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Summary This PhD thesis examines the composition and structure of the metazoan parasite faunas and communities in Atlantic cod, Gadus morhua L., from six NE Atlantic regions [Baltic, Celtic, Irish and North seas, Icelandic waters and Trondheimsfjord (Norway) and two fish farms located in Iceland and Scotland] and applies the new data to both comparative assessment of patterns at several scales of community organisation and assessment of the usefulness of cod parasites as biological markers to spatial discrimination of cod populations. Profiting from the design of the project CODTRACE aiming at collection of a variety of biological samples from individual fish to test a range of traceability techniques for determining location of spawning and harvest of the Atlantic cod, 1,254 fish were collected. Of these 816 were sampled in the NE Atlantic during 2002-2003; 60 were sampled from Trondheimsfjord in spring 2003; and 378 represented farmed fish. Parasitological examination followed a standardised protocol and the taxonomic consistency of the identification was ensured thorough the study. All metazoan parasites were identified and counted. Intraspecific comparisons of abundance distributions were carried out only for species with prevalence > 30%. Analysis of community structure was carried out at both component and infracommunity level. Component community descriptors used were the total species richness; Berger-Parker dominance index; and Shannon-Wiener’s diversity index. Infracommunity descriptors were species richness, abundance, Berger-Parker index and Brillouin's diversity index. Diversity indices were calculated using natural logarithms (loge). Comparative analyses of community composition were carried out at both infra- and component community level using Bray-Curtis index following ln (x+1) transformation of abundance data. Non-parametric tests were performed on raw data due to their aggregated distributions and when parametric analyses were required ln (x+1) transformation of the data was performed (i.e. Cluster analysis, Analysis of Principal Components, Multidimensional Scaling, Analysis of Similarities, Linear Discriminant Analysis). Classifications with Random Forests and Artificial Neural Networks were performed on raw data. Altogether 57 parasite taxa were found. The predominant groups in regional parasite faunas were the trematodes (19 species) and the nematodes (13 species). Nine parasite species were found for the first time in cod (Diclidophora merlangi, Rhipidocotyle sp., Fellodistomum sp., Steringotrema sp., Schistocephalus gasterostei, Cucullanus sp., iii



Spinitectus sp., Acanthochondria soleae and Chondracanthus ornatus). The first seven represent new host records whereas S. gasterostei and A. soleae are considered part of the food content. Contracaecum osculatum, Hysterothylacium aduncum and Echinorhynchus gadi were the only parasite species found to infect farmed fish. Regional parasite faunas in cod showed lower richness with respect to the total list (c. 65%) with a notable decrease in the Baltic Sea and Trondheimsfjord (21 and 32%, respectively). Eleven species were present in all regions: Lepidapedon elongatum, Anisakis simplex, C. osculatum, H. aduncum, H. rigidum, Pseudoterranova decipiens, Ascarophis crassicollis, Capillaria gracilis, Corynosoma semerme, C. strumosum and E. gadi. The species representation was very similar in all regions except for the Baltic Sea and Trondheimsfjord which had the poorest fauna. Although nematodes were the richest taxon in the Baltic Sea collection, the high numerical dominance of acanthocephalans was the most distinctive trait of the fauna of this region. Trondheimsfjord fauna was distinct in the exceptionally high relative abundance of trematodes. Generalist parasites comprised the best represented group of cod parasite faunas in all regions except for that of Trondheimsfjord which exhibited the highest representation of gadoid specialist parasites. The relative abundance of the species with Arctic-Boreal distribution was the highest in all regions, and noticeably higher in the Baltic Sea, Trondheimsfjord and Icelandic faunas. Despite of the small size of the monogenean D. merlangi recovered in the present study, the Analysis of Principal Components showed that morphologically they are more similar to D. merlangi from whiting (Merlangius merlangus, type-host), than to other congeneric species from the North Atlantic, thus supporting their assignment to D. merlangi. The morphological and morphometrical analyses of D. merlangi, reported here for the first time on cod, suggested a flexible response in attachment to a non-specific host. Quantitative data documented the potential reproductive consequences of D. merlangi occurring on cod. The testes and germaria of the specimens on cod were noticeably smaller than those of D. merlangi on whiting, but the number of testes was similar and spermatozoa were observed in the sperm duct. By contrast, the aspect and smaller size of the oöcytes suggested that D. merlangi on cod could not produce viable ova, although a specimen exhibited an egg with normally sized and shaped shell. The observations also suggested that the uterus also participates in the assembly of the egg capsule and the egg shape and size is genetically fixed.
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Parasite infra- and component communities in cod from the six NE Atlantic regions were described in detail. The composition of parasite communities and the infection parameters of each parasite species in each component community were determined; parasite abundance distributions and prevalences of the most prevalent species were compared between samples. Parasite community predictability was estimated both for component communities within a region and for infracommunities within samples. Comparative analyses at the infracommunity level were also carried out on larval and gastrointestinal helminth assemblages and ectoparasite assemblages. The species that contribute most to the similarity patterns at both levels were identified. The results of the comparative community analyses agreed well with the predictions based on the higher-level taxonomic structure of the regional parasite faunas. The most species rich and abundant parasite communities were observed in cod from the open water regions (Celtic, North and Irish seas and Icelandic waters) whereas communities from the low-salinity regions (Baltic Sea and Trondheimsfjord) were characterised by the lowest richness, abundance and diversity and exhibited higher heterogeneity of infracommunity composition



and



structure.



Overall,



parasite



infracommunities



exhibited



lower



predictability than component communities, due to the fact that only a restricted set of the species contributing to the similarity between component communities exhibited high abundance and dominated infracommunities. Three species with a wide geographical distribution, H. aduncum, A. simplex and D. varicus, were found to dominate consistently at both the component and infracommunity level. The results of the three multivariate techniques applied to examine similarity patterns of component communities across regions exhibited good agreement and detected distinct compositional segregation of those in cod from the two low-salinity regions (Baltic Sea and Trondheimsfjord). The highest homogeneity with respect to the composition and structure of parasite communities was observed in cod from Celtic, Irish and North seas. The similarity patterns observed in total communities did not generalise to the component community clades since no significant regional differences were found in the composition of ectoparasite assemblages; larval helminth assemblages showed lower regional differentiation; and gastrointestinal helminth assemblages in cod from the open water regions exhibited overlapping composition. Non-random macroecological patterns were detected in the analyses based on data for component communities and regional faunas. Decay of similarity with geographical distance was observed in component communities but not in regional parasite faunas, the v



higher homogenisation of the latter being related to the migratory behaviour of cod and the domination of generalist parasites with wide geographical distribution. The spatial compositional autocorrelation exhibited by component communities and the substantially higher rates of similarity decay compared to other marine fish systems indicate that communities in cod are more strongly constrained by the spatial configuration of locations and the dispersal abilities of cod parasites. The relationship between regional and local richness observed at the two scales of analysis provided evidence to reject the null hypothesis of a proportional sampling. Nested subset analyses revealed non-random patterns of faunal/community composition with poor faunas and communities from lowsalinity regions (Baltic Sea and Trondheimsfjord) nested in the richer faunas/communities from the high-salinity open water regions. The temporal autocorrelation of parasite communities observed which might be related to a temperature anomaly (high water temperature in the summer of 2002) indicates that large-scale processes can affect the composition of parasite communities in cod. The comparison of the learning behaviour of the three classification approaches, Random Forests (RF), Linear Discriminant Analysis and Artificial Neural Networks, using the same version of the parasite community data derived from cod populations in five regions in the NE Atlantic, revealed that RF appears as the best classifier. Anisakid nematodes, C. cirratus, D. varicus, H. communis, E. gadi, and C. adunca were selected as important for RF model development. The high accuracy of the predictive models developed for the Baltic and Icelandic samples indicate that the populations of these stocks can be confidently differentiated from the other stocks studied in the NE Atlantic. The lower discrimination between the Celtic and Irish stocks might be related to the geographical proximity and migration of cod stocks between Irish and Celtic seas whereas the highest misclassification rates of the North Sea sample might be due to the heterogeneity in the sampling design. The comparative analyses and the validation experiment with the ‘blind’ sample confirmed that RF models generalise better with a large and diverse training set and a large number of variables. These results suggest that parasite community data can be used successfully to discriminate cod populations (putative stocks) of the NE Atlantic cod using RF. The fact that good discrimination results were obtained for a migratory fish species with largely overlapping parasite communities reflects the high potential of RF for developing predictive models using data that are both complex and noisy and indicates that it is a promising tool for parasite tagging studies.
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1. Introduction



Introduction



1.1. Atlantic cod Gadus morhua L. (Teleostei: Gadidae): economic importance for humans The Atlantic cod, Gadus morhua L., 1758, is one of the dominant commercial species of the North Atlantic, accounting in 2005 for nearly 1.2% of the world’s total marine groundfish catch (FAO website). Evidence indicates that this benthopelagic fish was already fished in the Neolithic and has been exploited commercially since the Middle Ages (Flick et al., 1990; Kurlansky, 1998). Cod has been so important to the economy of countries on both sides of the Atlantic, that an enormous amount of knowledge of cod biology and its fisheries has been accumulated over the years (see Kurlansky, 1998 for review). In the early 1960s, cod landings in the whole North Atlantic fluctuated around 2.5 to 3 million tonnes per year, with a peak in 1969 of 4 million tonnes. Landings went down to 1.8 million tonnes in 1975 and declined to 0.8 million tonnes in 1992 (FAO). In the early 1990s, many cod populations collapsed in areas where commercial fishing was intense. The collapse was attributed to overfishing, and specifically to the commercial fishing of older/larger cod which resulted in a smaller population of fertile females and the harvesting of young fish before they have had a chance to mature and reproduce (ICES, 2005a). The over-exploitation of Atlantic cod triggered off that the species was listed as a Vulnerable Species in 1996. Some efforts have been made to help some cod populations to recover. However, by 2005 landings were approximately 0.84 million tonnes; of these 0.04 million tonnes in North America and 0.80 million tonnes in Europe (FAO). Moratoria and fishing regulations were placed in some regions but have so far been unsuccessful in increasing or even maintaining population sizes, because overfished populations recover slowly (Hutchings, 2000). Stock division serves as a very useful management unit for administration of the cod resources. The cod stocks are managed separately because the effect of past fisheries and changing environmental conditions on many of them was more severe, as in the eastern coast of Canada (Hutchings & Myers, 1994, O’Driscoll et al., 2000; Bundy, 2001), the Baltic Sea (Jonzen et al., 2002; Hutchinson et al., 2003), and the North Sea (Cook et al., 1997), than in others. Stocks are defined as recognizable units displaying characteristics unique to each of them with very little mixing between adjacent stocks. However, cod stocks are occasionally shared by different fisheries because of the regular movements in
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accordance with the growth and development of the cod (Gulland, 1980; Robichaud & Rose, 2004). At present, 14 cod stocks are defined in the NE Atlantic (regulated by ICES) and around 10 cod stocks in the NW Atlantic (regulated by NAFO) (ICES, 2005a). Some of these stocks are large in terms of numbers or biomass, such as those from the Arctic-Boreal fishing grounds off Norway, Iceland, Newfoundland and West Greenland, and the Barents Sea. Others are small, such as the Rockall cod stock west of Ireland (ICES, 2005a). The main deterrent in properly managing cod stocks relates to the geographic range of cod (Fahay et al., 1999; Robichaud & Rose, 2004; ICES, 2005a). Cod occur throughout the North Atlantic and, since most of its range is in international waters, it makes it difficult for any one region to impose universal regulations. The European Commission (EC) has recognized the significance of firm management action to restore European cod stocks. In the New Common Fishery Policy for the EU, an important part is devoted to provide a framework for the conservation, control and enforcement of fish stocks (February commission 2001 (CE) Nº259/2001), moreover cod has an specific legislation [26th February 2004 COUNCIL REGULATION (EC) Nº 423/2004].



