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Cockles are amongst the most exploited bivalve species in Portugal, playing an
important ecological and socioeconomic role in coastal ecosystems. Two sympatric
species of cockles, Cerastoderma edule (Linnaeus, 1758) and Cerastoderma glaucum
(Bruguiere, 1789-1792) may co-occur in estuaries and coastal lagoons in mixed
populations along the European Atlantic coast, namely in Portugal, France and the
United Kingdom. The increasing importance of shellfish harvesting in Portugal requires a
good knowledge of cockle stocks and temporal variability in stock levels to better inform
sustainable management practices. Therefore, this study aimed at assessing spatial
and temporal variations in cockle populations in two Portuguese estuarine systems
where the species are exploited at low levels. Sampling was carried out using a clam
dredge, covering the entire potential area of occurrence of cockles in the Tagus and
Sado estuaries at around the same time of the year in each of the three sampling years
(2015, 2018, and 2019). The abundance, spatial distribution and population structure
of cockles were examined at each system. Moreover, several water and sediment
parameters were measured to understand the influence of environmental conditions
on the spatial distribution and abundance of cockles. The results obtained showed
that cockles occur mostly in the intermediate areas of both estuarine systems and
are more abundant in the Tagus estuary. Depth, average sediment grain size and the
species Ruditapes philippinarum were the factors that better explained the probability
of species occurrence. The population structure analysis indicated that natural mortality

Frontiers in Marine Science | www.frontiersin.org 1

March 2022 | Volume 9 | Article 699622


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.699622
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2022.699622
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.699622&domain=pdf&date_stamp=2022-03-30
https://www.frontiersin.org/articles/10.3389/fmars.2022.699622/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Santos et al.

Cockle Spatial and Temporal Variations

is constraining the cockle communities given the low abundance of adult individuals
with marketable size in both estuaries. This study highlights the need for appropriate
management measures to ensure the sustainability of these bivalve population stocks
that have significant socioeconomic importance for local populations.

Keywords: spatial distribution, environmental factors, population structure, Tagus estuary, Sado estuary, Portugal

INTRODUCTION

Estuaries are considered one of the most productive ecosystems
in the world due to their biological, physical and chemical
characteristics, providing food, shelter and nursery areas for
several species of high economic interest (Day et al., 1988; Crespo
et al., 2010; Barbier et al., 2011).

Bivalves are an essential component of these estuarine
ecosystems, playing an important ecological and socioeconomic
role (Ysebaert et al., 2003; Callaway et al, 2013). They are
considered keystone species, acting as ecosystem engineers
creating, modifying and maintaining habitats for other species
(Vaughn and Hoellein, 2018). Additionally, they are a key
element of estuarine food webs due to their suspension-feeding
activity and for being a major food source for wading birds,
fish, and crustaceans. Furthermore, by being part of human
diets, they support locally important commercial fisheries.
For these reasons, the identification of factors that influence
cockle populations distribution and abundance is of the utmost
importance (Magalhées et al., 2018).

Among bivalves, cockles are one of the most abundant and
exploited species in the estuaries of Europe (Magalhdes et al.,
2018). In Portugal, they are an exploited living resource with
particular important socio-economic relevance, that is harvested
and commercialized from the North to the South (Oliveira
et al., 2013; Magalhaes et al., 2018). Furthermore, cockles play a
major role in ecosystem function, being responsible for several
ecosystem services such as carbon storage, biodiversity support,
habitat modifying and food source for people (Carss et al., 2020).

In Europe, there are two species of cockle, the common cockle
Cerastoderma edule (Linnaeus, 1758) and the lagoon cockle
Cerastoderma glaucum (Bruguiere, 1789-1792). The common
cockle is most likely to be found in coastal lagoons and estuaries
along the Atlantic coast, between the Barents Sea and Mauritania
(Freitas et al., 2014), while the lagoon cockle tends to occur in
non-tidal areas such as lagoons and marshes, from the Baltic to
the Black Sea (Malham et al., 2012). In Portugal, both species
are usually found in estuarine and lagoon systems, where they
can co-exist and form sympatric populations (Machado and
Costa, 1994). Its differentiation is particularly difficult given
the morphological similarities and the considerable variability
inherent in each species (Machado and Costa, 1994; Mariani et al.,
2002; Freire et al., 2011). Since there is no scientific agreement
or studies that support which of the species occurs in the Tagus
and Sado estuaries, or whether both co-exist, this study focuses on
the genus Cerastoderma spp., assuming it can include specimens
of both species.

