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A B S T R A C T

Cerastoderma edule (edible cockle) is among the most exploited bivalves in Europe playing an important socio-
economic role. Cockles live in estuaries and lagoons where their population is controlled by several environ-
mental factors including parasitism. Parasites represent an important part of the world known biodiversity but
are often neglected. Trematodes are the most prevalent macroparasites of cockles being able to exert an impact
both at the individual and population levels. Therefore, it is of prime relevance to recognize and understand the
parasite-host system dynamics in order to better predict potential conservation threats to bivalve populations
and to maximize the success of stock and disease episodes management.

Cockle monitoring was conducted in 2012 and 2016, in six and eight stations, respectively, at the Ria de
Aveiro coastal lagoon, Portugal. Cockles were sampled in one single occasion in 2012 and seasonally in 2016.
The tested hypothesis is that the trematode community in cockles was spatially and seasonally heterogeneous
but stable over time. The main result showed that despite a relative homogeneity of the parasite community
structure in cockles, the among-years heterogeneity of trematode communities was higher than among-stations
and among-seasons heterogeneity rejecting the postulated hypothesis. Results demonstrated that trematode
communities from the Ria de Aveiro are characterized by low abundance, which resulted in a spatial and sea-
sonal trematode homogeneity (despite an overall channel difference and a slight downstream-upstream gra-
dient). The interannual analysis showed a worrisome loss of trematode diversity and prevalence which conse-
quently indicates an important loss of overall diversity and/or environmental conditions reflecting the negative
effects of global change (mean temperature rise and overharvesting, among others). The present study high-
lighted the importance of trematodes in characterising their associated environment and respective biodiversity
which might be helpful to assess ecosystem ecological status and to identify threatened areas.

1. Introduction

The recognition of species presence and distribution is very im-
portant in coastal and estuarine science namely to assess ecosystem
ecological status and to identify priority areas for protection and con-
servation (McLusky, 1999). Macroparasitic fauna comprises among the
most important species within these ecosystems, representing 40% of
total metazoan species richness (Dobson et al., 2008) although, it is
often neglected with more taxonomic (Bartoli et al., 2000) and ex-
perimental (Studer and Poulin, 2013) studies than studies presenting
quantitative field data (de Montaudouin et al., 2000).

In coastal waters, trematode is the most abundant and prevalent
clade of macroparasites (Lauckner, 1983). These parasites have a
complex life cycle using vertebrates as final host, where the adult
parasitic stage develops, sexually reproduces and spawns its eggs. Eggs

are released in the environment, develop into the miracidium free-
living stage that will infect a mollusc as first intermediate host (spor-
ocyst or rediae parasitic stage). From mature sporocysts (or rediae),
cercariae larvae are released in the environment, another free-living
form, which rapidly penetrates an invertebrate or vertebrate species
(second intermediate host) and settles as metacercariae. During this
cycle, the parasite experiences different habitats with different abiotic
and biotic drivers that will affect parasite success and consequently its
distribution pattern. Among these drivers, temperature (de
Montaudouin et al., 2016), light: dark cycle (de Montaudouin et al.,
2016), hydrodynamics (de Montaudouin et al., 1998), diversity of host
species (Thieltges and Reise, 2007) and target host density (Magalhães
et al., 2017) are considered important drivers. The annual fluctuation of
these parameters usually leads to a seasonal pattern with an optimal
infection window occurring in the warmer season (Desclaux et al.,
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2004; Thieltges and Rick, 2006; de Montaudouin et al., 2016).
At the individual level and by definition, the parasite exerts a ne-

gative impact on the host and can alter its biological functions
(Carballal et al., 2001; Babirat et al., 2004). The impact of a parasite on
a particular organism, or its pathogenicity, is specific and also depends
on host and parasite abundance. However, impact on host population is
usually reported when there is obvious disease symptoms and mass
mortality playing a significant role in host population regulation
(Marcogliese, 2004). On the other hand, the complexity of the trema-
tode life cycle described above, namely its multi-host nature, makes
trematodes indicators of ecosystem diversity and health indicators
(Hechinger et al., 2006; Hudson et al., 2006). Trematodes were also
used to assess habitat stability over time, at the scale of several years
(de Montaudouin et al., 2012) or to detect global changes effects
through fish long-term monitoring (Dzikowski et al., 2003; Zander,

2005).
Among the different host-parasite systems taking place in marine

environment, the present study investigated a bivalve-trematode
model: firstly because bivalves (along with several other molluscs) are
suitable and favourite first and/or second intermediate hosts for tre-
matode parasites (Lauckner, 1983); secondly because bivalves re-
present the major proportion of the benthic fauna biomass in many
coastal systems, occurring also at high densities (Sousa et al., 2009);
thirdly because some species represent the basis of important com-
mercial fisheries (Beukema and Dekker, 2006); and finally due to their
important role on the ecosystem functioning (Morgan et al., 2013).
Thus, bivalves are keystone species, they act as ecosystem engineers
creating, modifying and maintaining habitat for other species
(Philippart et al., 2007). They provide structural conditions for other
invertebrates to settle and occupy a crucial position within food webs

