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Abstract The parasite communities of Scyliorhinus
canicula and Galeus melastomus are studied for the first
time in the Mediterranean. Their seasonal and geo-
graphical variations, and their relationship with envi-
ronmental and fish biological data were tested. The
parasite communities of both sharks were characterized
by low richness and diversity, and high dominance.
Infracommunity structure and composition differed
between both species probably due to the consumption
of different prey associated with their different bathy-
metric distributions. For G. melastomus, parasite infra-
community structure and the abundance of some
parasites differed across seasons and/or localities due
to different dynamics of intermediate hosts populations,
in turn linked to different environmental conditions.
While Ditrachybothridium macrocephalum was more
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abundant in juvenile specimens of G. melastomus as a
result of ontogenic diet shifts, Grillotia sp. accumulated
in adult hosts. The abundance of Proleptus obtusus was
significantly higher in S. canicula, likely due to its
shallower distribution coupled with higher consumption
of reptantian decapods with respect to G. melastomus.
Monogenean parasites were associated to high turbidity
and temperature levels, which are known to enhance
monogenean infection and reproductive success. Ces-
todes of G. melastomus were linked to high turbidity
and O, levels, which increase zooplankton biomass,
favouring the transmission of heteroxenous parasites.

Keywords Parasites - Sharks - Trophic
transmission - Parasite dynamics - Deep sea

Introduction

Elasmobranchs are of great relevance for the human
being from an ecological, commercial, economic,
conservationist and cultural point of view. Sharks and
their relatives play a significant role as top predators in
marine food webs, in which they are key components,
regulating trophic interactions and community com-
position (Stevens et al., 2000; Ruiz et al., 2016).
Unfortunately, they are the main target of the fishing
industry: the global market of shark products (which
includes meat, fins, and other shark-derived commer-
cial goods, such as liver oil, cartilage or skin) declares
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nearly 1 billion USD per year (Dent & Clarke, 2015).
Such a high commercial importance has led to the
overexploitation of these interesting animals, raising
concerns about their vulnerability, conservation status
and population decline (Stevens et al., 2000; Gross,
2014; Dent & Clarke, 2015). Of the approximately one
thousand elasmobranch species included in the IUCN
Red List of threatened species, nearly 20% hold one of
the three endangered categories (IUCN, 2016), and
approximately 44% are categorized as ‘“data defi-
cient”, which suggests that the real percentage of
threatened species of this group can be actually higher.
Among the factors that make elasmobranchs particu-
larly vulnerable to population mining, their life-cycle
strategy, characterized by slow growth, late sexual
maturity and low fecundity, is of major relevance
(Stevens et al., 2000).

However, in spite of their relevancy and justified
research interest, there is still little knowledge on many
aspects of sharks biology and ecology. A good example
is the composition and dynamics of shark parasite
communities, which have been largely neglected (the
following list covers virtually all the existing literature
on shark parasite communities: Henderson & Dunne,
1998; Moore, 2001; Henderson et al., 2002; Klimpel
et al., 2003; Chambers, 2008; Isbert et al., 2015). In
addition, these studies have been conducted in north-
eastern Atlantic waters in almost all cases, and are
completely absent from the Mediterranean Sea.

The spotted dogfish Scyliorhinus canicula (L.,
1758) (Carcharhiniformes: Scyliorhinidae) and the
blackmouth catshark Galeus melastomus Rafinesque,
1810 (Carcharhiniformes: Scyliorhinidae) are the two
most abundant sharks in the Balearic Sea (NW
Mediterranean) (Massuti & Moranta, 2003). These
small demersal sharks are an important by-catch in
northwestern Mediterranean waters (Carbonell et al.,
2003) and both have shown to be negatively affected
by trawling activity (Carbonell et al., 2003; Dimech
et al., 2012).

Galeus melastomus shows a very wide bathymetric
range, being the most important shark in the upper and
middle slopes (i.e., 400-800 and 800-1400 m,
approximately) in terms of abundance and biomass
(Carrasson et al., 1992; Massuti & Moranta, 2003;
D’Onghia et al., 2004). In contrast, S. canicula reaches
its maximum abundance around 100 m depth, domi-
nating the elasmobranch fauna of the continental shelf,
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although it can be found in the upper slope down to
500 m (Massuti & Moranta, 2003).

Regarding their feeding biology, both species are
generalistic predators and occasional scavengers that
consume mainly benthic and benthopelagic prey
(Carrasson et al., 1992; Valls et al., 2011; Mnrasi
et al.,, 2012).

The metazoan parasite community of S. canicula was
already described in the northeastern Atlantic Ocean by
Henderson & Dunne (1998) and Moore (2001). In the
case of G. melastomus, although several records of
different parasites exist (Pintner, 1899, 1930; Sproston,
1946; Brinkmann, 1988; Euzet et al., 1993; Raibaut
et al., 1998; Dallarés et al., 2015; among others), these
mainly come from northern Atlantic waters.

Population dynamics of trophically transmitted
parasites are mostly influenced by host feeding habits
(Campbell et al., 1980), which largely depend on prey
availability, in turn linked to specific environmental
conditions (Dallarés et al., 2016). Host population
dynamics (e.g., abundance or density) and biological
features (e.g., diet shifts, age or body size) also drive
parasite abundance and, therefore, community com-
position and structure (Sasal et al., 1997; Bagge et al.,
2004). This responsiveness of parasites to environ-
mental factors and to host biology and ecology makes
them suitable indicators of trophic interactions, host
stocks and environmental health, among others (Wil-
lams et al., 1992; Pérez-del-Olmo et al., 2009; Dallarés
et al., 2016).