Cockle species reach maturity between 15 and 20 mm in shell
length, living up to 9 years in some habitats but more commonly

between 2 and 4 years. They live buried at a maximum depth of
5 ¢cm from the surface, in sandy, muddy sandy, mud or muddy
gravel sediments of the intertidal and subtidal zones and are
generally found in sites with salinities of 15-35 psu but can
tolerate salinities as low as 10 (Tyler-Walters, 2007).

Cockle population dynamics are controlled by both biotic
factors, such as predation, bioturbation, parasitism, food
availability, and abiotic factors such as temperature, immersion
time, water velocity and sediment dynamics (Ramon, 2003; Gam
etal., 2010). These factors can affect the physiological processes of
cockles in juvenile or adult stages. Therefore, cockle populations
suffer great temporal fluctuations in abundance and biomass due
to the variations in production, growth, and mortality. The main
cause of this variability is the success or failure of recruitment
(Ramon, 2003).

Despite being a species that supports commercial fisheries and
that is of conservation interest, mortality episodes and decline
of their populations have been reported over the years, with
diseases, climatic events and overfishing being pointed out as
some of the main factors (Malham et al., 2012; Callaway et al.,
2013; Burdon et al,, 2014) and, as such, it is extremely important
to monitor these populations.

The assessment of the abundance, distribution and
populational structure of a given species is a requirement
for the assessment of stocks. The analysis of length-frequency
distributions is one of the methods used to study the population
structure and may give indications about the success of the
recruitment process (Iglesias and Navarro, 1990; Ramon, 2003).
Given that cockles represent an important economic resource
subject to multiple anthropogenic pressures, the present work
assumes an important contribution so that in the future, stocks
of these populations can be managed more sustainably, with
adapted management policies.

Bivalves represent a significant portion of the world fishing
industry. In 2018, cockle production from fisheries and
aquaculture was almost 19,613 t in Europe, with 2,077 t of
this from aquaculture and 17,536 t from fisheries landings
(according to FAO database). In Portugal, the exploitation of
bivalves is also an activity of great socioeconomic importance.
Several species are harvested in Portugal, including clams,
cockles, and oysters but cockles accounted for most landings
in the past 20 years. In 2018, cockles accounted for ~5,330 t
of the ~9,609 t of bivalve catches (according to DGRM
database). However, in 2019, this value decreased by half,
with only ~2,285 t of cockle species being caught among
the total ~7,134 t of bivalve landings, a situation enhanced
by the periods of capture prohibitions of this species
due to the occurrence of microbiological contamination
(INE, 2020).
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The main objective of the present study was assessing spatial
and temporal variations in cockle populations in two Portuguese
estuarine systems with low directed fishing pressure. The specific
aims were: (i) to analyze spatial and temporal variability in
the distribution and abundance of cockle populations; (ii) to
assess the role of environmental variables and other bivalve
species in the observed spatial and temporal variability in cockle
populations; and (iii) to determine cockle populations structure
and its relationship with fisheries.

MATERIALS AND METHODS
Study Area

This study was conducted at the Tagus and Sado estuaries, the two
largest estuaries in Portugal.