1. 2. Cod biology 1.2.1. Physical description Atlantic cod attains a mean size between 32 and 41 cm and a maximum length of 150-200 cm (the minimum landing size according to ICES is 35 cm in the North Sea and 30 cm in the Skagerrak/Kattegat). Cod weight averages 2.3-3.6 kg and the greatest recorded weight was 96 kg (see COSEWIC, 2003 and references therein). The colour of Atlantic cod varies with respect to the environment in which the fish lives and possibly with the type of prey consumed. Those feeding on crustaceans tend to appear more brownish, whereas a bluegreen pigmentation may result from a diet consisting primarily of fish (COSEWIC, 2003; Riede, 2004). The Atlantic cod has 1 chin barbel, 3 dorsal fins, and 2 anal fins. It also has a pronounced lateral line from the gills to the tail. The colouring of cod is often shaded from top to bottom. The dorsal area of the fish may be a rich brown to green and fade to silver towards the ventral side. Some fish may have brown/red spots on the sides and back (Cohen et al., 1990) (see Figure 1.1).
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Figure 1.1. Atlantic cod, G. morhua. Picture by Canadian Museum of Nature (Otawa, Canada) in Froese & Pauly (2007).



Figure 1.2. Distribution map of G. morhua. From Kathleen K. Reyes, AquaMaps in Froese & Pauly (2007).



1.2.2. Habitats and distribution Atlantic cod occur along the eastern and northern coasts of North America, along the coasts of Greenland, and from the Bay of Biscay to the Arctic Ocean, including the Atlantic waters around Iceland, the North Sea, Baltic and the Barents Sea (Cohen et al., 1990, Froese & Pauly, 2007) (see Figure 1.2). Cod are oceanodromous, benthopelagic euryhaline fish, tolerating from nearly fresh to full oceanic water. Cod occur in a wide range of habitats, from inshore shallow waters (c. 5 m deep) to the edge of the continental shelf in water as deep as 600 m, but are mostly found within the continental shelf (50-200 m). The species is distributed in cold and temperate waters (temperature range 0-20 ºC). However, for unknown reasons, in most areas larger fish occur in colder waters (0-5°C). The presence of cod usually depends on prey distribution. Regarding their social behaviour, they are gregarious during the day, forming compact schools that swim between 30-80 m above the bottom, and they scatter at night. To the south of its range, cod is found in shallow waters
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only during the winter, and there, as elsewhere, only the younger (smaller) fish live close inshore (Fahay et al., 1999; ICES, 2005; Froese & Pauly, 2007). Robichaud & Rose (2004) categorized cod into four types according to site and homing fidelity: sedentary, accurate homers, inaccurate homers and dispersers. Sedentary residents exhibit strong site fidelity within a relatively small geographical range. The inaccurate homers perform seasonal movements and return to a broader homing area than the accurate homers whereas dispersers move and spawn in a haphazard pattern within large geographical areas. These authors also observed that coastal groups did not differ significantly from offshore groups in the relative frequency of these migratory behaviours. However, the NE Atlantic cod were found to exhibit more sedentary and accurate homing groups than their NW Atlantic counterparts, which have shown more dispersing groups. Seasonal migrations of Atlantic cod are attributed to water temperature, food supply, and spawning grounds. Atlantic cod move as a group and tend to follow warmer water currents during migration. Although they prefer habitats within the water temperature range from 2º to 11ºC, some populations were found in waters as cold as -1.5 ºC (Fahay et al., 1999; ICES, 2005). Some local inshore populations migrate only short distances. They remain mainly in the inshore area but move a short distance offshore into deeper waters during winter and return inshore during summer. Other cod stocks may migrate up to 800 km from their winter spawning grounds to the inshore feeding area in summer. This homing behaviour is by no means as high as for Atlantic salmon, but is nevertheless significant in maintaining uniqueness to the characteristics of stock components. Very little is known about the movements of young cod in their early years on the nursery grounds. It has been suggested that they undertake a seasonal migration to shallow waters during the summer and return to deeper waters in winter; these movements seem to be restricted to feeding, but there is not enough evidence yet in support of this hypothesis (Fahay et al., 1999 and references therein).



1.2.3. Reproduction and development As indicated above, many cod stocks migrate during their reproductive season. However, cod populations appear to form units reproductively isolated from each other which are, presumably, spatially distinct at least during the spawning season (ICES, 2005a). Typically, a cod population moves into warmer waters during winter and early spring to begin spawning. Although spawning can occur year round, peak spawning levels occur in the winter and spring, during a three-month period. As the population moves inshore it may 6
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disperse temporarily to feed if large amounts of prey are present. Cod spawning occurs over a wide area of the continental shelf and over a wide range of bottom depths in temperatures between 5-7ºC. There is some evidence that cod leave the bottom to spawn pelagically when bottom temperatures are unsuitable. The distribution of spawning stocks widely depends on the oxygen content of the bottom water (Fahay et al., 1999; ICES, 2005a and references therein). Many spawning areas of cod have been identified. The most productive spawning ground in the NW Atlantic is the eastern half of Georges Bank and the area south of the Grand Banks (Newfoundland) (Fahay et al., 1999; COSEWIC, 2003). The southern North Sea is the main spawning area in the NE Atlantic in which spawning occurs generally at depths of less than 50 m and never beyond 200 m, especially in the north-west of the Dogger Bank where egg density appears to be rather high from late April to the end of May (ICES, 2005a). Cod spawn in dense concentrations of more than 1 fish/m3 and multiple pairs of fish can be observed spawning in the same water column. Their complex mating systems allow segregation on spawning areas associated to the preferences for depth, temperature and songs (Rowe & Hutchings, 2004; Joensen et al., 2005). Age and size at maturity often vary amongst different populations. A recent finding suggests that cod are moving towards a reduction in age and size for sexually mature fish. The earliest reported maturity ages for Atlantic cod are 2 years in its eastern and 4 years in its western distribution. The males generally mature at a slightly younger age and smaller size than the females. Although cod is mostly dioicous, hermaphrodites have been reported. The sex ratio is nearly 1:1, with a slight bias towards females (Fahay et al., 1999; COSEWIC, 2003; Rowe & Hutchings, 2004; ICES, 2005a). There is no indication that any parental involvement exists on behalf of either females or males after the eggs are released. Cod is one of the most fecund fishes of the world. Its average egg production is about 1 million per female, with a maximum recorded at 9 millions eggs by a 34 kg female (COSEWIC, 2003). However, the mortality rate of cod is very high, since it is reckoned that only one egg per million succeeds in completing the cycle to become a mature cod. Growth rates of Atlantic cod are different in different areas, and annual differences in growth rate in the same area depending on the population sizes, temperature, and food availability, also occur. The growth rate is fairly high, females growing slightly faster than males. Atlantic cod can live for over 20 years. However, typical life spans have changed drastically in the last century, as a result of commercial cod fisheries. Most recently, 7
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fisheries have begun harvesting younger fish and fish older than 15 years are rare nowadays (COSEWIC, 2003; ICES, 2005a).



1.2.4. Food habits Atlantic cod is a voracious omnivorous species (trophic level 4.4, see Froese & Pauly, 2007). It is best described as an opportunistic feeder because cod feed on anything that they are capable of capturing. In fact, cod can eat a wide variety of things, including stones, so that it can digest sea anemones, hydroids, and other organisms. Larvae and postlarvae consume smaller organisms, such as plankton, whereas juveniles feed mainly on invertebrates, and older fish on invertebrates and fish, including young cod (Daan, 1989; COSEWIC, 2003; ICES, 2005a; Froese & Pauly, 2007). Small crustaceans are of great importance (90%) in the food of juveniles (up to 25 cm in length). These preys are progressively replaced by decapods of medium and large size as the cod grows, and fish become more important than crustaceans in the diet of adult individuals. Other taxa play a smaller role as forage organisms: polychaetes (less than 10%); echinoderms and other benthic organisms (minor quantities); and occasionally seaweeds and others. The proportion of benthic organisms shows hardly any change throughout the year, but fish consumption varies more seasonally. Feeding occurs at dawn and dusk, but small fish (0 only) and site of recovery of parasites in G. morhua, from the Baltic, Celtic, Irish and North seas, Icelandic waters and Trondheimsfjord (Norway). New host records are marked with an asterisk. Abbreviations for host specificity categories: D: food content; G, generalist; GS, gadoid specialist. Abbreviations for distribution categories: A-B, Arctic-Boreal; B, Boreal; W, worldwide; NA, Not applicable. Abbreviations for site of infection: C, caeca; DC, digestive content; GI, gills; IN, intestine; L, liver; SK, skin; ST, stomach; VC, visceral cavity.
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G



G



G



G



G



A



G



GS



GS



G



TREMATODA (adult forms)s Derogenes varicus



*Fellodistomum sp.



Gonocerca phycidis



Hemiurus communis



Hemiurus levinseni



Hemiurus luehei



Lecithaster sp. ?gibbosus



Lepidapedon elongatun



Lepidapedon rachion



Opechona bacillaris



Region (sample size)



41 B



B



A-B



A-B



Ba



A-B



B



W



NA



W



2.2 0.18 ± 1.7



0.6 0.01 ± 0.07



Baltic Sea (n = 180)



2.2 0.06 ± 0.43



0.7 0.01 ± 0.09



49.3 3.20 ± 10.29



10.1 0.14 ± 0.44



85.5 15.05 ± 23.34 (6)



Celtic Sea (n = 138)



0.7 0.01 ±0.09



2.2 0.05 ± 0.39 1.8 0.05 ± 0.42 0.6 0.01 ± 0.08



5.9 0.17 ± 0.84



0.7 0.03 ± 0.34



5.2 0.10 ± 0.44



9.7 1.72 ± 11.21



7.9 0.34 ± 1.67



75.0 8.40 ± 26.00 (2)



23.5 1.07 ± 4.08



100,0 86.1 54.85 ± 155.91 34.92 ± 43.29 (20.50) (10) 0.6 0.01 ± 0.08



Icelandic waters Irish Sea (n = 165) (n = 136)



2.0 0.21 ± 1.88



C



C-GI-IN-ST



C-GI-IN-ST



ST 0.7 0.02 ± 0.25



GI-ST



C-GI-IN-ST



GI-ST-IN-C



GI



C-GI-IN-ST



ST



60.0 177.47 ± 585.76 (2) 45.0 49.42 ± 191.24



50,0 1.90 ± 3.12 (0.50)



30,0 0.48 ± 0.93



Trondheimsfjord Site of recovery (n = 60)



10.9 0.78 ± 4.04



48.3 4.73 ± 20.29



0.7 0.01 ± 0.08



87.1 14.83± 38.23 (4)



North Sea (n = 147)
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G



GS



G



G



G



G



G



G



D



Stephanostomum spp.



*Steringotrema sp.



CESTODA (larval forms) Grillotia sp.



Hepatoxylon sp.



Lacistorhynchus sp.



Scolex pleuronectis b



Pseudophyllidea fam. gen. sp.