Fig. 1. Study area. The Ria de Aveiro coastal lagoon (Northwest Portugal) indicating the positions of the seasonal sampling stations (São[HYPHEN]Jacinto[HYPHEN]Ovar channel: O1,
O2, O3, O4 and Espinheiro channel: E1, E2, E3, E4) with indication of the lagoon division into five transitional water bodies (WB). Compatible stations used for 2012-2016 comparisons
are identified by a black square.
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(Rakotomalala et al., 2015). Bivalves are connected to primary produ-
cers by their suspension-feeding activity and related to higher trophic
levels as prey for many bird, fish, crustacean and echinoderm species
(Rakotomalala et al., 2015). In fact, bivalves contribute to biodiversity
and ecosystem resilience, and therefore the identification of factors that
modulate their population dynamics is of upmost importance. Among
bivalves, Cerastoderma edule (Linnaeus, 1758), the edible cockle, is a
dominant species in coastal waters and is infected by several trematode
species both as first and second intermediate host (de Montaudouin
et al., 2009). This species can be found along the north-eastern coast of
the Atlantic Ocean, from the Barents Sea to Mauritania (Tebble, 1966;
Honkoop et al., 2008). It is an exploited living resource with particular
important socio-economic relevance in Portugal (Pereira et al., 2014).

The present study focused on spatio-temporal variability of the
structure of trematode community infecting C. edule at the scale of the
Ria de Aveiro coastal lagoon (Portugal), with two main objectives.
Firstly, we proposed to map trematode parasites in the Ria de Aveiro
and to hierarchize some environmental drivers of infection. Based on
former studies highlighting the importance of abiotic factors (tem-
perature, salinity) (Koprivnikar and Poulin, 2009; Lei and Poulin, 2011;
Studer and Poulin, 2012; Born-Torrijos et al., 2014; Koprivnikar et al.,
2014), we postulate that the structure of parasite communities in
cockles should follow an oceanic-continental gradient and seasonal
cycles. Secondly, we compared trematode communities in cockles from
a previous field study (Freitas et al., 2014) with similar sampled sta-
tions and season in the Ria de Aveiro. The hypothesis is that the parasite
community structure is relatively stable over time as long as environ-
mental parameters remain stable too (de Montaudouin et al., 2012).
Thus, a significant difference in trematode parasite community struc-
ture could alert for environmental changes and alterations in ecosystem
functioning.

2. Material and methods

2.1. Study area description

The Ria de Aveiro is a coastal lagoon (Northwest of Portugal) with
four main channels which radiate from the ocean mouth with several
branches, islands and mudflats (Fig. 1). Tides are semi-diurnal and
constitute the main forcing water circulation agent. The minimum and
maximum tidal height ranges are about 0.6 m and 3.2m at neap and
spring tides, respectively (Dias et al., 2000). The most important
freshwater input (the Vouga River) of the Ria de Aveiro flows through
the Espinheiro channel, one of the present study areas (Fig. 1) that is
about 17 km long and is characterized by a strong horizontal gradient of
salinity and water temperature which migrates back and forth with the
spring/neap cycle (Vaz et al., 2005; Lillebø et al., 2015). The other
freshwater sources are smaller, namely the Boco, Mira and Cáster
rivers, the latter flowing through the 29 km long São Jacinto-Ovar
channel, the other study area (Fig. 1). According to the Water Frame-
work Directive, the Ria de Aveiro is divided in five water bodies (WB),
identified in Fig. 1, with WB2 gathering both study areas (the two
channels) and is classified with a “moderate” water ecological status
(MAMAOT/ARHCentro, 2012).

2.2. Sampling procedure and parasite identification

Field monitoring occurred during one year (from December 2015 to
November 2016) with seasonal sampling in 8 stations along the two
channels, Espinheiro and São Jacinto-Ovar (Fig. 1), identified with
different codes: first two letters represent the season (WI: winter, SP:
spring, SU: summer, FA: fall); third letter represents the channel (E:
Espinheiro channel, O: São Jacinto-Ovar channel); and the number
represents the sampling station (from 1, the most oceanic station, to 4,
the most continental station). At each station, temperature and salinity
were measured and two sediment samples (2 replicates each) were

collected in order to estimate median grain size and total organic matter
(TOM) content. At each station, cockles were collected by sampling six
quadrats (0.25m2 each) and sieving them through a 1-mm mesh sieve
to estimate density (cockles m−2). Cockle shell length was measured at
the least mm with a calliper. Size-histogram analysis allowed dis-
criminating different cohorts. In order to compare infection in cockles
with similar age, we decided to concentrate on the most represented
cohort, i.e. 2014. Twenty cockles per station and season were dissected.
All trematodes were identified to the species level following several
authors descriptions (Bowers, 1969; Bowers et al., 1996; Bartoli et al.,
2000; de Montaudouin et al., 2009). Metacercariae identified in each of
the observed cockles were counted to assess parasite abundance
(number of metacercariae per cockle) and prevalence (percentage of
infected cockles) (Bush et al., 1997). For parasite using cockles as first
intermediate host, only prevalence was calculated.