The Tagus estuary, with an area of 320 km?, a mean depth of
5 m and a mean river flow of 300 m3s~! (Gaudéncio and Cabral,
2007), is a mesotidal well-mixed estuary with irregular river
discharge both seasonally and interannually (Cabral et al., 2001;
Bettencourt et al., 2003). It is part of the Tagus catchment which
covers a total area of about 80,629 km?, of which 24,800 km? are
in Portugal (Fernandes et al., 2020). Salinity is strongly influenced
by tidal and seasonal variation (Chainho et al., 2008; Cabral et al.,
2020) and tidal range varies from 1 m in neap tides to 4 m in
spring tides (Vale and Sundby, 1987; Salgado et al., 2007). Water
temperature ranges from 8 to 26°C (Cabral et al., 2001). This
estuary is characterized by extensive tidal flats and salt marshes
(Dias et al., 2013).

The Sado estuary, with an area of 180 km? (Lillebo et al,
2011), a mean depth of 8 m and a mean river flow of 40 m3s~!
(Franga et al., 2009), is a mesotidal well-mixed estuary with
irregular river discharge. It is part of Sado catchment which has
an area of approximately 7,692 km?. Tidal currents dominate
the estuarine dynamics given the limited freshwater discharge of
the Sado river (Freitas et al., 2008). Consequently, the salinity
remains close to normal marine water in most of the estuary,
and is highly influenced by tidal currents and seasonal variations
(ICNF, 2007; Biguino et al., 2021). This estuary has an average
tidal range of 2.7 m, varying between 1.3 m at neap tides to
3.5 m at spring tides (Freitas et al., 2008). It comprises a wide
bay characterized by two channels, the Northern channel with
weaker residual currents and a highly dynamic Southern channel
separated from the North channel by sand banks (Caeiro et al.,
2005; Biguino et al,, 2021). This estuary is also characterized
by large areas of salt marshes and intertidal flats, and sandy
sediments of marine origin, in the area closest to the mouth.
Water temperature ranges from 10 to 26°C (Cabecadas et al.,
1999). These two estuaries were chosen because we wanted to
understand the status of cockle populations in systems where
cockle exploitation is low.

Sampling Surveys

Samples were collected in three different years in the Tagus
estuary (May 2015, May 2018, and May 2019) and in the Sado
estuary (July 2015, May 2018, and June 2019). Samples were
collected at 48 and 35 sampling stations randomly selected along

the Tagus and Sado estuarine gradients, respectively, to cover all
the potential cockle distribution area (Figure 1).

Samples were collected at a maximum sediment depth of
12 cm, using a clam dredge with a mesh size of 3 cm
(Supplementary Table 1) deployed from a professional fishing
vessel that was towed once for 30 s at a mean speed of 1.5
knots in every sampling station (Supplementary Figure 1).
Despite the mesh size was 3 cm, the clam dredge sampled
smaller sized cockles, but there may have been some standardized
undersampling of smaller sized classes.

Samples were sorted onboard by visual selection in a sorting
tray and only living organisms were collected and placed in
properly labeled bags, with the indication of the respective
sampling station. Although all living organisms were collected
only bivalves were used in further analyses.

Several environmental parameters were measured at each
sampling station using an YSI multiparametric sonde, namely
depth (m), water temperature (°C), salinity and dissolved oxygen
(%). Sediment samples were also collected at each sampling
station with a van Veen grab (0.05 m?) to determine the sediment
grain size and the total organic matter content (%).

Laboratory Procedures

Bivalve molluscs were identified to the lowest possible taxonomic
level and counted, weighed individually and shell length
measured.

Sediment grain size determined by separating
sedimentary fractions through a column of four “AFNOR”
sieves (0.063, 0.250, 0.500, and 2.000 mm), after drying at 60°C
for 24 h. Then a mean grain size indicator, phi, was calculated
according to Folk and Ward (1957) using GRADISTAT v8.

The organic matter content of the sediment was determined
by the difference between the weight of a dry sample at 60°C,
in an oven after 24 h, and the weight of the same sample after
combustion in a furnace at 550°C, for 4 h (Luczak et al., 1997).

was

Data Analysis

For a better understanding of the distribution of cockle
populations throughout the study area, two maps were produced
using ArcGIS software, representing their distribution and
abundance at each sampling station for all the three years where
sampling took place in each estuary.