*Schistocephalus gasterostei



Host specificity



Podocotyle reflexa



Region (sample size) Parasite species
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42 NA



W



NA



NA



NA



NA



0.6 0.02 ± 0.30



2.2 0.04 ± 0.25



2.9 0.11± 0.79



1.5 0.03 ± 0.27



0.6 0.01 ± 0.08



0.6 0.01 ± 0.08



3.6 0.07 ± 0.40



21.0 1.41± 5.53



Ba



Icelandic waters (n = 165) P (%) MA ± SD (M) 6.1 0.08± 0.38



Celtic Sea (n = 138) P (%) MA ± SD (M)



A-B



Baltic Sea (n = 180) Distribution P (%) MA ± SD (M)



2.2 0.02 ± 0.15



5.2 0.06 ± 0.27



29.4 1.85 ± 7.39



Irish Sea (n = 136) P (%) MA ± SD (M)



2.0 0.02 ± 0.14



0.7 0.03± 0.33



0.7 0.01 ± 0.08



40.1 4.69 ± 14.68



North Sea (n = 147) P (%) MA ± SD (M)



DC



IN-ST



IN-ST



VC



VC



VC



GI



C-GI-IN-ST



C-ST



Trondheimsfjord Site of recovery (n = 60) P (%) MA ± SD (M)
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G



G



G



G



Hysterothylacium rigidum (L3)



Pseudoterranova decipiens s.l. (L3)



Rhapidascaris sp. (L3)



G



NEMATODA (larval forms) Anisakis simplex s.l. (L3)c



Hysterothylacium aduncum (L3)



GS



CESTODA (adult forms) Abothrium gadi



G



G



Unidentified plerocercoids



Contracaecum osculatum s.l. (L3)



G



Region (sample size) Trypanorhyncha fam. gen. sp.



NA



A-B



B



A-B



A-B



A-B a



B



NA



NA



3.9 0.07 ±0.39 (7)



40.6 6.34 ± 51.17



53.9 6.84 ± 16.07 (1) 41.7 1.83 ±5.49



15 2.37 ± 13.25



Baltic Sea (n = 180)



92.0 74.89 ± 134.59 (19.50) 72.5 8.19 ± 15.50 (2) 68.8 11.28 ± 20.80 (3.5) 52.2 14.57 ± 36.15 (1) 51.5 2.23± 4.22 (1)



16.7 0.21 ± 0.50



Celtic Sea (n = 138) 4.4 0.06 ± 0.31



52.7 3.51 ± 12.47 (1)



99.4 327.29±433.06 (121) 94.6 56.62 ± 62.85 (34) 97.6 37.9 ± 35.71 (28) 6.7 0.37 ± 2.47



3.6 0.04 ± 0.19



0.6 0.01 ± 0.08



Icelandic waters (n = 165) 1.2 0.01 ± 0.11



22.1 0.86 ± 3.00



62.5 10.94 ± 23.40 (2) 72.8 11.85 ± 20.67 (3.5) 8.1 0.20 ± 0.95



36.0 4.65 ± 42.41



22.1 0.31 ± 0.66



Irish Sea (n = 136) 5.2 0.07 ± 0.30



0.7 0.01±0.08



12.9 1.38 ± 9.77



78.2 11.95 ± 39.37 (4) 23.1 1.33 ± 7.19



50.3 34.33 ± 127.02 (1) 15.7 1.29 ± 5.73



5.4 0.05 ± 0.23



1.4 0.02± 0.18



North Sea (n = 147) 3.4 0.14 ± 1.06



1.7 0.02 ± 0.13



65,0 1.20 ± 1.47 (1) 8.3 0.12 ± 0.42



8.3 0.23± 0.96



5.0 0.05 ± 0.22



IN



C-IN-L-ST-VC



C-IN-L-ST-VC



C-IN-L-ST-VC



C-IN-L-ST-VC



C-IN-L-ST-VC



C- IN-ST



VC



Trondheimsfjord Site of recovery (n = 60) VC
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G



B



NA



Corynosoma strumosum



G



*Spinitectus sp.



A-B



A-B



G



Hysterothylacium aduncum



NA



A-B



A-B



A-B



A-B



6.1 0.14 ± 0.73



10.6 0.36 ± 1.28



13.9 0.36 ± 1.28



3.9 0.13± 0.76



1.1 0.01±0.11



Baltic Sea (n = 180) Distribution P (%) MA ± SD (M) A-B



ACANTHOCEPHALA (post-cystacant) Corynosoma semerme G



G



G



Capillaria gracilis



*Cucullanus sp.



GS



Ascarophis filiformis



GS



GS



Ascarophis crassicollis



Cucullanus cirratus



GS



Host specificity



Ascarophis morrhuae



Region (sample size) Parasite species



Table 4.2. Continued (ii)



0.6 0.01 ± 0.16 7.3 0.09 ± 0.35



18.8 0.36 ± 1.02



87.3 25.78 ±33.40 (14) 1.2 0.01 ± 0.11



79.4 6.74 ± 9.21 (3)



32.7 1.14 ± 4.15



7.9 0.18 ± 1.01



Icelandic waters (n = 165) P (%) MA ± SD (M) 52.1 11.96± 32.49 (1) 1.8 0.03 ± 0.23



3.6 0.04± 0.24



94.2 31.67 ± 40.02 (19) 5.1 0.13 ± 0.90



71.0 4.80 ± 9.29 (2) 0.7 0.01±0.09



7.3 0.10 ± 0.41



0.7 0.01 ± 0.09



26.8 2.20 ± 11.49



Celtic Sea (n = 138) P (%) MA ± SD (M) 20.3 1.11 ± 4.83



14,0 0.26 ± 1.26



0.7 0.01 ± 0.09



79.4 25.69 ± 38.41 (13.5) 1.5 0.02 ± 0.19



53.7 3.38 ± 10.29 (1)



1.5 0.01 ± 0.12



2.9 0.03 ± 0.17



Irish Sea (n = 136) P (%) MA ± SD (M) 66.9 7.96 ± 20.64 (2) 45.6 3.38 ± 8.08



14.3 1.24 ± 6.33



0.7 0.01 ± 0.08



85.7 16.33 ± 35.28 (6)



55.1 3.24 ± 7.21 (1)



4.8 0.09 ± 0.44



31.3 11.39 ± 37.92



North Sea (n = 147) P (%) MA ± SD (M) 20.4 1.01 ± 3.78



1.7 0.02 ± 0.13



5,0 0.12 ± 0.58



88.3 18.25 ± 38.34 (8) 93.3 14.32 ± 19.43 (8)



C-IN-VC



C-IN-VC



C-GI-IN-ST



C-IN-ST



ST



C-IN-ST



C-IN-ST



IN-ST



C-IN-GI-ST-



Trondheimsfjord Site of recovery (n = 60) P (%) MA ± SD (M) 1.7 C-IN-ST 0.02± 0.13
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COPEPODA (larval forms) Caligus sp. copepodite
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D



G



A



G



COPEPODA (adult forms) *Acanthochondria soleae



Caligus curtus



Caligus diaphanus



Caligus elongatus



G



G



Johanssonia arctica



Copepoda fam. gen. sp. copepodite



A-B



G



HIRUDINEA Calliobdella nodulifera



A-B



B



A-B



NA



NA



A-B a



A-B



Region (sample size) ACANTHOCEPHALA (adult forms)s Echinorhynchus gadi s.l. G 88.3 32.24 ± 44.79 (16)



Baltic Sea (n = 180)



24.6 2.04 ± 5.35



0.7 0.01 ± 0.09



1.5 0.01 ± 0.12



0.7 0.01 ± 0.09



5.1 0.16 ± 1.30



Celtic Sea (n = 138)



13.3 0.60 ± 3.84



3.6 0.06 ± 0.38



0.6 0.01 ± 0.08



53.9 4.55 ± 9.87 (1)



16.9 0.43 ± 1.69



16.2 0.65 ± 2.97



0.7 0.01 ± 0.09



0.7 0.01 ± 0.09



0.7 0.01 ± 0.09



12.5 0.29 ± 1.42



Icelandic waters Irish Sea (n = 165) (n = 136)



20.4 1.68 ± 6.44



9.5 0.27 ± 1.56



2.0 0.02 ± 0.14



28.6 2.35 ± 9.02



North Sea (n = 147) 30,0 0.48 ± 1.02



GI-SK



GI



GI-SK



DC



GI



SKIN



SKIN



C-GI-IN-ST



Trondheimsfjord Site of recovery (n = 60)
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GS



G



Holobomolochus confusus



Lernaeocera branchialis



46



a



G



A-B a



A-B



A-B



B



0.7 0.01 ± 0.09



6.5 0.09 ± 0.37



72.5 2.96 ± 3.88 (2)



0.7 0.01 ± 0.09



Wa



W



Celtic Sea (n = 138) P (%) MA ± SD (M)



Baltic Sea (n = 180) Distribution P (%) MA ± SD (M)



1.8 0.02 ± 0.19



19.4 0.30 ± 0.68



56.4 2.06 ± 3.45 (1)



Icelandic waters (n = 165) P (%) MA ± SD (M)



4.4 0.04 ± 0.21



67.7 2.74 ± 5.22 (2)



Irish Sea (n = 136) P (%) MA ± SD (M)



0.7 1.27 ± 15.42



17.0 0.30 ± 0.96



71.4 2.36 ± 3.95 (1)



North Sea (n = 147) P (%) MA ± SD (M)



21.7 0.33± 0.73



1.7 0.02 0.13



43.3 0.92± 1.41



SK



SK



GI-SK



GI



GI-SK



GI



Trondheimsfjord Site of recovery (n = 60) P (%) MA ± SD (M)



Distribution according to other authors, see text; b According to (Appy & Burt, 1982); c According to Mattiucci et al. (1997), see text.



ISOPODA Gnathia elongata (praniza larva)



