied by any detailed collection site information (Odier 1823;
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Subchev 2014 & 2016). As a result, French distribution records on branchiobdellidans are very limited,
consisting only of Austropotamobius pallipes (Lereboullet) carrying B. astaci at Grand Lac Laffrey, south of
Grenoble, from the Druyesriver, atributary of the Yonne river, southeast of Paris (Subchev 2008), A. pallipes
carrying B. hexadonta from an unidentified stream in an unlocated locality called “La Roche” (Subchev
2008), A. pallipes supporting B. astaci and B. pentadonta from an unidentified stream at Saint-Quentin-sur-
Coole, Marne Department (Subchev 2016), an unknown crayfish host supporting B. pentadonta in an
unknown stream at Strasbourg, Bas-Rhin Department (Subchev 2008) and finally with A. astacus supporting
B. astaci in ponds at Thonnance-les-Joinvilles, Haute-Marne Department (J.-F. Parpet, unpub. data). I nterest
increased when exotic, North American branchiobdellidans were found on their translocated crayfish hosts.
The first record in France of Pacifastacus leniusculus (Dana) carrying Xironogiton victoriensis Gelder and
Hall, came from the River Lot, when a fisherman brought specimens to Laurent (2007) for identification; no
details of location, date etc. were reported. Similarly, Subchev (2008) found the same association on a
specimen from the River Dourbie, a tributary of the Tarn River, in the crayfish collection of the French
National Museum of Natural History (Paris); again, collection details had not been recorded. However,
collections of P. leniusculus from 11 recorded sites in the Rivers Lot, Tarn and Mayenne, recovered three
branchiobdellidan species. Cambarincola gracilis Robinson, Cambarincola okadai Yamaguchi, and X.
victoriensis (Gelder et al. 2012). Subsequently, Lecaplain and Noél (2015) reported P. leniusculus with the
same three branchiobdellidans in Northwest France, probably from the Mayenne and Sélune River drainages.
Following publication, they realized the report of C. gracilisin this region was an error (B. Lecaplain, pers.
comm.). These imported crayfish were destined for human consumption, and the presence of
branchiobdellidans mistakenly identified as parasitic leeches by consumers, reduced the public's interest for
their hosts (J.-F. Parpet, unpub. obs.). In reality, most branchiobdellidans feed on epibiota attached to the
crayfish’'s exoskeleton so they actually perform a beneficial host cleaning function thus forming a mutualistic
association. However, the branchiobdellidan/ host relationship can vary, with periods of mutualism,
commensalism or parasitism, depending on the species and habitat conditions (Skelton et al. 2013; Ames et
al. 2015).

The three most important commercial North American crayfishes translocated to Europe are: P.
leniusculus, Procambarus clarkii (Girard) and Faxonius limosus (Rafinesque), and all of them have been
reported in France (Holdich et al. 2009; Kouba et al. 2015). Details of P. leniusculus transl ocations from the
USA’s northwestern states and subsequent multiple stockings in Europe, France in particular, were presented
in Gelder et al. (2012). The European distribution of P. clarkii favors southwestern Europe which includes
south and southwest France, while F. limosus extends from France in a wide band to Poland (Kouba et al.
2015). Recently these crayfishes were joined in northeastern France by Faxonius juvenilis (Hagen) in 2005,
and Faxonius immunis (Hagen) in 2010 (Kouba et al. 2014), however, no branchiobdellidans have been
reported on these new arrivals. Gelder (2004) listed the endemic branchiobdellidan species that were known
on the three major commercial North American crayfishes and predicted their likely appearance in the
importing countries. Currently four of these North American branchiobdellidan species have been recorded in
Europe. The first one to be reported was X. victoriensis (= X. instabilis under various spellings) in Sweden by
Franzén (1962), and subsequently in Finland (Kirjavainen & Westman 1999), Austria (Nesemann & Neubert
1999), Spain (Gelder 1999), Italy (Quaglio et al. 2002), Germany (Martens et al. 2006), Hungary (Kovacs &
Juhész 2007), France (Laurent 2007), Wales (James et al. 2015), Croatia (Drazina et al. 2018), Luxembourg
(Dr. D. Templeman, pers. comm.) and Switzerland (R. Krieg, pers. comm.). This species has since been joined
by C. gracilis, and C. okadai, in France (Gelder et al. 2012), with the latter species also appearing in Wales
(James et al. 2015). Although P. clarkii is widespread in southwestern Europe, it is surprising there has been
only one report of it carrying an endemic branchiobdellidan, and that was Cambarincola mesochoreus
Hoffman, in northern Italy (Gelder et al. 1994). Continued translocations and natural range expansions are
introducing these exotic crayfishes, and in some cases their branchiobdel lidans, into new European freshwater
habitats.