The frequency of occurrence of cockle species, that is the
number of sampling stations they occur at divided by all sampling
stations was estimated for each estuary. To test if there were
significant differences in the frequency of occurrence of cockles
between years in each estuary, a Pearson’s chi-square test of
independence (significance level p > 0.05) was performed.

Differences in the abundance of cockle populations among
estuaries and years were tested using a Permutational
Multivariate Analysis of Variance (PERMANOVA) with a
two-way factorial design: Year (fixed, 3 levels: 2015, 2018, and
2019) nested in Estuary (fixed, 2 levels: Tagus and Sado estuary).
Data were square root transformed, and afterward a Bray-Curtis
similarity matrix of cockle abundances was calculated.

To determine which environmental factors and which other
bivalve species better explain cockle distribution and abundance,
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FIGURE 1 | Location of the sampling stations at Tagus (A) and Sado (B) estuaries.
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a Zero-inflated Poisson regression model was developed due
to an excess of zeros of the data. The zero-inflated Poisson
regression model is composed of two parts: a Poisson count
model and the logit model for the excess zeros. A Poisson model
is generated to explain cockle abundance and then a logit model
is generated for zeros, i.e., to explain the probability of the species
not being present.

The explanatory environmental factors were salinity, depth,
water temperature, dissolved oxygen, sediment organic matter
content and average sediment grain size (phi), and the categorical
variable Estuary (Tagus and Sado). The bivalve species that
accounted for 80-90% of the total abundance were selected to
be part of the model as well, namely Ruditapes philippinarum,
Scrobicularia plana, Ostrea stentina, Magallana angulata, and
Solen Marginatus. Collinearity between the environmental factors
was investigated to avoid the inclusion of redundant variables
in the model. A correlation matrix with Pearson’s correlation
coefficients and the respective p-value was performed (Zuur
et al., 2009) using the “hetcor” function of the “polycor”
statistical package (Fox, 2016). Correlations higher than 0.8 were
considered significant, according to Snelder and Lamouroux
(2010). To select the best model the AIC criterion (Akaike
Information Criteria) was used (Akaike, 1997), which estimates
the relative information lost by a given model, so the smaller its
value, the more suitable the model.

Differences in the shell lengths of cockle populations among
estuaries and years were tested using a PERMANOVA with
a two-way factorial design: Year (fixed, 3 levels: 2015, 2018,
and 2019) nested in Estuary (fixed, 2 levels: Tagus and Sado
estuary). Data were square root transformed, and afterward a
Bray-Curtis similarity matrix of cockle lengths was calculated.
Significant differences were further analyzed using a posteriori
pair-wise comparison.

To assess cockle population structure in each year and at
each estuary, a graphical analysis of shell length-frequency
distribution was performed. Dimensional classes were
defined with an interval of 1 mm and specimens below and
above the minimum legal size for catching (25 mm) were
represented. Pearson’s chi-square test of independence, the
Zero-Inflated Poisson regression model and the graphical
analysis of shell length-frequency distribution routines were
conducted using RStudio Team (2020). PERMANOVA analysis
were conducted using software PRIMER v.6 with add on
PERMANOVA (Anderson, 2001; Clarke and Gorley, 2006;
Anderson et al., 2008).

RESULTS

Temporal and Spatial Distribution

A total of 78,176 bivalve specimens were collected in all
sampling stations, 57,077 in the Tagus estuary and 21,099 in
the Sado estuary, during the 3 years of the study. Cockles
(Cerastoderma spp.), peppery furrow (Scrobicularia plana),
Manila clam (Ruditapes philippinarum) and the dwarf oyster
(Ostrea stentina), were the most abundant species in the Tagus
estuary over the 3 years. In the Sado estuary, there was a
large abundance of the dwarf oyster but cockles, the Manila
clam, the Portuguese oyster (Magallana angulata), the razor
clam (Solen marginatus) and the peppery furrow were also well
represented (Figure 2).