Given the high importance of S. canicula and G.
melastomus in the NW Mediterranean marine
ecosystems, the foremost aim of present work is to
study the parasite communities of both species in this
area. Differences on the parasite community compo-
sition and structure between both sharks are assessed
and discussed. Seasonal variability throughout the
year (and geographical differentiation between two
localities in the case of G. melastomus) is tested for
parasite community descriptors and for the abun-
dance of the most frequent parasites. The influence
of environmental variables (namely temperature,
salinity, turbidity, O, content of water masses and
phytoplankton concentration) on the abundance pat-
terns of individual parasites is further addressed.
Finally, the impact of parasite infection on host
health is assessed by analysing the response of fish
general condition indices to parasite loads.
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We hypothesize that parasite communities of
both sharks will differ as a consequence of their
different trophic habits, which should be impor-
tantly linked to the different availability of inter-
mediate hosts in their respective bathymetric
distributions. However, a fairly high degree of
resemblance is expected in the general features of
such communities as a result of the similarities
found between both sharks in terms of feeding
ecology. We also expect seasonal variations in
abundances of heteroxenous parasites (i.e., those
using more than one host species during their life
cycle), which should be linked to the temporal
dynamics of their intermediate hosts [especially of
those experiencing high turnovers along the year,
such as zooplankton (Sardou et al., 1996)]. For
monoxenous parasites (i.e., those using a single host
species to complete their life cycle), fluctuations of
environmental variables should significantly con-
tribute to their abundance dynamics instead, since
these parasites do not rely on trophic interactions
for transmission. Although parasites occur naturally
and they do not necessarily imply a risk for host
health, a certain decrease of fish condition indices is

Fig. 1 Map of the study
area in the Balearic Sea
showing locations of
sampling hauls. Times
symbol Besos winter; filled
circle Besos spring; open
circle Besos summer; open
diamond Besés autumn;
filled square Vilanova
summer. Hauls located in
the continental shelf
(<200 m depth) correspond
to samples of Scyliorhinus
canicula, while those
located in the continental
slope (>200 m depth)
correspond to samples of
Galeus melastomus

expected in heavily parasitized hosts or in those
infected by especially harmful parasites.

Materials and methods
Sampling area and specimen collection

A total of 41 specimens of S. canicula and 159 of G.
melastomus was collected during 2007 at the continen-
tal slope of the Balearic Sea off the mouth of the River
Besos (Barcelona) (seasonally) and off Vilanova (only
in summer) (Fig. 1). The samples were obtained using a
semi-balloon otter trawl (OTSB) and a commercial
fishing gear (BOU) at depths comprised between 53 and
68 m for S. canicula and between 549 and 809 m for G.
melastomus (Table 1). On board, fish were freshly
frozen at —20°C for further parasitological examination.

Simultaneously to sampling hauls, measures of
temperature (7) in °C, salinity (S) in psu, O, content of
water masses in ml/l, turbidity (voltage) and phyto-
plankton pigment concentration (Chla) were obtained
at 5 m above the bottom by deployment of a CTD
profiler (Table 1).
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Table 1 Sampling data for the sharks Galeus melastomus and Scyliorhinus canicula

Locality-season group Haul Date Depth  Coordinates n n Environmental variables
(dd/mm/yy) (m) Lat. Long. G. S. 7°C S (psu) O, Turb Chla
(N) (E) mel. can. ml/1) (V)
Besos-winter B1-BOU1  06/03/2007 651 41.24 2.46 25 13.29 3853 393 0.15 0.05
B1-BOU2  06/03/2007 784 41.15 2.40 28 13.19 3851 412 1.10 0.05
B1-BOU3  14/03/2007 53 4141 229 1 13.64 3822 488 035 1.02
B1-BOU4  14/03/2007 63 4142 238 6 13.64 3822 488 035 1.02
Besos-spring B2-OTSB2 28/04/2007 650 41.17 238 5 13.29 3853 576 027 0.02
B2-OTSB3  28/04/2007 797 41.15 241 5 13.24 3852 577 044 0.02
B2-OTSB4 29/04/2007 809 41.15 2.40 3 1324 3852 577 044 0.02
B2-OTSB5 29/04/2007 661 41.24 248 1 1329 3853 576 027 0.02
B2-BOU1  09/05/2007 66 41.38 234 13.63 38.08 574 0.07 0.22
B2-BOU2  09/05/2007 67 4139 234 13.63 38.08 574 0.07 0.22
B2-BOU3  11/05/2007 559 41.24 2.46 12 13.29 38.53 576 027 0.02
B2-BOU4  11/05/2007 785 41.15 240 13.24 3852 577 044 0.02
Besds-summer B3-OTSB5 01/07/2007 671 41.24 249 13.32 3854 576 0.03 0.02
B3-BOU3  18/07/2007 66 4138 234 7 14.80 38.04 560 0.02 0.54
B3-BOU4  18/07/2007 66 41.38 233 4 14.80 38.04 560 0.02 0.54
B3-BOUS  18/07/2007 68 4138 235 2 1480 38.04 560 0.02 0.54
B3-BOU6  19/07/2007 561 41.24 2.46 19 1332 3854 576 0.03 0.02
B3-BOU7  19/07/2007 791 41.15 2.40 10 13.18 38.51 578 0.08 0.02
Besds-autumn B4-OTSB3 02/10/2007 811 41.14 236 2 13.18 38.51 825 0.18 0.02
B4-OTSB6 03/10/2007 716 41.24 249 4 13.39  38.55 822 047 0.02
B4-BOU1  13/11/2007 60 4139 234 17.00 38.03 7.67 0.83 0.77
B4-BOU2  13/11/2007 60 41.36 233 17.00 38.03 7.67 083 0.77
B4-BOU3  13/11/2007 60 41.38 234 17.00 38.03 7.67 0.83 0.77
B4-BOU4  28/12/2007 549 41.24 245 2 13.39  38.55 822 047 0.03
B4-BOUS  28/12/2007 791 41.15 2.40 13 13.18 38.51 825 0.18 0.03
Vilanova-summer B3-OTSB6 05/07/2007 662 41.09 2.18 13.41 3853 395 040 0.01
B3-OTSB7 05/07/2007 803 41.07 221 2 13.17 3850 578 0.09 0.02
B3-BOU1  25/06/2007 780 41.07 2.20 16 13.17 3850 578 0.09 0.02
Total number of specimens sampled 159 41