G



GS



Clavella adunca



AMPHIPODA Lafystius sturionis



A



Host specificity



*Chondracanthus ornatus



Region (sample size) Parasite species
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4. 2. 2. Taxonomic structure of parasite fauna Concerning species richness, the maximum number of species (37 species) was found in the collection from the Celtic Sea, followed by those from Icelandic waters and the Irish and North Seas (36 species each). Species richness of the parasite faunas of cod was substantially lower in Trondheimsfjord and the Baltic Sea (18 and 12 species, respectively). The higher-level taxonomic structure of the parasite faunas in cod from the 6 regions is graphically represented in Figure 4.1. The figure shows the relative representation in terms of both number of species and individuals of the major parasite taxonomic groupings in cod, namely, Trematoda, Cestoda, Nematoda, Acanthocephala and Copepoda. The four remaining higher-level taxonomic groups, i.e. Monogenea, Hirudinea, Amphipoda and Isopoda, were poorly represented, both in terms of species and individuals, and were omitted for clarity. The species representation was very similar in all regions except for the Baltic Sea and Trondheimsfjord where nematodes represented a distinctly higher proportion of all species and cestodes were absent (Figure 4.1A, B). The four other regional faunas (i.e. in cod from Celtic, Irish and North seas and Icelandic waters) exhibited similar richnesses of the higher taxa groupings. The above two distinct faunas also showed marked differences with respect to the relative abundance of the higher taxonomic groups. Although nematodes were the richest taxon in the Baltic Sea collection, the high numerical dominance of acanthocephalans was the most distinctive trait of the fauna of this region. Three species [Echinorhynchus gadi Zoega in Müller, 1776, Corynosoma semerme (Forssell, 1904) and Corynosoma strumosum (Rudolphi, 1802)] represented nearly 64% of all parasite individuals in the Baltic Sea collection (Figure 4.1G). On the other hand, Trondheimsfjord fauna was distinct in the exceptionally high relative abundance of trematodes (86.4%, see Figure 4.1H) which was mainly due to two species with similar high prevalence and abundance, Lepidapedon elongatum (Lebour, 1908) and Lepidapedon rachion (Cobbold, 1858), which accounted for 67% and 19% of all individuals, respectively. Another characteristic feature of the Trondheimsfjord fauna was the low representation of larval nematodes and the numerical dominance of adult nematodes. Thus, two species, Capillaria gracilis (Bellingham, 1840) and Cucullanus cirratus Müller, 1777 (accounting for 7% and 5%, of the total parasite number, respectively) represented 53.2% and 41.8%, of all nematodes in this collection, respectively.
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Figure 4.1. Taxonomic structure of the parasite faunas of cod in the six NE Atlantic regions with respect to species richness (A-F) and relative abundance (G-L) of the higher parasite taxa: Acanthocephala, Cestoda, Copepoda, Nematoda and Trematoda. 48
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Overall, the taxonomic structure of the fauna based on the relative abundance of the higher taxa (Figure 4.1G-L) differed substantially from that based on species richness (Figure 4.1 A-F). Thus, a much higher representation of nematodes was revealed in the four regions which exhibited similarity with respect to the species richness structure of the faunas (i.e. Celtic, Irish and North Seas and Icelandic waters). These could be grouped in pairs with respect to the relative abundance of the numerically dominant taxa: (i) Celtic Sea and Icelandic waters faunas exhibited substantially elevated numbers of nematode individuals (Figure 4.1 I, J); and (ii) Irish and North seas faunas had higher proportions of trematode individuals (Figure 4.1 K, L). Nematodes represented over 85% of individual parasites in the Celtic Sea collection. The most representative species were A. simplex, H. aduncum and C. osculatum which comprised 42%, 24% and 5% of the total nematode abundance. Trematodes were less abundant as compared to the faunas of the second group (11% of all parasites). D. varicus, H. communis and Stephanostomum spp. accounted for 8%, 2% and 1% of all parasite individuals, respectively and represented 74.7%, 15.9% and 7% of all trematodes. The fauna of cod in Icelandic waters was very similar to that of the Celtic Sea in terms of proportions of nematodes and trematodes (88 and 11% of all individuals, respectively). The most abundant nematodes were (as in the Celtic Sea collection) A. simplex, H. aduncum and C. osculatum which comprised 61%, 12% and 10%, respectively, of all individuals. The most abundant trematode species in the Icelandic waters fauna was D. varicus which represened 10% of all individuals. The cod parasite fauna of the Irish Sea was characterised by the higher numerical representation of trematodes (39%) and a comparatively low relative abundance of nematodes which represented 57% of all parasites (Figure 4.1 J). The digeneans D. varicus, H. communis and Stephanostomum spp. comprised 29%, 7% and 2% of all parasites, respectively. Although the most widespread and abundant nematode species were roughly the same as in the Celtic and Icelandic faunas, their proportions of the total abundance differed. H. aduncum, C. osculatum, Ascarophis morrhuae Van Beneden, 1871 and A. simplex accounted for 31%, 9%, 7% and 4% of all parasites, respectively. The parasite fauna of the North Sea cod could be considered as intermediate between the Irish Sea and the other two (i.e. Celtic Sea and Icelandic regional faunas) with respect to the relative trematode abundance which accounted for nearly 22% of parasite individuals. D. varicus, H. communis and Stephanostomum spp. accounted for 13%, 4%
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and 4% of all forms in the North Sea collection whereas nematodes comprised 70% of all parasite forms. Again, the most common and abundant species were almost the same as in the Irish Sea fauna, but their relative proportions differed. The nematodes A. simplex, H. aduncum, A. crassicollis and C. osculatum represented 29%, 24%, 9% and 1% of all parasites, respectively. The above distinctions of the faunas with respect to the higher taxonomic level structure translated into a similar but more refined picture at the species level, as revealed by a cluster analysis using the similarity matrix (Bray-Curtis similarity) based on species prevalence (Figure 4.2 A) and abundance (Figure 4.2 B). The major differences between regions observed at the higher taxonomic level appeared valid in the species similarity analysis in that the Baltic Sea and Trondheimsfjord faunas were most dissimilar whereas the four other regions formed a cluster at high similarity levels (72.2% and 58.5% for matrices based on prevalence and mean abundance, respectively) (Figure 4.2). However, the grouping within the latter differed from that described above on the basis of the higherlevel parasite representation. The faunas of North, Celtic and Irish Seas formed a group at high similarity levels (79.7% and 72.2% for matrices based on prevalence and mean abundance, respectively) whereas the fauna of cod in Icelandic waters was somewhat distinct and occupied an intermediate position between this group and the Trondheimsfjord/Baltic Sea faunas (Figure 4.2). The latter two joined at low similarity levels (prevalence data 53.6% and 41.6%; abundance data 29.6% and 21.9%, respectively).
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Figure 4.2. Cluster analysis dendogram (group-average linkage) of the parasite faunas of G. morhua in the six NE Atlantic regions, using Bray-Curtis similarity matrices based on species prevalence (A) and mean abundance (B).
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4. 2. 3. Host specificity of cod parasites The classification of Hemmingsen & MacKenzie (2001) was generally followed with respect to host specificity of cod parasites. No specific parasites of cod were found in this study. In fact, very few specific parasites are recognized in this fish (Hemmingsen & MacKenzie, 2001). Therefore two main groups are recognised here: (i) parasite species reported from cod and other gadoid fish species (gadoid specialists, labelled ‘GS’ in Table 4.2); and (ii) parasite species reported from a wider range of host species (generalists, labelled ‘G’ in 4.2). Hemmingsen & MacKenzie (2001) considered an additional ‘accidental species’ category (labelled ‘A’ in Table 4.2) but stressed that this is an arbitrary decision and that ‘accidental species’ can also be placed in the ‘generalist species’ category due to their low specificity behaviour. This suggestion was followed in the present study for the species not listed by the latter authors. Generalist parasites comprised the majority of the cod parasite fauna (40 species which accounted for 85% of all individuals) whereas gadoid specialist were poorly represented (12 species, 15% of all parasite individuals). The three species considered as accidental made up a minute proportion of the species and individuals. The structure in terms of parasite specificity of the parasite faunas of cod in the six regions is illustrated in Figure 4.3. Generalist species dominated over gadoid specialists with respect to both relative richness and abundance. This dominance was most expressed in the fauna of the Baltic Sea where only two gadoid specialist species (16.7% of the species) were present (the digenean L. elongatum and the nematode Ascarophis crassicollis Dollfus & Campana-Rouget, 1956). These also had very low abundance (0.4% of all individuals). The fauna of cod from the other low salinity region, Trondheimsfjord, exhibited an opposite pattern, i.e. the highest, especially with respect to abundance, representation of the gadoid specialists category. Six species of this category, the trematodes L. elongatum and L. rachion; the nematodes A. morrhuae and C. cirratus; and the copepods Clavella adunca (Strøm, 1762) and Holobomolochus confusus (Stock, 1953), represented 33.3% of the species and 91.3% of the individuals found in this collection (Figure 4.3). The other four regions showed similar proportions and shared the same gadoid specialist species. Seven gadoid specialists were common for the four regions: L. elongatum, Stephanostomum spp., A. gadi, A. morrhuae, A. crassicollis, C. cirratus and C. adunca. Three species, Prosorynchoides gracilescens (Rudolphi, 1819), L. rachion and Ascarophis filiformis Polyansky, 1952 were present in the Celtic and Irish seas and 52
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Icelandic waters faunas but absent in the North Sea fauna. However, gadoid specialists were numerically better represented in the Irish and North Sea faunas as compared to the Celtic Sea and Icelandic waters faunas (16.4 and 19.5% of individuals vs 7.2 and 4.3%, respectively, see Figure 4.3B).
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Figure 4.3. Relative richness (A) and abundance (B) structure of the parasite fauna of cod in the six NE Atlantic regions with respect to host specificity of the parasites: Generalists, Gadoid specialists, Accidental species.



4. 2. 4. Geographical distribution of cod parasites Although the criteria for the geographical distribution of Hemmingsen & MacKenzie (2001) are rather general and related to the geographical distribution of cod only, their classification was followed to ensure the consistency of the comparisons. Parasite species were split into three categories with respect to their geographical distribution: (i) ArcticBoreal species (labelled ‘A-B’ in Table 4.2) which ‘infect cod in the northern part of its distribution but not in southern warmer waters’; (ii) Boreal species (labelled ‘B’ in Table 53
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4.2) whose distributions ‘overlap that of cod and extend beyond it to more temperate southern waters’; and (iii) species of worldwide distribution (labelled ‘W’ in Table 4.2) which have been reported from many different parts of the world. The category ‘not applicable’ (labelled ‘NA’ in Table 4.2) refers to materials not identified to species level. The present study added new data on the distribution of most species infecting cod in the NE Atlantic (Table 4.2). Among these is the new host record, the monogenean D. merlangi found in the Celtic and North seas. This species was also recorded in the Arctic (samples examined by us from the Natural History Museum, London; see also Rubec & Dronen 1994), which leads us to consider its distribution as Arctic-Boreal following the definitions of Hemmingsen & MacKenzie (2001). The hemiurid Hemiurus luehei Odhner, 1905 [not mentioned by Hemmingsen & MacKenzie (2001)] actually belongs to the Boreal group (found in Irish and North Seas in our study, see also Gibson & Bray, 1986). Hemmingsen & MacKenzie (2001) considered that A. simplex sensu stricto, which has only been reported from cod (Mattiucci et al., 1997), has a northern hemisphere distribution (within the worldwide category) in both the Atlantic and Pacific Oceans. However, recent data suggesting that of the three sibling species only A. simplex B has a North Atlantic distribution (Mattiucci & Nascetti, 2006) and the present data (see Table 4.2) suggest that the anisakid larvae in cod in the NE exhibit an Arctic-Boreal distribution. The hirudinean Johanssonia arctica (Johansson, 1899) was considered a low Arctic species. Although we found this species in cod from Icelandic waters only, data by Appy & Dadswell (1981) suggest that it has an Arctic-Boreal distribution. The copepod species recovered in cod for the first time in our study, C. ornatus, appears to have a worldwide distribution (see Kabata, 1979) whereas the isopode Gnathia elongata (Krøyer, 1847) should be considered an Arctic-Boreal species (see also Lawrence & Keast, 1990). On the other hand, the present study confirmed the classification of six species as Boreal by Hemmingsen & MacKenzie (2001): Prosorhynchoides gracilescens (Rudolphi, 1819), Lepidapedon rachion (Cobbold, 1858), Opechona bacillaris (Molin, 1859), A. gadi, H. rigidum and C. strumosum (Rudolphi, 1802); these were also found in Icelandic waters in the course of the study. In all regions, the best-represented group in terms of parasite species was the ArcticBoreal (Table 4.2, Figure 4.4A-F). Roughly 20% of the species were Boreal, and the reminder had worldwide distribution except for the Baltic Sea fauna which lacked species of the latter category. The relative abundance of the species with Arctic-Boreal distribution was distinctly higher (Figure 4.4G-H). The latter group dominated in the Baltic Sea, 54
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Trondheimsfjord and Icelandic waters faunas representing 87%, 80% and 89% of all individuals, respectively). G
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Figure 4.4. Relative richness (A-F) and abundance (G-L) structure of parasite faunas of G. morhua from the six NE Atlantic regions with respect to the geographical distribution of parasites. Arctic-Boreal; Boreal; Worldwide; NA, not aplicable.
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Of the 11 parasite species present in all regions studied, nine had an Arctic-Boreal distribution (L. elongatum, A. simplex, C. osculatum, H. aduncum, P. decipiens, C. gracilis, C. semerme and E. gadi) and two species (H. rigidum and C. strumosum) had Boreal distributions. The relative abundance of the Boreal species was higher in the Trondheimfsjord fauna (19% of all individuals) than in the other regions (range 9-13% of all individuals) except for the parasite fauna of cod in Icelandic waters which showed a negligible proportion of this distribution category (0.1% of all individuals). The relative abundance of species with worldwide distribution was highest in the Irish Sea fauna (32% of all individuals). In contrast, Trondheimsfjord fauna had very few individuals with worldwide distribution (0.5% of all individuals) due to the presence of only two species of this group, D. varicus and Clavella adunca (Strøm, 1762). 4. 2. 5. Parasite fauna of farmed cod Only 32 out of the 378 farmed cod harboured parasites (40 individuals). The fish studied belonged to the F1-generation of enclosed parental fish and their development was in captivity. Prevalence and mean abundance of the three helminth species recovered in the fish farms are summarized in Table 4.3. H. aduncum, C. osculatum and E. gadi were the only parasite species that have survived farm conditions, such as anthelmintic treatments. The mode of transmission of these parasites is via food ingestion since planktonic crustaceans (copepods, amphipods and mysids) act as intermediate hosts. Rosenthal (1967) and Karlsbakk et al. (2001) found that parasitic copepods (Caligus spp., Clavella adunca, Holobomolochus



confusus



and



unidentified



lernaeocerid)



and



some



helminths



(Contracaecum sp., Scolex pleuronectis, Hemiurus spp., Derogenes varicus, Lecithaster sp., H. aduncum and unidentified pseudophyllideans) are introduced to the farm tanks through the water circulation, the latter via their first or second intermediate hosts (copepods). Although the three species could be considered as more resistant and with high transmission levels, the frequency of infections and parasite abundance were very low (Table 4.3).
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Table 4.3. Prevalence (P%) and mean abundance (MA ± SD) of parasites of Gadus morhua from two fish farms in Scotland and Iceland.