A survey of the trematode species infecting cockles in the Ria de
Aveiro has already been conducted in 2012 (Freitas et al., 2014). In
order to assess interannual variability of the structure of trematode
communities, 2012 (October sampling) and 2016 (September sampling)
databases were compared. Overlapping areas from both studies were
identified and selected to perform the temporal comparison, corre-
sponding to six comparable stations (Fig. 1).

2.3. Sediment analysis

Sediment samples for grain-size analysis were dry and wet sieved
through a column of sieves with decreasing mesh sizes following the
procedure described by Quintino et al. (1989). Sediment total organic
matter content (TOM) was measured as the percent weight loss in 1 g of
dried sediment, after combustion at 450 °C, during 5 h (Kristensen and
Andersen, 1987).

2.4. Data analysis

Prevalence, i.e. the percentage of hosts infected with 1 or more
individuals of a particular parasite species (Bush et al., 1997), was
calculated for all trematode species found: Diphterostomum brusinae
(Stossich, 1889), Himasthla elongata (Mehlis, 1831), H. interrupta Loos-
Frank, 1967, H. quissetensis (Miller and Northup, 1926) Stunkard, 1938,
Renicola roscovitus (Stunkard, 1932), Parvatrema minutum (Cobbold,
1859), Bucephalus minimus (Stossich, 1887) and Monorchis parvus Looss,
1902. Parasite abundance, i.e. the total number of individuals of a
particular parasite species in a sample of a particular host species (Bush
et al., 1997), was calculated for 6 out of 8 species found, excluding
those infecting cockles as first intermediate host (B. minimus and M.
parvus).

Regarding 2016 data, due to high heterogeneity of metacercariae
abundance in cockles and because data from fall season were missing,
we performed two separated ANOVAs with mean metacercariae abun-
dance per cockle in each station or season as dependent variable. Prior
to analysis, data were log (x+ 1) transformed in order to achieve
homogeneity of variance which was verified with Cochran test. The first
was a two-way ANOVA in order to test the effect of the channel (E vs.
O), the proximity to ocean (from station 1 (close) to 4 (remote)) and the
interaction between factors on the total number of metacercariae in
cockles. The second test was a one-way ANOVA assessing seasonal ef-
fect (with all stations as replicates) on the mean number of meta-
cercariae per cockle. The same analysis (two-way ANOVA with channel
and stations followed by a one-way ANOVA with seasons) was repeated
for P. minutum, the most abundant species.

Comparison of trematode communities in cockles among stations in
each season was performed by a cluster analysis, i.e. an exploratory
technique that aims to join together objects into successively larger
clusters, using some measure of community similarity or distance: a
short distance between two stations means that the community of
parasites in cockles is similar in terms of species composition and
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species abundance. Dataset consisted of a “season/station (categorical
factor) × trematode species (dependent variables)” matrix. In order
to include the two trematode species found using cockles as first in-
termediate host (B. minimus and M. parvus), each dependent variable
corresponded to the mean infection prevalence (mean percentage of
infected hosts) of a given trematode species in cockles from a given
station at a given season. The cluster analysis was performed on the
matrix of Euclidean distance between variables (Ward method of ag-
gregation, ascendant hierarchical method). Due to heterogeneity of
trematode infection in relation with the scale of analysis, we assigned a
threshold at 30% of dissimilarity to separate the different groups.
Groups were then characterized in terms of parasite community, en-
vironmental and host population features. For each of these parameters
(dependent variables), differences among affinity groups (categorical
factor) given by the cluster 30% dissimilarity threshold were tested
using one-way ANOVAs followed by post-hoc Tukey test for comparison
of means, identifying homogenous groups which are represented in
tables with superscript lower case letters. Prior to ANOVA, homo-
geneity of variance was verified with Cochran test.

To compare trematode communities in cockles between October
2012 and September 2016, a cluster analysis followed by one-way
ANOVAs were performed as previously described for 2016 data.

All statistics were performed with STATISTICA 7.0 (StatSoft) soft-
ware.

3. Results

3.1. Trematode community: spatial and seasonal patterns

A total of 8 stations and 4 seasons were sampled but cockles (from
the 2014-cohort) were absent at 9 occasions, especially during fall
campaign (in 6 stations). During the present study 387 cockles were
dissected, 166 of them were uninfected. Eight trematode species (be-
longing to 6 different families, Table 1) were observed in 221 cockles,
six species using cockles as second intermediate host: Diphterostomum
brusinae (mean prevalence (P) = 0.5%), Himasthla elongata
(P= 23.9%), H. interrupta (P=0.9%), H. quissetensis (P= 0.9%), Par-
vatrema minutum (P= 48.9%) and Renicola roscovitus (P=0.2%) and
two using cockles as first intermediate host: Bucephalus minimus
(P= 1.1%) and Monorchis parvus (P=0.2%, registered in the present
study only in sporocyst form) (Table 1). Among the sampling stations,
species richness varied from 0 to 4 species per cockle. Overall, trema-
tode mean abundance ranged between 0 and 132 metacercar-
iae.cockle−1, with an average of 43 metacercariae.cockle−1 (Fig. 2).
The most abundant species was P. minutum which represented 65–100%
of total metacercariae in cockles from each station, occurring in 96% of
the sampling occasions (station × season). H. elongata was present in
cockles in 83% of sampling occasions but with a very low average
abundance (< 1 metacercariae.cockle−1). H. quissetensis, H. interrupta,
D. brusinae and R. roscovitus were rare, infecting 4, 3, 2 and 1 out of the
387 total number of cockles dissected, respectively, without spatial
and/or seasonal significant differences.