n: number of individuals captured in each haul, Lat.: Latitude, Long.: Longitude, G. mel.: G. melastomus, S. can.: S. canicula.
Environmental variables: 7°C: temperature, S: salinity, O,: oxygen concentration, Turb: turbidity, Chla: chlorophyll a concentration

Parasitological study

In the laboratory and prior to dissection, total length
(TL) in mm and total weight (TW) in g were obtained for
each fish. Subsequently, external surfaces and gills were
examined for the presence of ectoparasites. All internal
organs were dissected out and examined separately for
endoparasites under stereomicroscope. In the case of S.
canicula, body musculature was also examined under
stereomicroscope by compression between two glass
plates. All metazoan parasites collected were preserved
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in 70% ethanol. Monogeneans, digeneans and cestodes
were stained with iron acetocarmine and examined as
permanent mounts in Canada balsam. Nematode larvae
and crustaceans were observed as temporary mounts in
saline solution. All parasites were identified to the
lowest possible taxonomic level.

Data analyses

For G. melastomus, two size-based groups of hosts were
defined, corresponding to immature (TL < 34 cm for
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males and TL <40 cm for females) and mature
specimens (TL > 34 cm for males and TL > 40 cm
for females) (Capapé & Zaouali, 1977).

Ecological terms used for parasite populations and
communities follow Bush et al. (1997): prevalence
(P%) was calculated as the proportion of hosts in each
sample infected by a given parasite and mean abun-
dance (MA) as the total number of individuals of a
given parasite taxa found in a particular host species
divided by the total number of hosts examined of such
species. For both species, parasite species displaying a
P% > 10% in at least one seasonal/geographical
group were considered not accidental and are hence-
forth called common (see indications in Table 2).
Parasite infrapopulations and infracommunities (i.e.,
all parasites of a given species in an individual fish and
all infrapopulations in an individual fish, respectively)
were used as replicate samples in the analyses.
Infracommunity richness, abundance, diversity and
dominance were calculated, the two latter based on
parasite abundance, using Brillouin’s Index (PRIMER
v6; Anderson et al., 2008) and Berger—Parker domi-
nance index (calculated as the number of individuals
of the most abundant parasite species in a given host
divided by the total number of parasites found in such
host), respectively. Fish condition was assessed by the
condition factor (K, calculated as TW x 100/TL%),
and the hepatosomatic index (HSI, calculated as liver
weight (g) x 100/TW).

Spearman’s rank correlation () tests were applied
in order to assess the association of parasite infracom-
munity parameters (i.e., richness, abundance, diversity
and dominance) with host TL, and condition param-
eters (i.e., K and HSI). The same tests were used to test
the relationship between the abundance of common
parasites of both hosts and the same fish biological
factors.

Kruskal-Wallis tests and generalized linear model
(GZM) analyses were performed to test the differences
on parasite infracommunity parameters and on the
prevalence and abundance of common parasites (using
fish TL as covariate), respectively, among seasons.
Similarly, general linear models (GLM) followed by
post hoc tests using Bonferroni correction were carried
out to assess differences among seasons on fish TL and
condition parameters for both species. The same
analyses were repeated using matched seasonal sam-
ples (i.e., summer) of G. melastomus collected in
Bes6s and Vilanova in order to test geographical

variability in parasite infracommunity parameters, the
prevalence and abundance of common parasites and in
fish TL and condition parameters.

Permutational multivariate analyses of variance
(PERMANOVA) were carried out using abundance
data of parasite infracommunities to test differences in
the parasite community structure among the four
seasons sampled off Bes6s for the two species of
sharks, and between matched seasonal samples from
off Besos and Vilanova for G. melastomus. Such
analyses were applied using PERMANOVA+ for
PRIMERvV6 (Anderson et al., 2008) on Bray—Curtis
similarity matrices generated from the logarithmically
transformed (log (X + 1)) abundance data, and per-
mutation P-values were obtained under unrestricted
permutation of raw data (9999 perms).

Canonical correspondence analyses (CCA) were
used to relate the abundance of the common parasites
found in the two species of sharks with environmental
variables (Ter Braak, 1986). In CCA plots, arrows
represent explanatory variables and are proportional in
length to their importance on the explained variable.