The present study in France was designed to extend the preliminary survey reported in Gelder et al.
(2012) by sampling new sites and resampling previous sites at different times of year. These datawill provide
adetailed National baseline for local and state authorities to address the negative impact of exotic species on
their freshwater habitats. Fortunately, these dangers to France's endemic freshwater fauna have aready been
recognized resulting in many state and local authorities increasing their monitoring programs as a prel ude to
future conservation legislation.
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FIGURE 1. Map of France showing numbered sites where branchiobdellidans were collected, while the other crayfish sites
have been omitted for clarity: discs, Pacifastacus leniusculus; square, Procambarus clarkii; triangle, Faxonius limosus and
stars, Austropotamobius pallipes.

Material and methods

Five hundred and nineteen collection sites across France were located in the river basins of the Seine (Oise
and Yonne drainages), Loire (Rhins, Allier, Cher, Vienne and Mayenne drainages), Dordogne (Isle and V ézére
drainages), Garonne (Lot, Tarn and Ariége drainages), Rhéne (Doubs) as well as the Sélune, Charente and
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Adour basins (Table 1 and Fig. 1). Collections of crayfishes and their branchiobdellidan ectosymbionts were
usually made along with other invertebrates as part of surface-water quality monitoring for French Water
Agencies Adour-Garonne, Loire-Bretagne and Seine-Normandie during 2010-2016. Crayfishes were also
captured during fish population monitoring in rivers for the Office National de |’ Eau et des Milieux
Aquatiques (ONEMA, today AFB, Agence Francaise pour la Biodiversité) in 2013-2016 (data access: http://
www.nai ades.eaufrance.fr/acces-donneest#/hydrobiologie). The majority of these collections were conducted
during contract work by Asconit Consultants, Lyon, France, with additional collections being made by sport
fishing enthusiasts. Specimens of the endemic A. pallipes were caught alive in the Drioule and Mardoret
rivers (Rhéne Department) during the springs of 2014 and 2016 as part of the fish and crayfish monitoring
program of the Rhin’s drainage (Loire basin) by the Fédération Départementale du Rhéne et de la Métropole
de Lyon pour la Péche et |a Protection du Milieu Aquatique, La Tour-de-Salvagny, France.

Exotic crayfishes, P. leniusculus, P. clarkii and F. limosus, were captured using one of four methods.
Usually a Surber macro invertebrate stream net (*S’ in Table 1) was used following the protocol described in
Gelder et al. (2012), then captured crayfish were preserved in a 10% formalin solution for examination.
Crayfishes immobilized by an éectro-fishing protocol (“E” in Table 1) were transferred to holding tanks with
dip nets. A collapsible Lift net or Balance method (Kozak et al. 2015) was used in streams with large crayfish
populations (“B” in Table 1). A benthic nylon gill net (“G” in Table 1) was set between 1.7 and 2 m deep for
about 12 hs overnight in Lake Bouchet, a crater lake at 1200 m altitude (site 55, Table 1 and Fig. 1), and on
retrieving the net, crayfish were found eating any trapped fish. Crayfish caught by electro-fishing, balance and
gill net, were preserved in 70% ethanol. Specimens of A. pallipes are protected and were hand collected (“H”
in Table 1) aive at night with flashlights, marked and their body dimensions measured. Only their exposed
surface was examined and any branchiobdellidans observed were removed before the crayfish were carefully
returned to the river, thus preventing any bodily damage and minimizing handling stress.