Contracaecum osculatum



Scotland land-based ponds (n = 182) P (%) MA ± SD 0.5 0.01 ± 0.07



Hysterothylacium aduncum



0.5



0.01 ± 0.07



3.1



0.05 ± 0.32



Echinorhynchus gadi



6.6



0.08 ± 0.35



0.5



0.01 ± 0.07



Locality (sample size) Parasite



Iceland tanks (n = 196) P (%) MA ± SD 5.6 0.06 ± 0.26



4.3. Discussion The list of 57 species reported in the present study (Table 4.2) comprises nearly 56% of the parasites found in G. morhua throughout its distributional range (a total of 97 species, resulting from compilation of data gathered as early as 1932 from both NW and NE Atlantic, see Hemmingsen & MacKenzie, 2001) indicates a high regional richness of the metazoan parasites of cod in the NE Atlantic. This is supported by the seven new host records. Of these, only the gadoid specialist D. merlangi, which mainly parasitises whiting, Merlangius merlangus (L.) (Rubec & Dronen, 1994) belongs to the Arctic-Boreal distribution category. The newly recorded helminth species mainly belong to generalist genera with a wide geographical distribution. The copepod Chondracanthus ornatus is typical of calionomid perciforms (Kabata, 1979). The geographical distribution of the Callionymidae overlap with cod, thus its recovery indicates some interaction with calionomids. Furthermore, this study provides more detailed data on the distribution in the NE Atlantic of the majority of cod parasites. The results conform with the diverse and nonselective diet of cod, its wide depth distribution and migratory behaviour. It is also possible that increased sampling effort has contributed to the high diversity of the parasite list reported here. However, the regional parasite faunas of cod exhibited a generally lower richness (63-65% of the total list) with a notable decrease in the Baltic Sea and Trondheimsfjord (21 and 32%, respectively). Parasites from all multicellular metazoan taxa were recorded in the present study, with eleven species present in all regions (the trematode L. elongatum; the nematodes A. simplex, C. osculatum, H. aduncum, H. rigidum, P. decipiens, A. crassicollis and C. gracilis; and the acanthocephalans C. semerme, C. strumosum and E. gadi). The predominant groups in the regional faunas in terms of number of species were trematodes and nematodes. However, the taxonomic structure of the fauna based on the relative abundance of the higher taxa revealed that nematodes (mostly anisakid larvae) represent the
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majority of all parasite individuals. This fact can be related to cod being a voracious predator, and with a long life-span, which facilitates larval accumulation (due to the long life-span of anisakids as well). The regional faunas exhibited differences with respect to both higher-level taxonomic structure and species-level comparisons. Generally, the fauna of the brackishwater regions [Baltic Sea (7-13.6‰) and Trondheimsfjord (10-33‰)] differed substantially from those in the open water regions (Celtic, Irish and North seas and Icelandic waters, range 34.2-35.4‰). The much lower species richness observed in the former two regions agrees with the lower salinity conditions that restrict the distribution and richness of the invertebrate fauna and consequently limiting the diversity of successful parasite life-cycles (Zander, 1998; Zander & Reimer, 2002). Remarkably, none of the species characteristic of low salinity and freshwater distributions reported previously in cod [i.e. Podocotyle angulata, Raphidascaris acus, Acanthocephalus lucii, Echinorhynchus salmonis, Neoechinorhynchus rutiei and Pomporhynchus laevis (Zander, 1998; Hemmingsen & MacKenzie, 2001; Pilecka-Rapacz & Sobecka, 2004)] was recorded in Baltic Sea and Trondheimsfjord. On the other hand, although both regional faunas consisted of marine parasite species, their structure differed from that of the fauna in the open water regions in: (i) the poorer numerical representation of nematodes; (ii) the absence of cestodes; (iii) the absence or low abundance of species with worldwide distribution; and (iv) the composition with respect to host specificity categories [i.e. the strong numerical domination of generalists (Baltic Sea fauna) or gadoid specialist species (Trondheimsfjord fauna)]. These differences, therefore, indicate notably different transmission conditions in the two low-salinity regions. This suggestion is further reinforced by the notably different structure of the faunas in the latter regions characterised by the numerical dominance of generalist acanthocephalans (mostly E. gadi, Baltic Sea) or gadoid specialist trematodes (Lepidapedon spp., Trondheimsfjord). The overall prevalence of 88.3% of E. gadi observed in the present study agrees well with the high levels of infection in cod recorded in previous studies: 71.4% in the southern Baltic Sea (Reimer & Walter, 1993) and 99.4% in the Bornholm Basin of Baltic Sea (Buchmann, 1995). The mean intensities recorded here are similar (32.2 worms/host) to those in the latter study: 54.7 in smaller cod (21 to 30 cm body length) and 33.3 in larger cod (52 to 60 cm body length). Gammarid (Gammarus oceanicus) and caprellid (Monoporeia femorata) amphipods serve as intermediate hosts of E. gadi in the Baltic Sea 58
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(Valtonen et al., 2001). Whereas the high infection levels in small cod may indicate that amphipods are an important component their diet, the heavy infection of large cod (> 61 cm; normally not feeding on amphipods) was explained by a transfer of parasites from prey fish to the large cod (Buchmann, 1995). It is possible that both processes contribute to the infection of cod in the Baltic Sea collection since the size ranged from 31.4 to 89.6 cm (SL). The dominance of trematodes in the Trondheimsfjord fauna reflects the highest infection levels of two Lepidapedon species (see comparative data in Table 4.2). Both belong to the subfamily Lepocreadiinae of the Lepocreadiidae, which are found either in deep-sea fishes or in fishes from cold, shallow waters, most usually in Gadiformes (Bray & Gibson, 1995). Whereas the present data on the overall prevalence of L. elongatum (60%) agree with previous observations in cod [up to 94.3% at various stations in Danish and adjacent waters (Køie, 1984); up to 62% in juvenile (0+) cod (Polyansky & Shulman, 1956; Polyansky & Kulemina, 1963; Karasev, 1983; 1984)], L. rachion has so far been recovered at much lower prevalences in various locations in the NE Atlantic (range 3.3-20% vs 45%, see Køie, 1984). Bray & Gibson (1995) listed a wider range of final hosts (mostly gadoids) in the NE Atlantic for the latter species (Gadus morhua, Melanogrammus aeglefinus, Merlangius merlangus, Pollachius pollachius, P. virens, Gymnacanthus tricuspis, Aspitrigla cuculus). The Trondheimsfjord has a rich fish fauna (16 gadiform species including 10 species of gadoids: Gadiculus argenteus thori, G. morhua, M. aeglefinus, M. merlangus, Micromesistius poutassou, P. pollachius, P. virens, Trisopterus esmarki, T. minutus, Raniceps raninus; the latter uncommom, J.A. Sneli pers. comm.) and this may explain the higher infection levels of L. rachion in this region. It is also possible that the dominance of the two Lepidapedon species in the Trondheimsfjord cod parasite fauna is related to appropriate conditions for completing their life-cycles. The life-cycle of L. elongatum was elucidated by Køie (1985a). The rediae and cercariae develop in the gastropod Onoba aculeus and the metacercariae encyst in a variety of annelids; some may encyst in molluscs and echinoderms, but infections in these hosts are rare and probably short-lived (Køie, 1985a). The first intermediate host of L. rachion is believed to be Nassarius reticulatus and the metacercariae are said to occur in planktonic cnidarians, ctenophores, chaetognaths and polychaetes (Køie, 1985b). Sneli & Gulliksen, (2006) reported both intermediate hosts, O. aculeus and N. reticulatus, in Trondheimsfjord. However, the life-cycle of L. rachion has not apparently been completed experimentally. Bray & Gibson (1995) found the data on the second intermediate puzzling, since the main 59
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final host of L. rachion, the haddock, Melanogrammus aeglefinus (L.), feeds as an adult almost entirely on benthic organisms. Nevertheless, cod studied at Trondheimsfjord were generally small-sized (SL range 16.5-48.0 cm) and it may be plausible to suggest that the proportion of small invertebrates in the diet of fish has contributed to the high representation of Lepidapedon spp. Higher gadoid richness may also be associated with higher transmission rates which resulted in the dominance in the Trondheimsfjord fauna of the adult stages of two gadoid specialist nematodes, C. cirratus and C. gracilis. Final hosts of C. cirratus are Gadidae and Merluccidae, exceptionally salmon, Salmo salar (Moravec, 1994). Although Anderson (2000) suggests a direct infection of final host (by direct ingestion of free-living secondstage larvae, L2), calanoid (Acartia sp., Centropages sp., Temora sp.) and cyclopoid (Oitona similis) copepods and sand gobies, Pomatoschistus minutus, were found to serve as experimental intermediate hosts of C. cirratus (Køie; 2000; Marcogliese, 1994). Thirdstage (L3) larva of C. gracilis hatch from the egg in the intestinal tract of either the intermediate fish host (sand goby, P. minutus; experimental data) or an invertebrate transport (paratenic) host (Køie, 2001a). Køie’s (2000) data, based on examination of 350 naturally infected cod (8-78 cm long), support this suggestion. She found that group 1 and older cod contained L3-stage larvae, intermediate stages and adult worms of C. cirratus, indicating that they could become infected throughout the year; however the pattern of infection suggested that cod over 20 cm long became infected mainly in summer by eating infected fish (including smaller cod). It is possible that the high infection levels with C. cirratus and C. gracilis in cod from Trondheimsfjord are also due to ingestion of sand gobies which are common in the region. One of the main results of the present study was the overall higher structural similarity of the parasite faunas in cod from Celtic, Irish and North seas and Icelandic waters, perhaps due to the similar oceanographic characteristics of these four regions. The domination of the generalist Arctic-Boreal anisakid nematodes (A. simplex, C. osculatum and H. aduncum) represented a characteristic feature of the four faunas. A. simplex and C. osculatum utilise marine mammal predators of cod (Hemmingsen & MacKenzie, 2001) as final hosts and follow a similar life history pattern. Adult A. simplex has been reported in a large number of cetaceans (belonging to 18 genera) and pinnipeds (belonging to 10 genera) (Davey, 1971). Eggs passed by marine mammals embryonate to the L2-stage larvae in sea water. When ingested by marine crustaceans (e.g. euphasiids, copepods) they develop to the L3 stage. Teleosts become infected by ingesting 60
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the first intermediate hosts (Anderson, 2000 and references therein). Klimpel et al. (2004), who studied the life-cycle of A. simplex in the northern North Sea, found that one copepod and four euphasiid species served as obligatory intermediate hosts. These authors revealed an obligatory second intermediate host, Maurolicus muelleri (Sternoptychidae), and stated that piscivorous (Pollacius virens, Melanogrammus aeglefinus, Etmopterus spinax) and planktivorous and juvenile fishes (Clupea harengus, Trisopterus esmarki, Melanogrammus aeglefinus) serve as paratenic hosts of A. simplex. C. osculatum is a parasite of seals. Although the data on the life-cycle of this species are somewhat wanting (see Anderson, 2000) copepods appear important as hosts that carry L2-stage to fish intermediate hosts where the development of the L3-stage occurs (Køie & Fagerholm, 1993; Anderson, 2000). Klimpel et al. (2004) and Klöser et al. (1992) suggested that A. simplex and C. osculatum, respectively, are able to utilise fish host species that are available in a given locality. This versatile behaviour coupled with the vagility of the final hosts, may explain the wide distribution and abundance of these species. H. aduncum possesses an even more resourceful life-cycle. Final hosts of this species are numerous predaceous teleosteans (clupeids, gadids, salmonids and others, see Moravec, 1994). Third stage larvae develop in Acartia tonsa and other harpaticoid copepods, various amphipods, isopods and mysids (Køie, 1993b). The latter can also serve as second intermediate hosts (Klimpel et al., 2003). Furthermore, ctenophores, chaetognaths, polychaetes and ophiuroids which become infected by ingesting infected crustaceans, may act as obligatory intermediate hosts or paratenic (transport) hosts (Margolis, 1971; Køie, 1993b). Despite their overall structural similarity, the four faunas could be grouped in two pairs, those from Celtic Sea and Icelandic waters vs those from the Irish and North Seas. It appears that the grouping with respect to the higher trematode representation in cod parasite faunas in Irish and North Seas (vs Celtic Sea and Icelandic fauna) is related to the sampling locations. Thus, the fauna from deeper and ocean influenced locations in the Celtic Sea and Icelandic waters were dominated by nematodes whereas the more coastal and shallower locations (in the Irish and North Seas) exhibited higher proportions of trematode individuals. Overall, generalist parasites with Arctic-Boreal or worldwide distribution comprised the best represented group of the cod parasite fauna with respect to both richness and numerical dominance (due to the presence of anisakid nematodes). This finding supports the conclusion of Hemmingsen & MacKenzie (2001) that cod acts as a distribution agent of generalist parasites in the North Atlantic because of its omnivorous diet, migratory 61
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behaviour and the mixture of stocks (see also Nielsen et al., 2003; Robichaud & Rose, 2004; ICES, 2005a). To summarise, the higher-level faunal comparisons suggest that differences may exist in the feeding behaviour between cod sampled in the six regions. On the other hand, the composition of the local faunas may be determined largely by variations in the abundance of the intermediate hosts. These suggestions are supported by the high regional variation in the prevalence and abundance of the parasite species (Table 4.2) which translated into somewhat different clustering pattern based on similarity at the species level. Based on the above comparisons, the following predictions can be made: (i) Parasite communities in cod from the Baltic Sea and Trondheimsfjord would show much lower richness, abundance, diversity and would exhibit higher variation in composition and structure.