A non-parametric Multi-Dimensional Scaling
(MDS) was applied on infracommunity data of S.
canicula and G. melastomus in order to visualize the
ordination of parasite infracommunities of the two
distinct hosts. Then, using the samples collected from
off Besds, ¢ Student tests (assuming non-equal vari-
ances) were applied to test differences on infracom-
munity richness, diversity and dominance between S.
canicula and G. melastomus, and GZM were used to
test differences on infracommunity abundance and on
the overall abundance of the shared parasites between
both hosts.

Results
The parasite community of Scyliorhinus canicula

The parasite community of S. canicula included a total
of five parasite species comprising three nematodes,
one monogenean and one cestode (Table 2). The
nematode Hysterothylacium aduncum (Rudolphi,
1802) constitutes a new host record for this species.
Additional parasites recovered were the monogenean
Hexabothrium appendiculatum (Kuhn, 1829), the
cestode Nybelinia lingualis Cuvier, 1817 and the
nematodes Anisakis sp. ascribed to morphotype

@ Springer
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Anisakis Type II sensu Berland (1961) and Proleptus
obtusus Dujardin, 1845. All sharks examined were
infected by at least one parasite.

No relationship was detected between any of the
infracommunity parameters or the abundance of
common parasites and fish TL, K or HSI (P > 0.05
in all cases). Kruskal-Wallis tests and GZMs revealed
no seasonal differences for infracommunity parame-
ters or for the abundance or prevalence of common
parasites (P > 0.05 in all cases) (Tables 2, 3). Regard-
ing fish biological factors, only K showed significant
seasonal variations (F3 7y = 6.293, P = 0.001) being
higher in summer and autumn than in the other two
seasons (Table 3).

The PERMANOVA applied on parasite infracom-
munities showed no seasonal effect on the structure of
such communities (P(perm) > 0.05). The CCA relating
common parasites of S. canicula and environmental
variables accumulated 99.8% of the total variance
(Fig. 2). The abundance of the monogenean H.
appendiculatum was strongly associated to high
near-bottom turbidity and, to a lesser extent, temper-
ature and O, concentration, while the nematode H.
aduncum was associated to high salinity levels.

The parasite community of Galeus melastomus

A total of 13 parasite species comprising five nema-
todes, three cestodes, two monogeneans, two dige-
neans and one copepod were recovered from the
specimens of G. melastomus examined (Table 4). Of
these, ten species constitute new host records for this
host: the monogeneans Erpocotyle sp. and Leptocotyle
minor (Monticelli, 1888); the digeneans Otodistomum
cestoides (Van Beneden, 1871) Odhner, 1911 and
Accacoelidae gen. sp.; the cestode Grillotia sp.; and
the nematodes H. aduncum, Anisakis sp. ascribed to
morphotype Anisakis Type II sensu Berland (1961), P.
obtusus, Piscicapillaria baylisi Moravec, 1987 and
Cucullanus sp. The cestodes Ditrachybothridium
macrocephalum Rees, (1959) and Sphyriocephalus
viridis (Wagener, 1854) and the copepod Eudactylina
sp. were also recovered from this shark. Overall
prevalence of infection in G. melastomus was 46%.
Infracommunity richness and the abundance of the
cestodes D. macrocephalum and Grillotia sp. were
significantly correlated with fish TL (r, = 0.17,
P=004; ry=-0.16, P=0.04 and ry;=0.27,
P = 0.001, respectively), with the abundance of D.

macrocephalum being higher in juvenile sharks and
infracommunity richness and the abundance of Gril-
lotia sp. reaching higher values in adult hosts.
Furthermore, the abundance of D. macrocephalum
and P. obtusus showed significant positive and neg-
ative relationships, respectively, with K (r, = 0.19,
P =0.019 and r; = —0.23, P = 0.004, respectively),
and the abundance of D. macrocephalum and Grillotia
sp. were negatively and positively related, respec-
tively, to HSI (ry = —0.28, P = 0.004 and r; = 0.20,
P = 0.042, respectively). Parasite infracommunity
descriptors were not significantly related to K or HSI
(P > 0.05 in all cases).

The abundance of Grillotia sp. showed significant
differences among seasons, being maximum in sum-
mer and autumn (Xz = 10.643, P = 0.014). In the
cases of infracommunity mean abundance and abun-
dance of D. macrocephalum, interactions were found
between the factor season and fish TL (}52 = 16478,
P =0.001 and ;52 = 11.386, P = 0.003, respec-
tively), and the analyses were thus repeated consider-
ing the two size groups of hosts separately.
Infracommunity mean abundance and abundance of
D. macrocephalum displayed significant seasonal
variability in juvenile sharks, (}{2 = 21.737,
P < 0.001 and ;52 = 22.870, P < 0.001, respectively),
both being highest in spring than in the rest of seasons
(Tables 3, 4).

No seasonal differences were detected for infra-
community richness, diversity or dominance, or for
the prevalence of common parasites (P > 0.05 in all
cases).

Concerning geographical variability, infracommu-
nity richness and abundance were significantly higher
in samples from off Besds than in those from off
Vilanova in summer (XZ = 6.031, P =0.014 and
y* = 5.679, P = 0.017, respectively) (Table 3). No
significant differences were detected between locali-
ties for abundance or prevalence values of common
parasites, although Erpocotyle sp., and P. obtusus
were absent from the samples from off Vilanova
(Table 4).