In the laboratory all exotic crayfishes were identified, and their exposed surface and branchial chambers
examined for branchiobdellidans; the worms found were transferred into 70% ethanol-containing tubes.
Branchiobdellidans from each collection site were separated into groups based on body shape and size, and up
to ten specimens were selected from each group. These were then dehydrated in a graded ethanol series from
70% to 99%, cleared in oil of wintergreen, infiltrated with Canada balsam, and mounted individually on a
microscope slide under a cover-glass (Gelder & Williams 2015). Specimens were examined using an
Olympus BX53F with Differential Interference Contrast (DIC) illumination and photographed with a Nikon
5100 camera mounted adapter lens #6144 providing 2.5X and 4X additional magnification. Unmounted
branchiobdellidans were photographed using a Leica IC80 HD digital camera mounted on a Leica MZ95
zoom stereomicroscope with Leica CLS 150 X cold light source illumination. Morphological terminology
used in the brief descriptions follows that in Gelder and Williams (2015). The results obtained were largely
qualitative and therefore unsuitable for the statistical analyses usually applied to studies of branchiobdellidan-
crayfish associations.

Results

Crayfishes were collected from atotal of 519 sites with the exotic Pacifastacus leniusculus being present at
255 sites, Faxonius limosus at 206 sites, Procambarus clarkii at 56 sites, and the endemic Austropotamobius
pallipes at two sites. However, branchiobdellidans were only recorded from 100 sites (Table 1) and consisted
of five North American species. Cambarincola gracilis, C. mesochoreus, C. okadai, Triannulata magna
Goodnight, and X. victoriensis. Although collections were made at 100 numbered sites (Fig. 1), 23 of which
were visited twice on different dates and two received three visits (Table 1), resulting in 127 collections. The
multiple site visits provided an indication of the stability of speciesincidence.

Infected P. leniusculus were found in upland, cool waters mainly in the north facing Pyrénées, Massif
Central, Plateau de Millevaches, Massifs Morvan and Jura, with an isolated group in southwestern Normandie
and another near Saint-Michel, Aisne Department in northeast France (Fig. 1). These crayfish carried X.
victoriensis at 95 sites, either as the only species at 58 sites or part of a cohabiting group at 37 others. Where
X. victoriensis was the only species, 10 sites received more than one visit, usually separated by a year. These
data establish X. victoriensis as the most widespread branchiobddlidan species in France with an abundance
ranging from one, e.g., a site 15, to 784 individuals at site 97.
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Although C. okadai was the sole species on P. leniusculus at sites 18, 22, 68 and 74, it was more usual to
find it cohabiting along with X. victoriensis as reported at sites 45, 47, 50, 60, 76, 78, 79, 80, 81 and 87. In
addition, two collections about a year apart were made at sites 31, 32, 39 and 93, indicating the stability of the
cohabitating populations. In contrast, only C. okadai was recorded at site 15 in 2011, followed by only X.
victoriensisin 2012. While at other site examinations separated by about a year, X. victoriensis was found
initially and then both C. okadai and X. victoriensis at sites 30, 38 and 62, with the reverse occurring at sites
44 and 51 with C. okadai initially then C. okadai and X. victoriensis. A triple species cohabitation of C.
gracilis, C. okadai, and X. victoriensiswas identified at eight sites (7, 46, 48, 49, 63, 64, 88 and 94), while one
of the double collections at sites 11 and 13, lacked C. gracilis. Site 95 near Saint-Michel in northeast France
was unique in that two collections, one in 2014 and the other in 2015, both captured a single crayfish each
time carrying four species, C. gracilis, C. okadai, T. magna and X. victoriensis.

Although site 43 was cohabited by P. leniusculus and F. limosus, X. victoriensis was only present on the
latter host with adult worms occupying their usual position on the chelae and cocoons on the protected inner
surface (Figs 2 and 3). A more unexpected adoption was found at sites 56 and 57 where the North American
X. victoriensis had populated the European indigenous white-clawed crayfish, A. pallipes. In addition to
monitoring invertebrates, which included crayfishes, samples of substrate were also collected from many sites
for mesofaunal examination. Although no crayfish were captured from sites 2, 12 and 59, specimens of X.
victoriensis were recovered from the substrate collections. Procambarus clarkii was only found at site 1 in the
central Adour basin, southwest France (Fig. 1, Table 1) where it carried Cambarincola mesochoreus, making
thisthefirst record of C. mesochoreusin France.