In the Tagus estuary, cockles were mostly found in the
upstream and intermediate areas of the estuary and in the
bays. However, cockles occur in greater abundance and more
frequently in the upstream and bay areas over the 3 years. In the
Sado estuary, the same pattern is observed. Cockle distribution
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was wider, occurring almost in the whole extent of the estuary.
However, they occur in greater abundance in the upstream and
bay area of the estuary (Figure 3).

Additionally, it can be noted that in both estuaries cockles
generally occur at the same sampling sites as the species Ruditapes
philippinarum. In the Tagus estuary cockles are less abundant
or do not occur at the sampling sites where Ostrea stentina
and Scrobicularia plana are present. In the Sado estuary cockles
are less abundant or do not occur at the sampling sites where
Ostrea stentina, Magallana angulata, Scrobicularia plana, and
Solen marginatus are present (Supplementary Tables 2, 3).

For the Tagus estuary during 2015, 2018, and 2019, cockle
specimens accounted for 11%, 20%, and 31% of the total
individuals caught, respectively. For the Sado estuary, during
the years 2015, 2018, and 2019, cockle specimens represented
11%, 2%, and 15%, of the total number of individuals
caught, respectively.

The frequency of occurrence of cockles was independent of
the year, as determined by the results of the Pearson’s chi-square
test of independence for Tagus estuary (p > 0,05) and for Sado
estuary (p > 0,05), suggesting that the number of stations where
they occurred over years has not changed significantly.

The PERMANOVA analysis indicates that significant
differences in cockle abundance were found between estuaries,
with higher abundances in the Tagus estuary, but not between
years (Table 1). The correlation matrix between the factors
selected as likely to integrate the explanatory model of

cockle spatial distribution as a function of environmental
factors demonstrated that there was no highly significant
correlation (r > 0.80) between them, so all factors were kept in
the initial model.

The Poisson count model revealed that cockle abundance
is influenced by all the variables included in the initial
model: depth, temperature, dissolved oxygen, salinity, sediment
organic matter content, granulometry, average sediment grain
size (phi), the categorical variable Estuary (Tagus and Sado)
and the species Ruditapes philippinarum, Scrobicularia plana,
Ostrea stentina, Magallana angulata, and Solen marginatus.
Whereas the logit model included only three variables: depth,
average sediment grain size (phi) and the species Ruditapes
philippinarum (Table 2).

The Poisson count model indicated that there is a higher
abundance of cockles when depth, temperature and sediment
organic matter content is lower, when dissolved oxygen, salinity,
average sediment grain size (phi) is higher and when it is the
Tagus estuary. Regarding the other bivalve species, the model
indicated that there is a higher cockle abundance in sites with
higher abundance of the species Ruditapes philippinarum and
lower abundance of the species Scrobicularia plana, Ostrea
stentina, Magallana angulata, and Solen marginatus.

The logit model indicated a higher probability of cockles being
absent in deeper areas of the estuaries, with lower phi values (i.e.,
when the sediment has a greater grain size) and in areas of the
estuaries with lower abundance of Ruditapes philippinarum.
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Population Structure and Cockle

Fisheries
The PERMANOVA analysis showed that no significant
differences in cockle shell lengths were found between estuaries.
However, there were significant differences between the years
for the Tagus estuary (Table 3), namely between the years of
2015 and 2018, and 2018 and 2019, with larger specimens
collected in 2019.

At the sampling sites located in the bays of both estuaries there
are usually individuals with larger size, however at the sampling
stations in the upper and intermediate zone of the estuaries cockle

TABLE 1 | Permutational Multivariate Analysis of Variance (PERMANOVA) analysis
results on cockle abundance in the Tagus and Sado estuaries, in 2015, 2018,
and 2019.

Source df MS Pseudo-F P (perm)
Estuary 1 525.28 11.69 0.002
Year (Estuary) 4 88.07 1.96 0.092
Residuals 243 44.93

The significance level considered was p < 0.05. df means degrees of freedom and
MS means mean square.

shell average length is quite variable over the years, so it’s not
possible to observe a clear pattern (Supplementary Tables 4, 5).
The cockle shell length distribution was determined in all years
for both estuaries (Figure 4). For the Tagus estuary, shell length
of captured individuals ranged from 9 mm to 33 mm and higher
abundance was registered for lengths between 19 mm and 20 mm.
For Sado estuary shell sizes varied between 11 mm and 39 mm
with higher abundance between 20 mm and 23 mm. Most of the
individuals caught (around 90% in both estuaries) were below the
minimum catch size.