Fish TL and HSI were significantly lower in autumn
samples than in the rest of seasons (F3 132y = 10.937,
P <0.001 and F396 = 5446, P = 0.002, respec-
tively), while fish K reached minimum values in summer
(F3.130) = 3.861, P = 0.011). Among fish biological
descriptors, only K showed significant differences
between localities (F(1 54y = 6.845, P = 0.012), being
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Fig. 2 Canonical

correspondence analysis

(CCA) showing associations 0,5
between the common

parasites of Scyliorhinus

canicula and environmental Ansp
variables. Abbreviations for

parasite names: Ansp,

Anisakis Type 1I; Heap, o1
Hexabothrium ! Bsp
appendiculatum; Hyad,
Hysterothylacium aduncum;

Nyli, Nybelinia lingualis; <

Prob, Proleptus obtusus. b4

Abbreviations for locality- g

season groups: Ba Besos ~ 03
.

autumn, Bsp Besos spring,
Bsu Besds summer, Bw
Besos winter. Abbreviations
for environmental variables:
Chla chlorophyll a
concentration, O, oxygen 0,7
concentration, S salinity,

T temperature, Turb

turbidity

-11

Hyad

Chla

Nyli

higher in fishes from off Besos than in those from off
Vilanova (Table 3).

The PERMANOVA analyses applied on infracom-
munity abundance data revealed significant differ-
ences in the structure of parasite infracommunities
among the four seasons sampled off Besds (Pseudo-
Faie7y = 3.1495, Ppermy < 0.001, unique perms =
9928). Post hoc pairwise comparisons separated winter
and spring samples, which grouped together, from
summer and autumn ones, which grouped together as
well. In contrast, no geographical differences between
infracommunities collected off Besos and Vilanova in
summer were detected (Pperm) > 0.05).

The CCA relating common parasites of G. melas-
tomus and environmental variables accumulated
95.0% of the total variance (Fig. 3). The abundance
of the cestode D. macrocephalum was associated to
high near-bottom turbidity coinciding with some hauls
from off Besds in winter and spring. The parasites
Erpocotyle sp. and Grillotia sp. were linked to high O,
concentration, partly associated to hauls from off
Bes6s in autumn. Finally, the nematode P. obtusus was

0,5 0,9 13 17 2,1 2,5 2,9
F1 (61,82 %)

associated to high levels of salinity and temperature, in
this case associated to hauls from off Besés, although
of any particular season.

Comparison between the two sharks addressed

The MDS providing an ordination of parasite infra-
communities of both hosts evidenced a clear differ-
entiation between samples of S. canicula and G.
melastomus (Stress = 0.04, Fig. 4).

Overall parasite infracommunity richness and
dominance were significantly higher in S. canicula
than in G. melastomus (t = —5.540, P < 0.001 and
t = —3.851, P < 0.001, respectively), as also were
total infracommunity abundance and the abundance of
the nematode P. obtusus (;(2 = 365.441, P < 0.001
and )(2 = 305.229, P < 0.001, respectively, see
Table 3). Infracommunity diversity and the abun-
dance of the other two shared parasites (i.e., H.
aduncum and Anisakis Type II) showed no signif-
icantly different values between hosts (P > 0.05 in
both cases).
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Fig. 3 Canonical 0,8
correspondence analysis Ba
(CCA) showing associations
between the common
parasites of Galeus
melastomus and 0,
enVlron.mc?ntal varlables., Turb Ersp
Abbreviations for parasite 03 i
names: Dima, Bw Grsp
Ditrachybothridium Chla Vs Bsu
macrocephalum; Ersp,
Erpocotyle sp.; Grsp, ——Dima } } f
Grillotia sp.; Prob,
Proleptus obtusus. 3
Abbreviations for locality- [ -0.2 il Bsp Ba
season groups: Ba Besos ~
autumn, Bsp Besos spring, =
Bsu Bes6s summer, Bw o Bsu Bw
Besds winter. Abbreviations
for environmental variables:
Chla chlorophyll a
. 0,7 -
concentration, O, oxygen
concentration, S salinity, S
T temperature, Turb T
turbidity
Prob
12
0,9 0,4 01 0,6 11
F1 (77,35 %)
N 20 Stress: 0.04 strongly dominated by a single species (i.e., Fhe
R nematode P. obtusus). Galeus melastomus, for which
the parasite community is described herein for the first
time, shows in comparison markedly higher total
R . parasite richness (13 vs. 5 parasite taxa), although
. . A A parasite infracommunities are still depauperate, with
» A ah lower mean richness and similar diversity and dom-
. . .
.. L At s inance values than S. canicula.
A . . . .
Si . N “ 4 These coincidences are in accordance with what was
s a hypothesized in the introduction section and are likely
a A due to the similarities that both sharks show regarding
biological and ecological features. Both are small-sized

Fig. 4 Non-parametric multi-dimensional scaling (MDS)
showing ordination of infracommunities of Scyliorhinus canic-
ula (filled circle) and Galeus melastomus (filled triangle)

Discussion

The present study addresses the complete parasite
communities of shark species in the Mediterranean
Sea for the first time. In the NW Mediterranean, S.
canicula is characterized by an impoverished parasite
community, with low richness and diversity and

species which live close to the bottom and mainly feed
on benthic and benthopelagic organisms, among which
euphausiid crustaceans, cephalopods, natantian deca-
pods and teleosts are shared prey (Valls et al., 2011). The
similar proportion of larval forms of trophically trans-
mitted parasites in both sharks (70% in G. melastomus
and 75% in S. canicula) further suggests a similar
position in trophic food webs, as has also been deduced
from stable nitrogen isotopes (Polunin et al., 2001).