Spatially, the mean number of metacercariae per cockle in 2016 was

significantly higher in Espinheiro channel (47.9 ± 32.3 (standard de-
viation (SD)) metacercariae.cockle−1) than in São-Jacinto-Ovar
channel (36.6 ± 42.1 (SD) metacercariae.cockle−1) (two-way ANOVA:
F (1) = 6.6, p=0.02) with no significant differences related to ocean
proximity (two-way ANOVA: F (3) = 1.3, p=0.32, Table 2) and no
interaction between both independent factors (two-way ANOVA: F (3)

= 2.1, p=0.14, Table 2). Seasonally, the mean number of meta-
cercariae per cockle ranged between 26.2 ( ± 30.3(SD)) and 63.8
( ± 46.5(SD)), with no significant difference among seasons (one-way
ANOVA: F (3) = 1.3, p=0.31, Table 2). The most abundant species, P.
minutum, presented the highest mean abundance in WIO1, SPO1 and
SPE1 (on average, 87, 107 and 132 metacercariae.cockle−1 respec-
tively) following the same pattern as total metacercariae, with sig-
nificantly higher abundance in Espinheiro channel than São Jacinto-
Ovar channel, with no significant differences related to ocean distance
nor interaction between factors (two-way ANOVAs: F (1) = 6.2,
p=0.02, F (3) = 1.1, p=0.40 and F (3) = 2.0, p=0.16 respectively,
Table 2) as well as no seasonal trend (one-way ANOVA: F (3) = 1.3,
p=0.31, Table 2).

In terms of parasite community in cockles, cluster analysis dis-
criminated 3 groups at a threshold at 30% of dissimilarity (Fig. 3). Total
mean prevalence was not significantly different among groups (one-
way ANOVA: F (2) = 1.7, p=0.20, Table 3). D. brusinae and H. elongata
were the main species contributing for clusters dissimilarity, the first
was exclusive of Group 1 (3 sampling stations, 2 of them in the most
oceanic part, Fig. 4) where H. elongata presented the highest mean
prevalence. Group 2 (5 sampling stations) included mainly the stations
located in the middle of the sampled channels (stations E3 and O3,
Fig. 4). This group displayed intermediate values of H. elongata mean
prevalence compared to groups 1 and 3 (Table 3). Finally, group 3
gathered 13 sampling stations, including all the upstream positions,
characterized by the lower values in terms of H. elongata prevalence
(Fig. 3, Table 3). Comparing mean temperature, mean salinity, mean
total organic matter (TOM) content in the sediment, sediment median
grain-size, mean cockle shell length and cockle density, only grain-size
and cockles density showed significant differences among cluster affi-
nity groups (one-way ANOVA: F (2) = 3.5, p=0.05 and one-way
ANOVA: F (2) = 4.1, p=0.03, respectively), with group 3 displaying
the lowest (statistically significant) median grain-size and the highest
(statistically significant) cockle density values (Table 3). In terms of
seasonal patterns, spring, summer and fall were relatively dispersed in
all groups but group 3 (lower trematode prevalence) included all winter
samples.

3.2. Trematode community: 2012–2016 comparison

In the 2012 survey (Freitas et al., 2014), in the six sampling stations
in common with the present study, cockles were infected by 8 different
trematode species: D. brusinae, H. elongata, H. interrupta, H. quissetensis,
P. minutum and R. roscovitus (metacercaria) and B. minimus and M.
parvus (sporocyst). Comparing to 2012 survey, in the 2016 samples
three species were lacking (H. interrupta, M. parvus and R. roscovitus).
Gathering both surveys data (6 stations per survey), cockles were

Table 1
List of trematode species identified using Cerastoderma edule as their first and/or second intermediate host and the other hosts of the life cycle.

Trematoda species Family 1st intermediate host 2nd intermediate host Final host

Diphterostomum brusinae Zoogonidae Tritia reticulata Cerastoderma edule Fish
Himasthla elongata Himasthlidae Littorina littorea Cerastoderma edule Water birds
Himasthla interrupta Himasthlidae Hydrobia spp. Cerastoderma edule Water birds
Himasthla quissetensis Himasthlidae Tritia reticulata, T. neritea Cerastoderma edule Water birds
Renicola roscovitus Renicolidae Littorina littorea Cerastoderma edule Water birds
Parvatrema minutum Gymnophallidae Scrobicularia plana Cerastoderma edule Haematopus ostralegus
Bucephalus minimus Bucephalidae Cerastoderma edule Pomatoschistus sp. Dicentrarchus labrax
Monorchis parvus Monorchiidae Cerastoderma edule Cerastoderma edule Diplodus spp.
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distributed by 3 clusters that displayed 30% of dissimilarity (Fig. 5).
Groups A and B gathered three sampling stations each and included all
2012 sampling year, group C assembled 2016 sampling stations. H.