DISCUSSION

Bivalve molluscs are an essential component of estuarine systems,
namely in the Tagus and Sado estuaries. The Manila clam
(Ruditapes philippinarum), a non-indigenous species, was one of
the most abundant species in the Tagus and Sado estuaries. This
species was first recorded in 2000 and 2010 in the Tagus and Sado
estuaries, respectively, and its abundance has increased since then
(Cabral et al., 2020). The dwarf oyster (Ostrea stentina) was the
most abundant species in the Sado estuary over the years, being
found mainly in the middle area of the system in stations with
subtidal predominance, which was also observed by Lapégue et al.
(2006) and Portela (2016). It is a species that inhabits the subtidal
areas of estuaries and can be found mainly on rocky substrates
or attached to other bivalve shells. This feature was supported by
the present study as this oyster species was found mostly attached
to shells of the Portuguese oyster (Magallana angulata), another
oyster species present within this estuary.

Several physical and biological factors influence cockle
distribution and abundance along the estuarine gradient. The
factors that seem to have the most relevance in explaining
cockle abundance (count model) were depth, temperature,
dissolved oxygen, salinity, sediment organic matter content,
average grain size (phi), Tagus estuary, Ruditapes philippinarum,
Scrobicularia plana, Ostrea stentina, Magallana angulata, and
Solen marginatus. On the other hand, the factors that seem to
have the most relevance in explaining the probability of cockle
absence (logit model) in both estuaries were depth, granulometry
and the species Ruditapes philippinarum. Additionally, the
analysis revealed that these species are more likely to occur in the
Tagus estuary rather than in the Sado estuary.

Depth was one of the environmental factors identified as being
relevant to explain the cockle spatial distribution and abundance
in this study, being positively correlated with the probability
of cockles absence, suggesting that this species doesn’t occur at
deeper depths but rather in shallow depths and is negatively
correlated with cockles abundance, which suggests that there
is a higher abundance in shallow depths. This is similar to
what was observed by Ysebaert et al. (2002) when developing
predictive models of the response of several species of benthic
macroinvertebrates (including the species Cerastoderma edule)
as a function of environmental factors, who found that the
probability of cockle occurrence increases with decreasing depth.
In fact, cockle species show a higher growth rate when the
depth is shallower, and are often found in shallow intertidal
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TABLE 2 | Characterization of the explanatory environmental factors selected as integrating the final model explaining cockle distribution in the Tagus and Sado estuaries.

Factors Regression coefficients Standard error p-value Confidence intervals
2,5% 97,5%
Count model coefficients
Intercept 2,52400 0,05711 0,00000 2,41244 2,63630
Depth —0,06970 0,00425 0,00000 —0,07802 —0,06137
Salinity 0,05281 0,00148 0,00000 0,04990 0,05572
MOT —0,08159 0,00222 0,00000 —0,08594 —0,07724
Phi 0,16370 0,00657 0,00000 0,15083 0,17659
Tagus Estuary 1,41400 0,02610 0,00000 1,36340 1,46378
Ruditapes philippinarum 0,00106 0,00003 0,00000 0,00099 0,00112
Scrobicularia plana —0,00093 0,00006 0,00000 —0,00105 —0,00081
Ostrea stentina —0,00093 0,00007 0,00000 —0,00094 —0,00063
Magallana angulata —0,00964 0,00263 0,00029 —0,01486 —0,00442
Solen marginatus —0,02241 0,00110 0,00000 —0,02456 —0,02025
Zero-inflation model coefficients
Intercept 1,12599 0,34553 0,00074 0,48875 1,84323
Depth 0,14494 0,04470 0,00118 0,05733 0,23255
Phi —-0,32185 0,08122 0,00007 —0,48104 —-0,16267
Ruditapes philippinarum —0,00800 0,00192 0,00003 —0,01176 —0,00424

For each explanatory variable, the value of the regression coefficient, standard error, error probability associated with LRT test and confidence intervals are indicated.