(ii) Parasite communities in cod from the open water regions (Irish, Celtic and North seas and Icelandic waters) would have the highest richness, abundance, diversity and similarity and would be dominated by larval nematodes.



(iii) With 11 species (nearly a fifth of the total number) shared between the six regions there would be a substantial homogenisation in the composition of both the component and infracommunities. A. simplex, H. aduncum and D. varicus would contribute substantially to the structural homogeneity between communities.
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5. Redescription of Diclidophora merlangi (Kuhn, in Nordmann, 1832) (Monogenea: Diclidophoridae), a new host record for Gadus morhua



Redescription of Diclidophora merlangi, a new host record



5. 1. Introduction During a comprehensive survey for parasites of over 1,250 Atlantic cod, Gadus morhua L., from the northeast Atlantic (see Chapter 3), only two monogeneans were collected. The specimens were ascribed to Diclidophora merlangi (Kuhn, in Nordmann, 1832) because of their clamp morphology and general body appearance. However, the body size of these worms was considerably smaller than that reported for D. merlangi (Rubec & Dronen, 1994). All members of Diclidophora Krøyer, 1838 show very strict host specificity, and D. merlangi is specific to the whiting Merlangius merlangus (L.) (Sproston, 1946; Llewellyn, 1958). The morphological or reproductive changes of alternative hosts on monogeneans so far have been little considered, despite the possibility that their study might provide insights into mechanisms accounting for the maintenance of host specificity. The working hypothesis of the present study is that the small body size of D. merlangi on cod actually resulted from colonizing an unusual host. The aim of the present study is to characterize morphologically the two monogeneans from cod, provide evidence to validate or refute the working hypothesis by morphological comparison with D. merlangi occurring on whiting, and present quantitative data to document some potential reproductive consequences of the specimens found on cod.



5.2. Materials and methods The gills of 1,254 Atlantic cod caught in eight Northeast Atlantic localities (North, Irish, Celtic, Norwegian and Baltic Seas, Icelandic waters and two farms from Scotland and Iceland) were surveyed for parasites. The two specimens of Diclidophora occurred on two cod from the North Sea and Celtic Sea caught in spring 2001 and 2002, respectively. They were collected from gills preserved frozen, and were fixed in 70 % ethanol, stained with iron acetocarmine (Georgiev et al., 1986) and mounted in Canada balsam. Morphological observations were carried out using a light microscope equipped with a drawing tube (Figures 5.1, 5.2). Linear measurements and areas were taken from digitized drawings using Image Tool 3.00 (developed at the University of Texas Health Science Center at San Antonio and available at http://ddsdx.uthscsa.edu/dig/itdesc.html). The anatomical terminology follows Llewellyn (1958), and Rubec & Dronen (1994).
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Figure 5.1. Diclidophora merlangi on cod, Gadus morhua. (A) Specimen in toto, ventral view. (B) Clamp, isolated anterior jaw, ventral view. (C) Clamp, isolated posterior jaw, dorsal view. (D) Region of germarium. Bars in millimeters. Abbreviations: Reproductive system: e. egg; ot. oötype. Clamp sclerites: anterior jaw: nd. nodules; posterior jaw: g1, g2.
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Figure 5.2. Diclidophora merlangi on cod, Gadus morhua. (A) Terminal male genitalia, consisting in muscular penis with crown of 17 hooks, ventral view. (B) Egg inside the uterus, ventral view. Bars in millimeters. In order to assess similarity in body proportions between the two forms from cod and D. merlangi on whiting, 32 specimens from whiting were studied and measured. Mean testis area of D. merlangi on M. merlangus was calculated using the mean areas of ten randomly selected post-germarium testes for each specimen. Mean egg length was obtained using the mean lengths of all the eggs of each specimen (12 parasites had eggs, ranging from one to five eggs per specimen). In addition, specimens of other species of Diclidophora from the Northeast Atlantic were measured: two specimens of Diclidophora denticulata (Olsson, 1876), from pollock, Pollachius virens (Linnaeus, 1758); two specimens of Diclidophora pollachi (Van Beneden and Hesse, 1863), from pollack, Pollachius pollachius (Linnaeus, 1758); and two specimens of Diclidophora luscae (Van Beneden and Hesse, 1863) from pouting, Trisopterus luscus (Linnaeus, 1758). These additional forms were used as controls providing a scale of relative interspecific morphological similarity to facilitate comparison between the specimens of D. merlangi from cod and from whiting. All the specimens used for comparisons belong to the collection of the late Professor G. Rees, University of Wales in Aberystwyth, United Kingdom and had been stained in Malaquite green and Gower’s carmine (no collection numbers available). Size and shape information of all specimens was summarized and compared using Principal Component Analysis (PCA) of the variance-covariance matrix using eight key, non-linearly dependent, log-transformed morphometric variables (Labarbera,1989) (see Figure 5.3 and Table 5.1). The eight variables were selected because they were associated 67
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with shape variability and were homologous among all species (Labarbera,1989). Since the primarily interest was determining whether the shape of D. merlangi on cod was more similar to that of D. merlangi on whiting than to that of other species of Diclidophora, particular attention to the PCA ordination resulting from discarding the first principal component (PC1) was paid, since it is assumed that it mostly represents variation in general size. However, since PC1 may also contain useful size-related shape information (Jungers et al., 1995), two additional methods based on Mossimann shape ratios that have proven to satisfactorily control for the effect of isometric size in PCA were also used (Jungers et al., 1995). The first technique consisted of substituting the original metric variables by the ratios formed by dividing each variable by the geometric mean of all variables, whereas the second corresponded to the log-transformed version of the first (Darroch and Mossimann, 1985).



Figure 5.3. Schematic drawing of the metric variables used for principal component analyses: L, body length; W, body width at origin of haptor; ARL, anterior region length; CL, first left clamp length; CW, first left clamp width; LHB, mean lateral haptor “basis” length; POG, post-germarium length; PRG, pre-germarium length.
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N Body length (L) Body maximum width (W) Anterior region length (ARL) Clamp width (CW) First left clamp length (CL) Mean lateral haptor basis length (LHB) Post-germarium length (POG) Pre-germarium length (PRG) Pharynx length Penis diameter No. penis hooks No. testes Testis area (μm2) Germarium length Oötype length Oöcyte area (μm2) Egg length



Host Gadus morhua from North Sea 1 2.24 1.18 0.96 0.14 0.17 0.85 0.22 1.16 0.15 0.077 17 223 826 0.53 0.17 258 -



Gadus morhua from Celtic Sea 1 3.30 1.06 1.58 0.17 0.22 1.15 0.64 1.89 0.08 0.069 17 256 908 0.78 0.19 346 0.44



Diclidophora merlangi



32 9.07±1.98 (4.25-13.10) 3.69±0.77 (2.12-5.43) 3.61±0.98 (1.37-5.25) 0.28±0.40 (0.18-0.36) 0.35±0.05 (0.22-0.43) 2.68±0.63 (1.35-4.10) 1.34±0.39 (0.58-2.23) 4.93±1.20 (2.68-7.37) 0.27±0.04 (0.15-0.39) 0.12±0.02 (0.08-0.15) 17±2 (13-20) 201±31 (167-290) 6,704±3,124 (1,777-14,130) 1.96±0.43 (1.00-2.83) 0.54±0.13 (0.36-0.76) 1,289±400 (733-2,557) 0.42±0.06 (0.34-0.55)



Merlangius merlangus



Diclidophora denticulata Pollachius virens 2 5.9-9.22 1.49-2.03 1.05-1.29 0.40-0.56 0.54-0.75 1.40-1.79 2.39-3.62 2.8-4.47 0.17-0.24 0.11-0.12 15-18 0.95-1.84 0.43



Diclidophora luscae Trisopterus luscus 2 5.44-5.51 2.31-2.4 0.61-0.73 0.19-0.23 0.24-0.25 2.11-2.57 1.09-1.54 3.23-3.73 0.10-0.12 0.084 10-12 1.24-1.31 0.29



Diclidophora pollachi Pollachius pollachius 2 11.64-14.04 3.09-3.35 1.06-1.55 0.33-0.38 0.32-0.40 3.10-3.37 3.89-4.66 6.03-8.79 0.31-0.32 0.13-0.14 11-15 1.44-1.46 0.61-0.66



Table 5.1. Comparative data of Diclidophora merlangi on Gadus morhua, Diclidophora merlangi on Merlangius merlangus, Diclidophora denticulata, Diclidophora luscae and Diclidophora pollachi. Abbreviatons of measures employed in the PCA are shown in parentheses. Mean values, SD and ranges are indicated when more than 2 specimens were measured. All measurements are in millimeters except where otherwise stated. N denotes the number of specimens examined.
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In order to gain insight into the effect on reproduction of development in a potentially unsuitable host, the size of both the parenchyma cells and oöcytes of the specimens from cod was compared to that of the 32 specimens from whiting (spermatozoa were too small to be measured at light microscopy). Measurements of parenchyma cells provided information about the possible effect of freezing, fixing and staining on the size of all the parasite cells of the forms from cod. In each specimen, the areas of ten oöcytes from the distal part of the germarium and ten parenchyma cells from the clamp peduncles and anterior part of the body were measured. Differences in cell areas between specimens were evaluated by a Mann-Whitney U test (Conover, 1999).