elongata (significantly higher prevalence in group A), H. quissetensis
(significantly higher prevalence in group A) and D. brusinae (sig-
nificantly lower prevalence in group C) were the main species con-
tributing for the separation of the three cluster groups (70% similarity).
Group C (2016 samples) was characterized by lower mean species
richness compared to group A (one-way ANOVA: F(2) = 12.3,
p < 0.01, Table 4) and lower trematode mean prevalence (one-way
ANOVA: F(2) = 16.1, p < 0.01) compared to groups A and B (2012).
Regarding host population characteristics and environmental variables
(Table 4), only total organic matter content displayed a significant
variation, showing to be significantly higher (one-way ANOVA: F(2)
= 4.8, p=0.03) in group A (2012) than in group C (Table 4).

4. Discussion

In its distribution area, Cerastoderma edule is known to be infected
by sixteen different trematode parasite species (de Montaudouin et al.,
2009). Eight species were identified in the present study, performed in
the Ria de Aveiro. Similar values of species richness were registered in
the south coast of Ireland (Fermer et al., 2010, eight species) and in the
Merja Zerga, a Moroccan coastal lagoon (Gam et al., 2008, nine spe-
cies). Ten trematode species were found infecting cockles from the
Northern Wadden Sea, Germany (Thieltges and Reise, 2006). Eleven
species were recorded in the Ria de Aveiro, Portugal (Russell-Pinto
et al., 2006; Freitas et al., 2014) and a maximum of 13 species in Ar-
cachon bay, France (de Montaudouin et al., 2009). Parasite community
from the Ria de Aveiro seasonal campaign was dominated by Parva-
trema minutum (Gymnophallidae) presenting the highest prevalence and
mean metacercariae abundance per cockle. Former studies performed
in the Ria de Aveiro revealed a similar trend (Russell-Pinto, 1990;
Freitas et al., 2014) as well as in the Exe Estuary, England (Goater,
1993), Arcachon bay, France (de Montaudouin et al., 2000, 2010) and
south coast of Ireland (Fermer et al., 2009, 2010). There are some
species that display a restricted distributional range: Asymphylodora
demeli Markowski, 1935, registered only for the German Baltic coast
and Gymnophallus somateriae (Levinsen, 1881) only for the German
North Sea coast showing thus a northern distribution (Kesting et al.,
1996; Thieltges and Reise, 2006) and an undescribed species registered
only in Morocco (de Montaudouin et al., 2009). However overall spe-
cies composition of the trematode communities is similar among the
cockle populations sampled in different locations from south Ireland to
Morocco (including the present study area). This suggests a high dis-
tributional range of these different trematode species, possibly related
to final hosts migration (mainly birds) (Feis et al., 2015).

At lower scale, comparing different stations within the Ria de
Aveiro, mean parasite species richness per cockle and mean

Fig. 2. Mean metacercariae abundance (± standard deviation (SD)) per cockle and per season (WI: winter, SP: spring, SU: summer, FA: fall) in each sampling station for Parvatrema
minutum, Himasthla elongata and others (gathering the other four less represented species). NC: absence of cockles.

Table 2
Two two-way ANOVAs results performed to test differences among Channels, Ocean
proximity (stations 1–4) and interaction between factors in terms of total metacercariae
abundance (total number of metacercariae in cockles) and Parvatrema minutum abun-
dance. Two one-way ANOVAs results performed to test differences among seasons in
terms of total metacercariae abundance and P. minutum abundance.