In spite of the observed similarities in the general
descriptors of the parasite faunas of G. melastomus
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and S. canicula, composition and structure of infra-
communities differ between both species, as evi-
denced by their distinct ordination in the MDS and as
also formerly hypothesized. A different dietary com-
position (Carrasson et al., 1992; Valls et al., 2011;
Mnrasi et al., 2012), largely explained by the distinct
availability of benthopelagic prey assemblages in the
different depths inhabited by S. canicula and G.
melastomus (the continental shelf and the upper slope,
respectively), can account for this pattern. Variations
in benthopelagic faunal assemblages occur along
depth gradients in response to different environmental
conditions (Cartes et al., 2006, 2013) and lead to
different transmission dynamics for trophically trans-
mitted parasites and, therefore, to different composi-
tion of parasite communities.

The low mean richness and diversity, and high
dominance of infracommunities observed for S.
canicula and, to a lesser extent, for G. melastomus,
have also been reported from other small-sized sharks
from different areas. According to Isbert et al. (2015),
infracommunities of Etmopterus spinax (L.) from the
NE Atlantic were also characterized by low mean
richness and high dominance values. Moore (2001)
and Henderson et al. (2002) also reported depauperate
infracommunities in S. canicula and Squalus acan-
thias L., respectively, from the NE Atlantic as well.

As far as we are concerned, available studies on shark
parasite communities have focused on small-sized
sharks from North-Atlantic waters, in which the total
number of parasite taxa is usually low. Henderson &
Dunne (1998) found five different parasites in S.
canicula, Chambers (2008) reported eight parasites
from Centroscyllium fabricii (Reinhardt), Henderson
et al. (2002) recovered 10 parasites from S. acanthias
and Moore (2001) and Isbert et al. (2015) found 11
different taxa in S. canicula and E. spinax, respectively.
In larger, although still small-sized sharks, Palm &
Schroeder (2001) reported six parasites from Hep-
tranchias perlo (Bonnaterre), three from Deania calcea
(Lowe), seven from Deania profundorum (Smith &
Radcliffe) and nine from Deania histricosa Garman.
Isbert et al. (2015) suggested that poor parasite faunas,
with low richness and diversity and high dominance
values, could represent features of small sharks.
Although this would be to some extent supported by
present results, there are few data available for compar-
ison and the suggested trends could be a characteristic
pattern of sharks in general, regardless of their size.

@ Springer

Different studies on teleost parasite communities
have repeatedly reported lower parasite richness in
Mediterranean with respect to Atlantic populations
(e.g., Pérez-del-Olmo et al., 2009; Mattiucci et al.,
2014; Constenla et al., 2015). A smaller fish size,
lower food consumption and lower biomass and
abundance of animal communities in the Mediter-
ranean have been suggested as possible explanations
for such pattern (see Constenla et al., 2015 and
references therein). Actually, maximum size of S.
canicula in the Mediterranean is lower than elsewhere
(Compagno, 1984), and a similar pattern has been
observed for Mediterranean specimens of G. melasto-
mus with respect to their Atlantic counterparts (Com-
pagno, 1984; Carrasson et al., 1992; present results).
However, results available to date are far from
sufficient to conclude whether elasmobranch parasite
communities are more diverse and abundant in
Atlantic than in Mediterranean waters. Parasitological
data for S. canicula are scarce (only Henderson &
Dunne (1998) and Moore (2001) have analysed the
parasite community of this shark in the Atlantic, and
present results constitute the first report from the
Mediterranean), and in the case of G. melastomus
present results represent the first description of its
parasite community, and comparative data are thus
completely absent. Undoubtedly, additional parasito-
logical studies in sharks from Mediterranean and
Atlantic waters will clarify if the same trend observed
in teleosts is applicable to shark parasite communities.

Fish condition indices vary in response to multiple
factors and clear relationships between them and parasite
loads are usually difficult to determine (Heins & Baker,
2008). Fishes with reduced health condition may show
higher susceptibility to parasite infections (Dallarés
etal., 2016). It is also possible that parasite infections do
not reach the threshold needed to affect condition indices
or even that healthier fishes harbour more abundant and
rich parasite communities, as suggested by Dallarés et al.
(2014). In any case, unless the impact of a given parasite
on host fitness is strong (i.e., Heins & Baker, 2008
detected heavily reduced reproductive fitness in the
three-spine stickleback Gasterosteus aculeatus infected
with the cestode Schistocephalus sp.), studies assessing
the effects of parasite burden on general fish condition
indices have yielded inconsistent results which must
therefore be carefully considered.

In this sense, the contrary associations detected in G.
melastomus between the parasites D. macrocephalum
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and P. obtusus and fish condition factor, or between the
cestodes D. macrocephalum and Grillotia sp. and fish
hepatosomatic index, do not allow stating any general
trend. Such relationships, observed for a few individual
parasites only, may reflect variations in parasite loads
in response to specific biological aspects of their host
(i.e., dietary trends) or environmental patterns that are
coupled with variations in fish condition parameters,
instead of an impact of parasites on fish health.