FIGURES 2-3. Xironogiton victoriensis. Fig. 2. Adult in dorsal aspect on the external surface of Faxonius limosus cheliped's
merus, bar = Imm. Fig. 3. Cocoons on F. limosus internal surface of cheliped's carpus, bar = 40um.

Brief descriptions and observations of the two newly reported exotic North American branchiobdellidan
species

Previously Gelder et al. (2012) provided diagnostic descriptions for C. gracilis and C. okadai reported in
France, and so similar information are presented here for T. magna and C. mesochoreus. As juvenile worms
lack male organs, they can only be tentatively identified by their jaws when collected along with adult
specimens; cocoons are similarly recognized by association and inference. Reference specimens of the five
exotic North American branchiobdellidan species collected in France were submitted to Professor Jean-Loup
Justine, Curator of the Annelida Collection at the Museum National d’Histoires Naturelles (MNHN), Paris,
France, on April 25", 2017. The museum’s registration number of a specimen isfollowed in parentheses by its
site number taken from Table 1. Cambarincola gracilis, HEL647 (site 11), HEL651 (site 7) and HEL 652 (site
95); C. mesochoreus, HEL 655 (site 1); C. okadai, HEL 648 (site 11), HEL653 (site 7) and HEL 654 (site 95);
Triannulata magna, HEL 649 (site 95) and HEL 656 (site 95) and Xironogiton victoriensis, HEL650 (site 36)
and HEL 657 (site 95).

Triannulata magna Goodnight, 1940: Adults have a large triangular head and elongated ovoid body,
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measuring 3.5 to 5.5mm long, with three annuli per segment and no transverse segmental ridges (Figs 4 and
6). The dorsal peristomial lip is without lobes and the jaws have a dental formula of 8-1-8/8-1-8 (Figs 6 and
8). Both dorsal and ventral jaws are triangular with a large median tooth and eight pairs of very small lateral
teeth (Fig. 8), however, the lateral teeth may not be visible resulting in an apparent dental formula of 1/1.
Spermatozoa occur in segments 5 and 6, while the male organs consist of a sac-shaped glandular atrium (ga),
amuscular atrium of similar length and spherical bursa containing an eversible penisin segment 6 (Figs 6 and
7) (emended from Holt 1974).

FIGURES 4-8. Triannulata magna. Fig. 4. Adult in latero-ventral view (MNHN-HEL656), bar = 1.0mm. Fig. 5. Adults (right
arrows) near cocoons (left arrows) on ventral abdomen of Pacifastacus leniusculus, bar = 2.0mm. Fig. 6. Diagram of an adult in
latero-ventral view showing position of jaws, spermathecain segment 5 and major male organs in segment 6: gp, genital pore,
spp, spermatheca pore, bar = 1.0mm. Fig. 7. Diagram of adult male organsin lateral view: b, bursa; ga, glandular atrium; ma,
muscular atrium; ps, penial sheath; vd, vas deferens, bar = 100 m. Fig. 8. Juvenile jaws in ventral view with teeth pointing
posteriorly: D, dorsal jaw; V, ventral jaw, bar = 50um.

Triannulata magna is endemic on P. leniusculus in the Pacific Northwest, USA, and this is not only the
first record of T. magna in Europe, but also in the Palearctic region. Specimens were found in the lateral
depressions along the ventral abdominal segments (Fig. 5) and are consistent with its reported ventral body
microhabitat. Close to adult T. magnha were three cocoons (Fig. 5) with alength, including stalk, of 2.8 to
3.0mm and containing 8 to 15 embryos. In one cocoon an embryo was visible and measured about 0.8mm
long, with awell-formed triangular head, triple body annulations, and triangular jaws with crenelated sides
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