Dependent variable Statistical
test

Factors df MS F p

Total metacercariae
abundance

Two-way
ANOVA

Channel 1 1.9 6.6 0.02
Ocean proximity 3 0.4 1.3 0.32
Channel*Ocean
proximity

3 0.6 2.1 0.14

Error 15 0.3
One-way
ANOVA

Season 3 0.5 1.3 0.31
Error 19 0.4

Parvatrema minutum
abundance

Two-way
ANOVA

Channel 1 1.9 6.2 0.03
Ocean proximity 3 0.3 1.1 0.40
Channel*Ocean
proximity

3 0.6 2.0 0.16

Error 15 0.3
One-way
ANOVA

Season 3 0.5 1.3 0.31
Error 19 0.4

Fig. 3. Cluster analysis on trematode parasites community in adult cockles sampled
seasonally in 2016 (WI: winter, SP: spring, SU: summer, FA: fall) in eight different stations
in the Ria de Aveiro (E1, E2, E3, E4, O1, O2, O3, O4) coastal lagoon. The 30 % distance of
dissimilarity threshold is drawn.
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metacercariae abundance per cockle displayed low values, especially in
summer. The mean and maximal number of metacercariae per cockle
reached 43 and 132, respectively, contrasting with other works where
metacercariae number per cockle frequently surpasses thousands (e.g.
Fermer et al., 2010 5585 metacercariae cockle−1, among others). Low
mean number of metacercariae per cockle can be due to parasite-de-
pendent mortality, i.e. mortality of heavily parasitized cockles before
sampling. However, infection levels observed in the present work were
always too low to induce mortality outbreak. Cockle mortality thresh-
olds were reported at 10–50 for Himasthlidae (Desclaux et al., 2004,
2006; Gam et al., 2009) and 500 metacercariae cockle−1 for Gymno-
phallidae (Gam et al., 2009). Low metacercariae abundance could also
be the result of low diversity of the potential intermediate and final
hosts. However, this hypothesis is doubtful because the Ria de Aveiro is
considered as a hotspot of biodiversity, is part of the Natura 2000
network (EU habitats directive), designated Special Protected Area and
protected by the EU Birds Directive (79/409/CEE). The scarcity of
trematode parasites in the Ria de Aveiro could therefore be related to
much more multifactorial habitat characteristics, comparing to the few
other coastal systems where spatial distribution of these parasites were

performed. The success of infection processes, i.e. the efficiency to ac-
complish trematode parasite life cycle, appears related to the more or
less sheltered status of the habitat. In inner areas of coastal ecosystems
with more continental influence, more pronounced seasonal variation
of temperature and salinity (more extreme values), less hydrodynamics
and lower water mass turnover, and sometimes seagrass occurrence and
salt marsh proximity, trematode parasite abundance is often low. This is
the case in the inner part of Arcachon Bay (France), Merja Zerga
(Morocco) (Gam et al., 2008; de Montaudouin and Lanceleur, 2011)
and the present area (all stations and seasons) where parasite abun-
dance is< 30 metacercariae.cockle−1 (excluding P.minutum). Con-
versely, more oceanic influenced habitats with more buffered tem-
perature and salinity fluctuations, and higher hydrodynamics features
like the outer part of Arcachon Bay, Merja Zerga or Sylt area (Germany)
are generally characterized by higher metacercariae abundance
(Thieltges and Reise, 2007; Gam et al., 2009). These observations are
not true for the gymnophallid P. minutum which can be very abundant
in cockles in highly contrasted environments as long as first inter-
mediate host (Scrobicularia plana) is present (Fermer et al., 2010).

There are two immediate consequences of trematode scarcity in the
Ria de Aveiro. Firstly, and conversely to what is generally expected,
sampled trematode community showed no evident seasonality.
Typically, trematode parasites using cockles as second intermediate
host present a seasonal pattern of increasing infection in the warmer
seasons and decreasing or no infection in the cold season (Goater, 1993;
Desclaux et al., 2004). For example, in Arcachon bay, a synchrony was
observed between parasite emergence from the first intermediate host
and infection on the second intermediate host, in May-October period
when water temperature was above 15 °C (de Montaudouin et al.,
2016). Absence of seasonality in the present study could result from
narrow abiotic (e.g. temperature, salinity) changes occurring
throughout the year as the example of the Cachoeira estuary, Brazil
(Boehs et al., 2010). However, it is known that the Ria de Aveiro un-
dergoes sharp seasonal salinity and temperature fluctuations (Vaz et al.,
2005). In fact, the absence of seasonal fluctuation in parasite infection
is rather interpreted as the result of a general low infection level in
cockles preventing any discrimination between high and low infection
periods.

Secondly, another consequence of general low trematode infection
in cockles is the lack of distinct trematode community between stations.
In other words, our results showed a great homogeneity of trematode
community in the Ria de Aveiro, characterized by poor cockle infection

Table 3
Characterization of the affinity groups identified in the Ria de Aveiro spatial and seasonal analysis, in 2016. Each variable is represented by mean and standard deviation (SD). Bold values
indicate significant differences in the ANOVA main test while superscript lower case letters indicate the homogenous groups identified by the Tukey post-hoc comparison of means test.

Affinity groups One-way ANOVAs results

Group 1 Group 2 Group 3 F p
Nr. of sampling stations 3 5 13

Parasites Trematoda abundance (mean±SD) 54.03± 49.11 11.88±11.74 51.99± 35.32 2.8 0.09
Species richness (mean± SD) 2.33±0.58 2.80± 0.84 2.15±0.99 0.9 0.43
Prevalence (mean± SD, %) 92.67± 12.70 66.00±19.49 64.54± 26.40 1.7 0.20
Diphterostomum brusinae 3.70±6.42a 0.00±0.00a,b 0.00±0.00b 3.9 0.04
Himasthla elongata 80.09±6.56a 41.69±11.60b 7.69±7.53c 99.1 <0.001
Himasthla interrupta 0.00±0.00 4.08± 6.68 0.00±0.00 3.2 0.06
Himasthla quissetensis 0.00±0.00 0.00± 0.00 1.54±3.15 0.9 0.43
Parvatrema minutum 61.57± 38.90 35.31±25.88 58.75± 28.07 1.3 0.29
Renicola roscovitus 0.00±0.00 0.00± 0.00 0.38±1.39 0.3 0.75
Bucephalus minimus 0.00±0.00 1.00± 2.24 1.54±5.55 0.1 0.87
Monorchis parvus 0.00±0.00 1.00± 2.24 0.00±0.00 1.7 0.21