These observations, alongside with the absence of
noticeable effects of the parasite load on S. canicula
general condition, point to a negligible repercussion
of the parasite burden in general fish condition
indices in the two sharks addressed, contrary as
hypothesized.

The absence of significant differences among
seasons in the case of S. canicula, either for the
abundance or prevalence of the different parasites
recovered or for infracommunity descriptors and
structure might be attributed to the low number of
hosts available for each seasonal group. Further
studies with increased number of specimens are
needed in order to confirm the observed lack of
seasonal patterns.

The much lower infracommunity richness and
abundance observed in Vilanova with respect to Besos
for samples of G. melastomus could be possibly
explained by the vicinity of the Besds submarine
canyon to the latter locality. Submarine canyons,
formed as a result of river discharge (the Besos River
in this case), favour aggregation of zooplankton and
more complex invertebrate communities (Macquart-
Moulin & Patriti, 1996; Rumolo et al., 2015), which
can presumably enhance parasite transmission. A
similar pattern has been observed in the case of the
parasite communities of the teleost Phycis blennoides
(Briinnich) in the same area, where the more abundant,
rich and diverse parasite composition of samples
collected off the mainland versus the insular slope in
the Balearic basin are partly explained by the higher
availability of benthic prey linked to submarine
canyons in samples off the mainland slope (Dallarés
et al., 2016).

Parasites with direct life cycles, such as monoge-
neans, are subjected to environmental rather than to
biotic factors, in contrast with trophically transmitted
parasites. Effects of higher temperature and/or turbid-
ity levels in increasing monogenean infection success
have been demonstrated (Skinner, 1982; Brazenor &

Hutson, 2015) and are consistent with the association
observed between H. appendiculatum and these envi-
ronmental parameters in S. canicula. While higher
temperatures can enhance monogenean hatching suc-
cess and reduce time to maturity (Brazenor & Hutson,
2015), aquatic environments with increased turbidity
due to high levels of suspended materials can provoke
irritation and inflammation of gill filaments accompa-
nied by an inhibition of fish defense mechanisms,
increasing susceptibility to infection by gill parasites,
such as monogeneans (Skinner, 1982; Madi & Ueta,
2009). Few studies have addressed the response of
these parasites to O, levels (Monni & Cognetti-
Varriale, 2002; Raymond et al., 2006) and this
relationship is not well understood yet, although an
enhancement of monogenean reproduction and infec-
tion success in more oxygenated environments, as
documented for other invertebrates (Cheung et al.,
2008) could be suggested. Apart from the direct effects
of environmental variables on monogenean biology,
an additional explanation based on indirect effects
should be considered. Higher water turbidity and O,
have been linked to increased biomass of zooplankton,
which enhances suprabenthos biomass and favours
fish aggregation due to higher prey availability (Cartes
et al., 2013). Ultimately, the increase in shark
population size at a local scale could stimulate the
transmission and increase the abundance of monoge-
neans, as has been reported by Bagge et al. (2004).
Ditrachybothridium macrocephalum seems to be
exclusively distributed in the deep sea (Rees, 1959;
Bray & Olson, 2004; Dallarés et al., 2015), which can
explain its absence from S. canicula and its high
prevalence and abundance values in G. melastomus, its
definitive host (Dallarés et al., 2015). It is believed that
these cestodes use two invertebrate intermediate hosts
(afilter-feeding crustacean as first and a shrimp or crab
as second) before reaching the elasmobranch final host
where they will develop into adults (Tyler, 2006).
Among the known prey of G. melastomus (Carrassén
et al., 1992), amphipods and different decapods have
been found to host larval stages of diphyllideans (see
Bray & Olson, 2004 and references therein). As
already highlighted by Dallarés et al. (2015), the
higher abundance of D. macrocephalum in juvenile
compared to adult sharks is in all likelihood related to
the ontogenetic diet shift undergone by this host
(Carrasson et al., 1992). According to Carrasson et al.
(1992), adults consume larger prey such as
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cephalopods, teleosts and large crustaceans, than
juveniles, for which smaller crustaceans like mysids,
amphipods or euphausiids are the main target. Fur-
thermore and according to the same authors, adults of
G. melastomus are generally distributed in deeper
grounds than juvenile specimens. In this sense, the
decapod Calocaris macandreae is an important prey in
the sampled area, and its presence in guts decreases
with age and depth (Carrasson et al., 1992). The rest of
decapods increase in importance with age and
amphipods are only relevant below 1000 m. There-
fore, C. macandreae could be a transmitter for this
parasite in present samples.

The aggregation of benthopelagic fish in response
to high near-bottom turbidity levels (explained above)
probably stimulates parasite transmission and can
explain the link between this environmental variable
and the abundance of D. macrocephalum in the CCA.
The close association observed between water turbid-
ity and Besos winter samples (further corroborated by
Rumolo et al., 2015 with the environmental data
recorded in the present study) suggests that the
transmission of larval stages of D. macrocephalum
in their invertebrate hosts is enhanced in winter. The
parasites must reach their final host with some
temporal delay, which can explain the maximum
abundance levels attained by this parasite in spring
samples of G. melastomus.