TABLE 3 | Results of the PERMANOVA analysis comparing cockle shell lengths
between years (fixed, 3 levels: 2015, 2018, and 2019) nested in estuaries (fixed, 2
levels: Tagus and Sado).

Source df MS Pseudo-F P (perm)
Estuary 1 3781.1 1.325 0.226
Year (Estuary) 4 4240.6 1.486 0.036
Residuals 98 2854.1

The significance level considered was p < 0.05. df means degrees of freedom and
MS means mean square.

and subtidal estuarine areas (Burdon et al., 2014). Kater et al.
(2006) also found that in the Scheldt estuary, one of the most
determining environmental factors affecting cockle distribution
was the emersion time, a measure inversely equated to depth,
which means that the probability of cockles occurring rises with
increasing emersion time.

Cockles are often found in substrates composed of sandy
to muddy sediments (Soissons et al., 2019), in areas with low
current velocities that promote juvenile settlement (Coosen
et al., 1994; Burdon et al, 2014). In the explanatory model
of cockle spatial distribution and abundance as a function of
environmental factors and other bivalve species developed in
the present study, cockle absence was found to be negatively
correlated with mean sediment grain size (phi), i.e., when the
value of phi is lower (more coarser sediment), the more likely
the species is not present. In contrast, cockle abundance is
positively correlated with mean sediment grain size (phi), which
suggests that its abundance is higher in sandy-muddy sediments.
Ysebaert et al. (2002) also found, in the models they developed,
that the probability of cockles occurring is higher in sediments
between 100 and 150 wm, which correspond to fine to very fine
sand sediments.

Sandy sediments generally have lower organic matter and
according to the model, cockles tend to occur in sites with
lower sediment organic matter content. These results were also
observed previously by Ysebaert et al. (2002) in the Schelde
estuary.

Oxygen depletion can potentially cause mass mortalities in
cockle populations (Burdon et al, 2014). In this study it is
shown that dissolved oxygen is positively correlated with cockle
abundance. Therefore, the higher the dissolved oxygen content in
the water the more abundant the cockles will be. Temperature is
negatively correlated with cockle abundance. There is a greater
cockle abundance in sites with lower temperatures (in the
temperature range measured in this study, 14-27°C). Cockles
are able to tolerate a wide range of temperatures, however their
survival is mainly affected by high temperatures (Malham et al.,
2012; Verdelhos et al., 2015).

Cockle abundance is also influenced by salinity, being higher
in sampling sites with higher salinity. Several studies have shown
that cockle distribution is limited by salinities below 15 psu (Kater
et al., 2006; Malham et al., 2012; Peteiro et al., 2018), which was
also the case in this study, where only occasional presence in
stations with salinity below this value was observed. Ysebaert
et al. (2002) modeled the Western Scheldt cockle population and
predicted cockles would thrive at salinities between 10%o and
30%o, with the optimum at 25% (Kater et al., 2006).

Although cockle populations were found in both estuaries
under study, Zero-inflated Poisson regression model analysis
showed that cockle abundance is higher at Tagus estuary. This
might be explained by the fact that this system has a larger area
than the Sado estuary consisting of fine sand and mud sediments,
conditions in which greater cockle abundance seems to occur
(Soissons et al., 2019). Additionally, cockles were mostly found
in the sheltered bays where hydrodynamic stress is usually lower,
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FIGURE 4 | Shell length-frequency distribution of Cerastoderma spp. in the Tagus estuary (A) and Sado estuary (B), in the years 2015, 2018, and 2019. The dark
blue bars represent the shell length classes below the minimum catch size (25 mm).

which may favor recruitment and larval settlement in these areas,
and therefore a greater number of cockles (de Fouw et al., 2020).