Environmental data Temperature (mean± SD; °C) 15.33± 0.83 17.48±4.29 18.91± 2.82 1.8 0.20
Salinity (mean± SD) 31.00± 4.58 30.00±3.16 31.38± 6.42 0.1 0.90
TOM content (mean±SD; %) 0.84±0.32 1.68± 0.72 2.22±1.54 1.4 0.26
Median grain size (mean±SD, mm) 0.25±0.0a 0.14±0.07a,b 0.13±0.08b 3.5 0.05

Host population Shell length (mean± SD; mm) 28.55± 1.91 30.26±1.97 28.73± 2.59 0.8 0.46
Density (mean± SD; ind.m−2) 10.89±10.12a,b 2.40±2.77a 55.79±109.41b 4.1 0.03

Fig. 4. Spatial representation and distribution pattern of the 3 trematode assemblages
(nominated as group 1, 2 and 3) resulting from the cluster analysis.
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compared to less sheltered sites along the Atlantic coasts. A general
homogeneity was observed, especially influenced by the wide and
prevalent distribution of P. minutum, which in turn could be related to
S. plana (first intermediate host) presence and density, one of the most
abundant taxa in the Ria de Aveiro (Nunes et al., 2008). Nevertheless,
we evidenced a significant downstream-upstream gradient of pre-
valence, with the highest overall values registered on the ocean side
sampling stations that was mainly shaped by the H. elongata prevalence.
Taking into account that the first intermediate host of H. elongata
(Littorina littorea) is also widely distributed in the Ria de Aveiro lagoon
(Laranjeiro et al., 2015) and beyond arguments concerning the effect of
abiotic factors in more or less oceanic areas (as developed above), the
host population itself can regulate parasite infection by dilution effect
(Magalhães et al., 2017), also referred as interference effect (Goedknegt
et al., 2016). In the present study, target host (cockle) density showed
to be negatively linked with trematode prevalence and could have been
an important driver of the trematode distribution. This results may be

corroborated by those stating that the negative consequences of in-
traspecific competition at high density can be mitigated by lower
parasite burden (Magalhães et al., 2017).

Knowing that trematodes are useful ecological indicators and can be
used even in poorly studied systems (Hechinger et al., 2006), the pre-
sent study compared 2012 and 2016 (4 years gap) trematode commu-
nities in cockles from the same sampling stations and season. Cockles
sampled in the present study (group C), together with cockles from
2012 affinity group B (O1, E1 and E3), presented lower trematode
species richness compared to group A (O2, O3 and E4 from 2012), i.e. a
maximum of five species instead of eight and a 2-fold decrease in
species mean prevalence. On one hand this result could indicate a
naturally strong interannual variability in terms of trematode commu-
nities. Dynamics of trematode larvae community was mostly described
with snails as first intermediate hosts, i.e. in a situation where multi-
infection is rather rare (Esch and Fernandez, 1994; Esch et al., 2001;
Soldánová et al., 2012). In this case, it is expected that some trematode
species, especially those of migratory birds, undergo some periodical
extinctions (Esch et al., 2001), therefore temporal factors are likely to
affect the trematode prevalence as well as overall species richness and
composition until the ecosystem reaches a dynamic equilibrium (Esch
and Fernandez, 1994). However, in the second intermediate host, the
interaction is different and multispecies infection is generally the rule.
Few studies dealing with metacercariae temporal dynamics reported
that, in a low impacted/stable environment, trematode community also
tends to display significant stability (Thieltges and Reise, 2006;
Campbell et al., 2007; de Montaudouin et al., 2012). Actually, the
ecological quality status (EcoQS) of the Ria de Aveiro water bodies,
particularly the WB2 where the study area is inserted, registered an
improvement from “Moderate EcoQS” (MAMAOT/ARHCentro, 2012)
to “High EcoQS” (Marín et al., 2015) based only on benthic habitats
density and species composition. Parasites presence is mainly depen-
dent on the diversity and density of any other organisms that partici-
pate in the various parasites life cycles (Fredensborg et al., 2006;
Hechinger et al., 2006; Hudson et al., 2006; Morley and Lewis, 2007)
which is not the limiting factor in the Ria de Aveiro (Rodrigues et al.,
2011). However, the parasite infection success is also negatively im-
pacted by several anthropogenic activities (such as roads and con-
sequent nitrogen and metals input (Altman and Byers, 2014)), i.e. low
water quality, for example contamination with metals and acidification
(Blanar et al., 2009). Indeed, human population in the watershed area

Fig. 5. Cluster analysis on trematode parasites communities in adult cockles sampled in
2012 (Freitas et al. 2014) and in 2016 (present study) in six stations of the Ria de Aveiro
coastal lagoon (E1, E3, E4, O1, O2, O3). The 30 % distance of dissimilarity threshold is
drawn.