Grillotia sp. is one of the most frequent genera
recovered from fishes within the cestode order
Trypanorhyncha (Beveridge & Campbell, 2007).
Furthermore, representatives of this genus have been
frequently reported in the deep sea (Palm, 2004;
Klimpel et al., 2009; Costa et al., 2016), and specif-
ically in deep-dwelling fishes from the sampled area
(Dallarés et al., 2016, unpublished results of the
ANTROMARE project), as is the case of present
samples of G. melastomus. Although copepods act as
first intermediate hosts for trypanorhynchs (Palm,
2004), these are not abundant in the diet of G.
melastomus (Carrasson et al., 1992). Other prey, such
as cephalopods or teleosts, in turn preying on cope-
pods, could be the transmitters of this parasite to G.
melastomus. Its higher abundance in adult sharks
responds to the accumulation of the larval forms of the
parasite in host’s tissues until the latter is consumed by
a larger predator, where plerocerci excyst and develop
into adults. The kitefin shark Dalatias licha (Bon-
naterre), which is known to prey on G. melastomus in
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the NW Mediterranean Sea (Matallanas, 1982), or
Hexanchus griseus (Bonnaterre), which can also prey
on smaller sharks (Ebert, 1994), could be potential
final hosts for the specimens of Grillotia sp. recovered.

The association observed between the abundance of
Grillotia sp. and high O, levels is in accordance with
what is known about the life cycle of this parasite. As
explained above, high O, levels enhance copepod
biomass (Moon et al., 2006; Cartes et al., 2013), which
likely favours the transmission of trypanorhynch
cestodes to their subsequent hosts, with G. melastomus
among them. Oxygen levels off Besds at ca. 700 m
depth increase in winter and spring according to Cartes
et al. (2011), and maximum abundance values of
Grillotia sp. in G. melastomus were observed in
summer and autumn, which might be explained by the
time needed by the parasite to reach higher trophic
levels, similarly as suggested for D. macrocephalum.

The physalopterid nematode P. obtusus, the dom-
inant parasite in infracommunities of S. canicula,
seems to display a shallow-water distribution, being
able to infect different elasmobranchs from the
continental shelves as final hosts (Moravec et al.,
2002; Morris et al., 2016). Although very few
information is available about the life cycle of
physalopterids, P. obtusus is known to have a two-
host life cycle, with sharks being final and crustaceans
intermediate hosts. In the marine environment, larval
forms of this nematode have been recovered from the
shore crabs Carcinus maenas, Pagurus bernhardus,
Pachygrapsus marmoratus and Hyas araneus (Mo-
ravec, 2007 and references therein). Accordingly,
Valls et al. (2011) reported reptantian decapods as the
most important prey of S. canicula on the continental
shelf off the slope of the Balearic Islands (NW
Mediterranean Sea) (36% IRI). The great importance
of shallow-water reptantian decapods in the diet of S.
canicula is thus in accordance with the high preva-
lence and abundance of P. obtusus found in this shark,
in the present and in previous studies (Henderson &
Dunne, 1998; Moore, 2001). In the case of the deeper-
distributed G. melastomus, Carrasson et al. (1992)
found that the decapod C. macandreae, a possible
candidate as intermediate host of P. obtusus, can be
important in juveniles but is only a casual prey in adult
sharks at 371-667 m off the continental slope of the
Balearic Sea. Valls et al. (2011) also reported that
reptantian decapods seem to be of minor importance at
depths between 500 and 750 m in the slope of the
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Balearic Islands. Hence, the low prevalence and
abundance values attained by P. obtusus in G.
melastomus are likely explained by the shallower
distribution of the former coupled with the low
presence of decapods in the diet of the latter.

In a similar way as P. obtusus in G. melastomus, the
raphidascaridid nematode H. aduncum appeared also
linked to high water salinities in present samples of S.
canicula. This trend was also observed in the teleost P.
blennoides off the same waters (Dallarés et al., 2016).
In spite of these coincidences, the abundance of H.
aduncum in S. canicula was low and more consistent
results should be obtained before any generalizations
are made. The presence of this nematode in both shark
species is indicative of its broad bathymetric distribu-
tion, which extends from the continental shelf to the
abyssal depths (Klimpel et al., 2009). Actually, the
importance in terms of prevalence and mean abun-
dance of H. aduncum seems to increase with depth, as
has been confirmed in different studies on deep-sea
fish from the sampled area (Mateu et al., 2014; Pérez-i-
Garcia et al.,, 2015; unpublished results from the
ANTROMARE project).

In conclusion, the present study highlights the
importance of different ecological variables in shaping
parasite community composition and structure. Depth
is found to be a determinant factor, with parasite
abundance and prevalence patterns responding to
bathymetric gradients, probably as a result of varia-
tions in the composition of benthopelagic prey
assemblages. In this sense, links between parasite
loads and available data on shark trophic relationships
can be established and used to elucidate possible
parasite transmission patterns. Individual environ-
mental variables, which vary in response to seasonal,
geographical and bathymetric gradients, may have an
important role in determining faunal aggregation and
distribution in the one hand, and in influencing
parasite biology in the other. For instance, high near-
bottom turbidity and temperature levels seem to
enhance infection and reproductive success of mono-
geneans, while high O, and turbidity levels are known
to enhance zooplankton biomass, and thus favour
parasite transmission of heteroxenous parasites.
Finally, the presence of submarine canyons, which
channel organic matter through the slopes, is an
additional factor associated to more abundant and
diverse faunal assemblages and, therefore, to higher
parasite richness and abundance.
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