Cockle distribution and abundance is also influenced by other
bivalve species presence and abundance. Cockle abundance is
positively correlated with manila clam (Ruditapes philippinarum)
abundance, which suggests that its abundance is higher when it
occurs where this species is also present and more abundant. Dias
et al. (2019) demonstrated in their study in the Tagus estuary
that cockles relied on the same food sources as R. philippinarum
and that the trophic niche of R. philippinarum overlapped with
Cerastoderma glaucum by 23%.

Conversely, cockle abundance is negatively correlated with
the abundance of S, plana, O. stentina, M. angulata, and
S. marginatus which suggests that the lowest abundances or
absence of cockles are found in sites with higher abundances of
these species.

Previous studies have shown that oysters are more common in
habitats that are not suitable for cockles (Kater et al., 2006) which

is in line with the results of this study. S. plana occurs in sites with
higher amount of organic matter and more muddy sediments,
while cockles occur mainly in sites with lower amount of organic
matter and muddy-sandy sediments. S. marginatus occurs mainly
in coarser sediments where cockles are generally not present.
In general, the populations’ size and structure in both estuaries
was dominated by commercially undersized cockles (minimum
catch size = 25 mm), which reveals adequate recruitment in these
two estuaries. However, there is a low proportion of individuals
above the minimum catch size that can be harvested. This may be
due to natural mortality events and/or the continuous removal
of commercially sized cockles by intensive harvesting that may
lead to resource overexploitation. However, the latter is less
likely to have occurred because despite being one of the most
abundant species in both estuaries (Cabral et al., 2020), cockle
landings are low compared with other species, suggesting that
professional fishing of this resource is not so relevant in these
estuarine systems. Conversely, landings for the Ria de Aveiro
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and Ria Formosa are high compared to other species, which
suggests that professional fishing for this resource might be more
relevant in these systems. However, although professional fishing
does not seem to have as much relevance in the Tagus and Sado
estuary, it should be taken into account that an undetermined
amount of cockle trade is made through a clandestine market,
in which the catches are not officially declared at the fishing
ports. Additionally, there is also an undetermined number of
recreational harvesters, who exploit the most accessible cockle
beds, and generally do not meet the criteria of minimum catch
size and closed seasons, thus undermining the sustainability of
the exploitation of this resource. Monitoring of these populations
in these systems is therefore crucial.

The size of cockle populations varies significantly, mainly
as a consequence of annual variability in reproductive success
(Beukema and Cadée, 1996). In other places where cockles are
exploited as a resource, populations have been declining. In Ria
de Arousa, in Spain, this decrease seems to be mainly related to
a disease caused by a parasite from the genus Marteilia (Villalba
et al., 2014). On the other hand, in the Wadden Sea, this decrease
seems to be mainly a result of low recruitment, which can be
explained by an increase in predation on the species under
study (Beukema and Dekker, 2005). In Portugal, in the Mondego
estuary, overexploitation seems to have been the cause of the
declining stocks (Crespo et al., 2010). The increase of the Manila
clam populations can also be a threat to cockle populations.
Manila clam is currently one of the dominant species at Tagus
estuary (Cabral et al., 2020) and although it still has a relatively
low occurrence in the Sado estuary, the spatial overlap with the
cockle distribution area is high. A recent study conducted in
the Tagus estuary using stable isotopes indicated that there is
23% overlap between the trophic niches of the Manilla clam and
the Lagoon cockle, highlighting the high potential for trophic
competition between these sympatric species (Dias et al., 2019;
Soissons et al., 2019). Considering the challenges indicated above
there would appear to be several causes that could trigger a
decrease in cockle populations in both systems.

Cockles are known to have high temporal and spatial
variability due to biotic and abiotic factors (Beukema et al., 2010;
Peteiro et al., 2018). Additionally, global change is occurring, due
to climate change and anthropogenic activities with consequent
changes in environmental parameters, which reinforces the need
for cockle population dynamics and their health to be monitored
and used to guide appropriate and effective management
measures to ensure future sustainable fisheries.
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