5.3. Description Diclidophora merlangi (Kuhn, in Nordmann, 1832) Krøyer, 1838 (Figures 5.1, 5.2; Table 5.1). General diagnosis: General morphology as D. merlangi from M. merlangus, described by Cerfontaine (1896) with corrections and comments by Rubec & Dronen (1994). Meristic and metric data in Table 5.1. Special traits: Body size smaller than in published descriptions and whiting vouchers from University of Wales. Typical clamp sclerites of D. merlangi. Four nodules could be distinguished in the anterior jaw of two clamps from the Celtic Sea specimen (Figure 5.1B). Testes pre-, para- and post-germarium, size smaller than in whiting vouchers. Copulatory organ consisting of muscular penis with crown of 17 very closed grooved and recurved hooks (Figure 5.2A). Oöcytes in germarium relatively smaller than those of voucher specimens from whiting (Figure5.1D). Egg fusiform with two long polar appendages (type I of Kearn, 1986), similar in size and proportions to those of whiting vouchers (Table 5.1 and Figures 5.1A, 5.2B).



5.3.1. Taxonomic summary Host: Atlantic cod, Gadus morhua L. (2 specimens; weight: 472 and 1,400 g; standard length: 34.6 and 45.5 cm). Localities: North Sea (51º 40.0’ N - 7º 24.5’ W); Celtic Sea (55° 56.9’ N - 01° 08.5’ W) Infection site: Gills. Infection parameters: North Sea, intensity = 1, prevalence = 0.67 % (Number of hosts examined, N = 149); Celtic Sea, intensity = 1, prevalence = 0.72 % (N = 139).
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Specimens deposited: 2 vouchers deposited at The Natural History Museum, London, United Kingdom (Reg. No. 2006.2.3.1-2).



5.3.2. Remarks The morphological traits of the forms from cod conform to those of D. merlangi from whiting: the sclerites of dorsal clamp (g1 and g2) are asymmetrical in length (Figure 5.1C); a few small nodules are present in the anterior jaw of the clamps; the uterine bag is absent; the testes are placed pre-, para- and post-germarium; and the egg is type I (2, non-hooked appendages) (Rubec & Dronen, 1994). The main difference between D. merlangi from whiting and the 2 specimens from cod concern the substantially smaller body size of the latter (Table 5.1). However, the size does not seem a reliable trait to characterize the species of Diclidophora, especially when they are in an alternative host, because, even in the usual host, some individuals can be substantially smaller than the average (Sproston, 1946; Llewellyn & Tully, 1969). In addition, according to the PCA results the size of the measured structures of the specimens of cod and whiting seemed to be equally proportional relative to their overall body size (Table 5.1). The first PCA indicated that metric differences between the specimens found on cod and those of D. merlangi from whiting were mainly associated to PC1 (supposedly associated with body size), whereas variation along PC2 indicated greater similarity between the specimens from cod and those of D. merlangi than the other congeneric species (Figure 5.4A). This pattern of higher morphological closeness between the specimens from cod and those of D. merlangi is fully supported by the two sizeadjusted PCA methods (Figure 5.4B, C). The testes and germaria were noticeably smaller in the monogeneans from cod. Nevertheless, the number of testes of D. merlangi from cod is within the range of those of D. merlangi in whiting (Table 5.1) and spermatozoa were observed in the sperm duct. In contrast, the oöcyte areas from the cod parasites were also about three times smaller from those of whiting (Table 5.1). This size difference is significant (U < 0.0001, n = 32, p = 0.004), whereas that of parenchyma cells between the forms from cod and whiting is not (U = 7, n = 34, p = 0.07, and U = 29, n = 34, p = 0.86, for cells from anterior part of the body and from the clamp peduncles respectively). Thus, the different size of the oöcyte cells cannot be attributed to a general smaller cell size of the smaller parasites from cod. The oöcytes seemed degenerated in the cod monogeneans since their cytoplasms appeared translucent under light microscopy. In addition, the oöcyte nuclei of the Celtic Sea 71
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specimen were not visible, whereas those of the North Sea specimen were noticeably smaller than those of the forms from whiting.



Figure 5.4. Scatterplots of principal component analyses (PCA) on the first 2 principal components (PC1 and PC2) based on morphometric measurements of specimens of Diclidophora from the North Atlantic: Diclidophora denticulata (Δ); Diclidophora luscae (■); Diclidophora merlangi on cod, Gadus morhua (●); Diclidophora merlangi on whiting, Merlangius merlangus (○); Diclidophora pollachi (□). Percentage of variance explained by PC1 and PC2 in parentheses. (A) PCA with log-transformed variables. (B) Size adjusted PCA based on ratios of each original variable to the geometric mean of all variables. C. Size adjusted PCA based on ratios of each log-transformed variable to the geometric mean of all log-transformed variables.



5.4. Discussion To date Diclidophora morrhuae (Van Beneden and Hesse, 1864) has been the only species of the genus known on cod (Hemmingsen & MacKenzie, 2001). Since the original description (and despite the high number of studies of the helminth fauna of Atlantic cod carried out since then) only 2 additional records of D. morrhuae are known (Sproston 1946). Moreover, Van Beneden & Hesse (1864) maintained that these forms actually could correspond to Diclidophora palmata (Leuckart, 1830), whose usual host is the ling, Molva 72
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molva (Linnaeus, 1758), and consequently D. morrhuae is invalid. Later reviews of Diclidophora have followed this view (Llewellyn, 1958; Llewellyn & Tully, 1969; Mamaev, 1976; Hemmingsen & MacKenzie, 2001). The morphology of the two specimens studied do not conform to the original description of D. morrhuae (Van Beneden & Hesse, 1864) (although no type material exists), revealing that they represent a different species, and thus a new host record. Apparently, it is not the first time that D. merlangi have been observed in an unusual host, since Llewellyn (1958) proposed that specimens of Diclidophora gadi (ReichenbachKlinke, 1951) (currently considered invalid [Mamaev, 1976]) on haddock Melanogrammus aeglefinus (Linnaeus, 1758) actually represented misshapen specimens of D. merlangi. The extremely low prevalence and abundance of the species of Diclidophora so far reported on cod, a fish widely and intensely surveyed for parasites in the last 150 years, is strong evidence for all reported infestations being accidental and caused by species specific to other gadids. Accordingly, in the context of close host-parasite coevolution between species of Diclidophora and gadiforms envisaged by Llewellyn & Tully (1969), no extant species would have evolved with Atlantic cod. This study provides some interesting and new observations on the reproductive consequences of D. merlangi colonizing cod. Although it cannot be ruled out that the specimens on cod represent young individuals, thereby their small body size, they were even smaller than the youngest or smallest individuals reported herein or in other studies. Thus the specimens in cod are likely dwarf specimens of D. merlangi. Although no negative impact on spermatogenesis could be documented and the number and aspect of the testes were apparently normal, it can be argued that the smaller size of the male and female organs should result in lower fertility. In addition, the previous observations indicated that the female reproductive potential was impaired, because although the oöcytes could mature along the germarium from the distal to the proximal region, they ultimately reached much smaller sizes than those of D. merlangi on whiting. This evidence, together with the spoiled aspect of the oöcytes, suggests that D. merlangi on cod cannot produce viable ova. Although it can be argued that the degenerate aspect of the oöcytes might have resulted from freezing, all other cells in these specimens looked normal. In addition, in the course of an ongoing study, it had been verified that oöcytes of previously frozen specimens of Diclidophora have also normal appearance (personal observation). Paradoxically, one specimen on cod did develop an egg-shell with a normal size and appendages with a normal shape. It would not be the first record of egg formation in species of Diclidophora under 73
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unusual conditions, since Llewellyn (1958) observed that egg capsule formation occurred in senescent individuals, although it often resulted in abnormal shapes. Since the normal sized egg of the specimen on cod was formed in an oötype that was about three times smaller than normal, this finding does not support the notion that the egg capsule is exclusively assembled in the oötype, and thus egg size of monogeneans reflects oötype size (Kearn, 1986). Although the oötype is somewhat expansible when eggs are formed, this observation rather sustains that the uterus also participates in the assembly of the egg capsule and that egg shape and size is genetically fixed. The specimens of D. merlangi from this study were found in two cod from distant geographic localities but the effects of these two apparently accidental colonizations were similar: dwarfism and probably female infertility. Cod is generally larger than whiting, but the two specimens infected with D. merlangi had standard lengths within the usual range of whiting in the northeast Atlantic (Svetovidov, 1986). Perhaps the presumably smaller size of the gill lamellae of these cod made parasite attachment possible, but the conditions provided by these unusual host prevented full development. Detailed studies relating the morphology of attachment organs with gill morphology within the gadiforms have provided valuable data on the mechanical processes accounting for the high host specificity of species of Diclidophora (Llewellyn, 1956; Llewellyn & Tully, 1969; Llewellyn et al., 1980; Rubec & Dronen, 1994) and deserve further attention. Future studies studying in vivo morphological and physiological changes during the development of monogeneans attached on unusual hosts, especially with phylogenetically close host species, are needed.
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6. 1. Introduction To date ecological studies on cod parasites have focused on parasite populations of individual parasites. Some authors have analyzed rigorously the seasonal variations of species prevalence and abundance in order to reveal an infection pattern related to abiotic factors (i.e. water temperature) or biotic influence (i.e. effect of predation on the host population). Parasite species studied include: the monogenean Gyrodactylus callariatis (Appleby, 1996), the copepods Lernaeocera branchialis and Clavella adunca (Linderby & Thulin, 1983), the acanthocephalan Echinorhynchus gadi (Linton, 1933; Möller, 1975; Hemmingsen et al., 1995), the trematodes Hemiurus communis (Meskal, 1967; Möller, 1975), Derogenes varicus (Meskal, 1967) and Podocotyle atomon (Möller, 1975); and the anisakid nematodes Hysterothylacium aduncum (Andersen, 1993) and Anisakis simplex (Hemmingsen et al., 1995). Additional work has documented the variation over long periods of time in the levels of parasite infection with anisakid nematodes and acanthocephalans related to population dynamics of cod, their predators and prey. Chandra & Khan (1988) associated the substantial increase in abundance of larval Pseudoterranova decipiens and A. simplex in cod off eastern Canada, as compared to the data by Templeman et al. (1957) with increases in the populations of the definitive host, seals, in the area. Long-term comparison studies on the abundance of larval P. decipiens in cod in the NW Atlantic were also reported by Boily & Marcogliese (1995), Brattey et al. (1990); McClelland et al. (1990) and Hauksson (1989). A substantial increase of the abundance of the larval anisakids P. decipiens and A. simplex in cod from Scottish waters (as compared to levels observed in 1958) was reported by Rae (1972) and Wootten & Waddell (1977). However, des Clers (1991) analysed these data and found no significant variation in infection levels in 1964-1970. Myjak et al. (1994) found that infections of cod in the southern Baltic Sea with Contaraecum osculatum and Hysterothylacium aduncum were much lower during 19871993 compared to those in the 1960s due to the decrease in the number of seals in the area. Reimer (1995) related the increased levels of infection of cod with Hysterothylacium aduncum to the increase of fish prey in the diet of cod due to the decline in crustacean populations. Reimer (1995) and Rokicki (1995) noted a decrease in both prevalence and intensity, of the acanthocephalan Echinorhynchus gadi in Baltic cod over periods of 40 and 20 years, respectively, and suggested that salinity and pollution levels and changes in abundance of crustacean intermediate hosts are responsible. The absence of juveniles of
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Corynosoma semerme and C. strumosum from cod in the southern Baltic Sea was attributed to the decreased number of seals in the area (Rokicki , 1995). Parasites live as populations that are divided into metapopulations because they are found in spatially discontinuous habitats: the hosts. This is reflected in the theoretical framework for hierarchical organization of parasite populations and communities developed two decades ago (Holmes & Price, 1986; Esch et al., 1990; Guégan et al., 2005). The lowest level of the hierarchy represents the infrapopulation (i.e. all members of a given parasite species within a single host individual) and the infracommunity which includes all of the infrapopulations within an individual host. The next hierarchical level includes the metapopulation and the component community (i.e. all of the infracommunities within a given host population). The highest level of parasite community organisation is the suprapopulation which includes all individuals of a species (including free-living stages) within an ecosystem. The compound community (or supracommunity), the most encompassing level, includes all suprapopulations of all parasite communities within an ecosystem (Esch et al.,1990; Bush et al., 1997). The composition and structure of local parasite faunas and compound communities is dependent on historical and zoogeographic factors and environmental filters acting on parasite dispersal (Holmes, 1990: Esch et al. 1990; Guégan et al, 2005). The knowledge of the patterns and processes underlying the structure of parasite communities in marine fish has increased considerably during the last decade (Guégan et al., 1992; Sousa, 1994; Poulin, 1995; Rohde et al., 1995; Poulin, 1996; 2001). However, studies focusing on parasite communities in marine fish in the NE Atlantic, and in Atlantic cod in particular, are still lacking. This chapter aims to fill this gap by providing a detailed description of the composition and structure of parasite communities in cod from the six NE Atlantic regions studied. This allowed an evaluation of the variability and regional characteristics at two hierarchical levels of community organisation, i.e. infracommunities and component communities, to be attempted. A detailed study on parasite community structure was carried out to test the hypothesis whether faunal structural differences/similarities are also apparent at finer levels of community organisation in NE Atlantic cod, and the three predictions resulting from the faunal comparisons: (i) Parasite communities in cod from the Baltic Sea and Trondheimsfjord would show much lower richness, abundance, diversity and would exhibit higher variation in composition and structure. 78
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(ii) Parasite communities in cod from the open water regions (Irish, Celtic and North seas and Icelandic waters) would have the highest richness, abundance, diversity and similarity and would be dominated by larval nematodes. (iii) With 11 species (nearly a fifth of the total number) shared between the six regions there would be a substantial homogenisation in the composition of both the component and infracommunities. A. simplex, H. aduncum and D. varicus would contribute substantially to the structural homogeneity between communities.In particular the