Table 4
Characterization of the affinity groups identified in the Ria de Aveiro interannual analysis. Each variable is represented by mean and standard deviation (SD). Bold values indicate
significant differences in the ANOVA main test while superscript lower case letters indicate the homogenous groups identified by the Tukey post-hoc comparison of means test.

Affinity groups One-way ANOVAs results

Group A Group B Group C F p
Nr. of sampling sites 3 3 6

Parasites Trematoda abundance (mean± SD) 549.20± 849.46 17.09±7.41 30.21± 31.16 3.4 0.08
Species richness (mean± SD) 6.00±1.00a 4.33±1.15a,b 2.83±0.75b 12.3 <0.01
Prevalence (mean± SD, %) 100.00±0.00a 97.67±4.04a 54.67±17.91b 16.1 <0.01
Diphterostomum brusinae 66.67±24.04a 97.78±3.85a 1.85±4.54b 72.6 <0.001
Himasthla elongata 91.11±10.18a 15.56±16.78b 32.13±26.95b 10.1 <0.01
Himasthla interrupta 55.56±50.92a 31.11±30.06a,b 0.00±0.00b 4.2 0.05
Himasthla quissetensis 66.67±11.55a 2.22±3.85b 1.67±2.58b 18.2 <0.001
Parvatrema minutum 88.89±10.18a 48.89±34.21a,b 27.87±23.70b 6.3 0.02
Renicola roscovitus 8.89± 10.18 6.67± 6.67 0.00± 0.00 2.9 0.11
Bucephalus minimus 11.11±19.25 0.00± 0.00 4.17± 8.01 0.8 0.47
Monorchis parvus 2.22± 3.85 0.00± 0.00 0.00± 0.00 1.7 0.24

Environmental data Temperature (mean±SD; °C) NA NA 19.80± 2.89 – –
Salinity (mean± SD) 34.00±8.72 35.67±3.79 28.67± 5.20 1.7 0.24
TOM content (mean± SD; %) 2.51±0.84a 1.97±0.82a,b 1.15±0.43b 4.8 0.04
Median grain size (mean± SD mm) 0.17± 0.07 0.13± 0.00 0.16± 0.08 0.3 0.72

Host population Shell length (mean± SD; mm) 24.62±2.22 26.44±1.24 27.82± 1.89 3.0 0.10
Density (mean± SD; ind.m−2) NA NA 4.33± 4.98 – –

NA: not available.
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of the Ria de Aveiro increased in the last decades, with 250,020 in-
habitants registered in 2001 and 353,688 in 2011 (National Census
reports, data available at https://www.ine.pt/) which resulted into an
increase of exposure to several anthropogenic-derived pressures such as
pharmaceuticals (Calisto et al., 2011), metals and other elements con-
tamination (Velez et al., 2015), endocrine disruptor compounds (Rocha
et al., 2016) and non-point nitrogen sources (Lopes et al., 2017), among
others, not included in the EcoQS evaluation. Besides, official data
showed that fisheries effort has been increasing with 127 licensed
shellfish fishermen in 2006 and 208 in 2016 (National Fisheries Sta-
tistics, data available at https://www.ine.pt/). Then, on the other hand,
and considering trematodes as early warning indicators of deteriorating
conditions (MacKenzie, 1999) there is a strong possibility of the Ria de
Aveiro being a less healthy ecosystem in 2016 than it was 4 years be-
fore. This presumable ecosystem ecological quality loss, taking trema-
tode community changes as indicator, could be already noticed when
comparing 2012 results (Freitas et al., 2014) to a former work per-
formed in the same coastal lagoon (Russell-Pinto et al., 2006). Species
richness was the same (11 species) but prevalence decreased from 2006
to 2012. However, it is important to refer that while Freitas et al.
(2014) analysed cockles from 28 stations, Russell-Pinto et al. (2006)
study was performed in a single sampling station which could not re-
present the entire system. The 2016 lower trematode species richness
and prevalence comparing to 2012 data can also represent an evidence
of climate change phenomena occurring in the Ria de Aveiro coastal
lagoon. Trematode infection is dependent on temperature (and closely
related physico-chemical parameters) thresholds (de Montaudouin
et al., 2016) and the data from the Portuguese Institute of the Sea and
Atmosphere (IPMA, 2012, 2016) indicated that 2016 fall was the se-
venth hottest since 1931 (0.8 °C higher comparing to average values)
with mean temperature 1.3 °C higher than 2012 fall.

In conclusion, the present study showed a spatial and seasonal
homogeneity in terms of trematode parasites prevalence in cockles
living in the Ria de Aveiro. However, authors described an influence of
abiotic factors and target host population density on the trematode
spatial distribution. This work most important outcome was the effec-
tive use of trematode communities as possible early warning indicators
of global changes and deteriorating conditions occurring in an eco-
system. This finding is comparable to what was demonstrated by Turner
(1985) using trematodes infecting oysters as indicators of water quality
and Schmidt et al. (2003) using several parasite species infecting
flounders as a valuable tool for the assessment of chemical con-
tamination in a habitat, as also reviewed by MacKenzie et al. (1995)
and MacKenzie (1999).
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