6.2. Materials and methods 6. 2. 1. Host samples 6. 2. 1. 1. Baltic Sea The Baltic Sea cod, corresponding to the South East Baltic stock (Nielsen et al., 2001; ICES, 2005a), was sampled in two neighbouring areas, Hanö Bight and Öland Island. Fish from the FSS (25-28 February 2002) and from the SSS (4-6 March 2003) were caught in Hanö Bight which is situated to the south-east of the southern Swedish coast and north of Bornholm Island (FSS: 56º12'-55º36' N and 17º56'-14º24'E; SSS: 55º27'-55º53'N and 14º21'-15º34'E) (Figure 6.1A). Fish from the AS (18-20 November 2002) were sampled west of the southern Swedish coast off Öland Island (57º28'-56º33'N and 17º57' 16º54'E). The hydrographical conditions at the Hanö Bight and Öland Island are similar. There is a permanent stratification into an upper low-salinity layer (approximately 7‰) and a deeper saline layer (approximately 12-16 ‰). Tagging experiments have shown that most of the cod in this area perform seasonal migrations to spawn South-East of Bornholm Island (Aro, 1989; Robichaud & Rose, 2004). Cod that migrate to spawn to the Bornholm Basin come mainly from the feeding grounds in the Hanö Bight (Netzel, 1974). During the feeding period adult cod spread over large areas and may move long distances. In the eastern Baltic, the feeding migration after spawning is in general from deeper waters towards more shallow areas (Aro, 1989; Robichaud & Rose, 2004). However, the homing behaviour is variable and the fish may use different spawning areas in successive years (Aro, 1989).



6. 2. 1. 2. Celtic Sea Cod from the Celtic Sea were sampled south of Ireland (ICES division VIIg) and belong to the Celtic Sea cod stock that spawns from February to April (on average March). Twentythree fish comprising the FSS (18-21 and 26 March 2002) were collected at 50º56'-51º43'N 79
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and 7º25'-8º1'W. Fifty-six fish of the AS (19-20 and 23-24 October 2002) and 59 fish of the SSS (18-20 March 2003) were caught in the neighbouring areas (51º30'-51º20'N and 7º36'7º50'W, and 51º30'-51º54'N and 7º4'-7º25'W, respectively) (Figure 6.1B). The maximum depth in the sampling locations was 100 m. The hydrographical conditions of this area are characterized by the mixture of Atlantic waters and the coastal waters of the Bristol Channel and the Irish Sea. Moreover, Celtic Sea waters are influenced by the water circulation of the North Atlantic Drift and the Frontal systems of the Celtic Sea and Atlantic Seaboard (OSPAR, 2000). The lateness of spawning compared with other stocks may be due to the later occurrence of the production cycle in the area, due to strong tidal mixing (Brander, 1994), and is not influenced primarily by temperature (see also Chapter 3).



6. 2. 1. 3. Icelandic waters Cod from Icelandic waters were caught in two neighbour areas that correspond to spring (spawning) and autumn (feeding) grounds. The fish belonged to the same spawning population (Pampoulie et al. 2006). Forty-five fish comprising the FSS (15-16 April 2002) and 58 fish of the SSS (4-5 April) were caught on the southwest coast (64º16'-64º24'N and 22º27'-22º45'W, and 63º36'-64º15'N and 21º44'-22º15'W, respectively). The AS (3-9 October 2002) included 62 fish caught in an offshore area (66º22'-63º56'N and 22º52'26º31'W) west of Iceland (Figure 6.1C). The depth in the sampling areas ranged from 100m in the coastal spawning areas, to near 1000 m in the feeding grounds. Despite the existence of two distinct spawning populations of the Icelandic cod stock (i.e. NE and SW populations) there is migration in both directions and more genetic differences were found in fish from this location at different depths than at different locations (Pampoulie et al., 2006). Jónsson (1996) observed that both mature and immature Icelandic tagged cod have only been caught in the Icelandic shelf area.
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Figure 6.1. Sampling locations on Baltic Sea (A), Celtic and Irish Seas(B), Icelandic waters (C), North Sea (D), and Trondheimsfjord (Norway) (E). FSS, blue; AS,green; SSS, grey.
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6. 2. 1. 4. Irish Sea Irish Sea cod were sampled southward to the Isle of Man (ICES Division VIIa). Sixty fish comprising the FSS (March 2002), 52 fish of the AS (22 and 27 August and 23 September 2002) and 24 fish of the SSS (31 March 2003) were caught in a neighbouring area (53º51'53º55'N and 04º57'-05º08'W, and 53º52'-54º03'N and 04º42'-04º46'W, and 53º52' N 05º05'W, respectively) (Figure 6.1B). The bathymetry of the sampled area changes in a short step decreasing from 50 to 100 m depth (Sager & Sammler, 1975) and the water column can become stratified. Cod spawning in this area are restricted to the coastal region correlated with the earlier food production. After spawning cod move southwards (ICES, 2005a; see Chapter 3 for details).



6. 2. 1. 5. North Sea Cod from the North Sea were sampled at two different locations (Dogger Bank and Skagerrak). According to ICES, the fish belong to the North Sea and Skagerrak cod stocks that spawn from January to April (on average February-March). Twenty-seven fish comprising the FSS (8-13 February 2002) were caught at Dogger Bank (Central North Sea), between the Jutland Peninsula and NE England (54º42'-55º57'N and 00º44'-01º08'E). Sixty fish of the AS (2-5 September 2002) and of the SSS (27-30 January 2003) each, were caught at locations close to the Danish side of Skagerrak (57º42'-58º39'N and 08º33'11º23'E, and 57º41'-58º39'N, 08º48'-11º20'E, respectively) (Figure 6.1D). As described in Chapter 3 the hydrographical conditions of the two sampling locations are very dissimilar.



6. 2. 1. 6. Trondheimsfjord (Norway) Cod from Trondheimsfjord were caught on one single occasion in the second spring of sampling (5-6 April 2003) inshore of the fjord (63º45'N, 11º22'E). Sixty fish comprised the SSS. These cod belong to the Norwegian Coastal stock, some of which leave the fjord for the outer coastal waters during the feeding season, but the majority return for spawning in March and April (Pedersen, 1984; Godø, 1986; Jakobsen, 1987) (Figure 1E).
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6.2.2. Parasite community analyses Ecological terms follow Bush et al. (1997). Species with a prevalence > 10% in any of the samples will further be referred to as common, those with a prevalence ≤10% as rare, and those with prevalence < 3%, as accidental. Species with prevalence ≥ 50% are considered most prevalent. Infection parameters of larva L3 and adult (plus larva L4) of H. aduncum are presented and treated separately in relation to the different role of cod in the parasite life-cycle. Analysis of community structure was carried out at both component and infracommunity levels. The measures of component community richness and diversity adopted were the total number of parasite species (species richness); Berger-Parker dominance index; and Shannon-Wiener’s diversity index. Infracommunity structure was also assessed by the distributions of species richness, abundance, Berger-Parker index and Brillouin's diversity index. All diversity/dominance indices are defined and calculated as in Krebs (1999) using natural logarithms (loge) in calculating the formers. The similarity index of Bray-Curtis (Legendre & Legendre, 1998) [following ln (x+1) transformation of abundance data] was calculated at both infra- and component community levels. The frequency distributions of infracommunity species richness were tested for goodness of fit to the Poisson distribution (Kolmogorov-Smirnov procedure; assumption of the null model is a random distribution) and the null model of Janovy et al. (1995) (i.e. χ2 test; assumption of the null model is that in the absence of associations and interactions between species, the frequency distribution of infracommunity species richness is predicted by prevalence values of all the species comprising the component community). Due to the overall aggregated distribution of parasites, Spearman rank correlations (rs) and non-parametric tests (Mann–Whitney and Kruskall–Wallis) were applied for statistical comparisons. Where parametric tests were used, parasite abundance data were ln (x+1) transformed. Prevalences were compared with Fisher’s exact test. Intraspecific comparisons of abundance distributions were carried out only for species with prevalence > 30%. Analyses were carried out using SPSS 13.0 (SPSS Inc., 2004) and the programme Quantitative Parasitology 3.0 (Rózsa et al., 2000). Community composition analyses were carried out with PRIMER v6 software (Clarke & Gorley, 2006) which provides multivariate procedures for analyzing species/samples abundance matrices. Species datasets were analysed using communities in individual fish as replicate samples. First, the ANOSIM procedure which performs randomization tests on similarity matrices was used to test the null hypothesis of no differences in parasite community structure between samples (1-way layout). The 83
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ANOSIM procedure calculates the R-statistic which indicates the magnitude of the difference among/between samples and a significance level that corresponds to the alpha level (probability of Type I error) in traditional ANOVA. The R-statistic ranges from 0 to 1; R>0.75 indicates a substantial difference in overall community structure (i.e. strong separation), whereas values for R 
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