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Summary: Although the bivalve dredge used on the Algarve coast (southern Portugal) is highly selective for the target spe-
cies, in some periods of the year the bycatch can exceed the catch of the commercial species. The present study aimed to
quantify the bycatch and discards, estimate damage and mortality, and propose management measures to minimize discards
and mortality. A total of 15 fishing surveys (60 tows) were performed using two types of dredges (“DDredge” targeting
Donax trunculus and “SDredge” targeting Spisula solida and Chamelea gallina). Of the 85257 individuals (392.4 kg) of 52
taxa that were caught, 73.4% belonged to the target species, 22.1% to commercially undersized target species and 4.5% to
bycatch species. Bycatch rates were lower for SDredge (13.5% in number and 6.3% in weight) than for DDredge (46.0%
in number and 32.9% in weight). Damage and mortality rates were also lower using SDredge (1.3% and 1.0% of the total
catches, respectively) than using DDredge (4.0% and 2.8% of the total catches). Survival experiments revealed the diverse
vulnerability of the taxa and confirmed the influence of the damage score on the mortality rate. The results gathered in the
present study encourage the adoption of a bycatch reduction device to reduce both direct and indirect mortality.

Keywords: bivalve dredging; bycatch; discards; damage score; survival rate; metallic grid dredge; fishing gear technical
design; bycatch reduction device

Tasa de supervivencia de capturas incidentales y descartes en una pesqueria a pequeiia escala de bivalvos con rastro
remolcado en la costa del Algarve (sur de Portugal)

Resumen: Aunque la draga de bivalvos utilizada en la costa del Algarve (sur de Portugal) es altamente selectiva para las
especies objetivo, en algunos periodos del afio la captura incidental puede exceder la captura de las especies comerciales. En
este contexto, el presente estudio tuvo como objetivo cuantificar las capturas incidentales y los descartes, estimar el dafio y
la mortalidad, y proponer medidas de gestion para minimizar los descartes y la mortalidad. Se realizaron un total de 15 em-
barques (60 arrastres) utilizando dos tipos de dragas (“DDredge” dirigida a Donax trunculus y “SDredge” dirigida a Spisula
solida y Chamelea gallina). En total, se capturaron 85257 individuos (392.4 kg) pertenecientes a 52 taxones, distribuidos
entre especies objetivo (73.4%), especies objetivo por debajo de la talla legal (22.1%) y especies de captura incidental (4.5%).
Las tasas de captura incidental fueron menores en SDredge (13.5% nimero y 6.3% peso) que en DDredge (46.0% nimero
y 32.9% peso). Las tasas de dafios y mortalidad también fueron menores usando SDredge (1.3% y 1.0% de las capturas to-
tales) que usando DDredge (4.0% y 2.8% de las capturas totales). Los experimentos de supervivencia revelaron la diferente
vulnerabilidad de los taxones y confirmaron la influencia del nivel de lesiones en la tasa de mortalidad. Los resultados del
presente estudio fomentan la adopcién de un dispositivo de reduccién de capturas incidentales (BRD) para reducir la morta-
lidad directa e indirecta.

Palabras clave: draga de bivalvos; capturas incidentales; descartes; nivel de lesion; tasa de supervivencia; draga de rejilla
metdlica; disefio técnico de artes de pesca; dispositivo de reduccion de capturas incidentales.
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INTRODUCTION

Small-scale fisheries (SSFs) are strongly represent-
ed in all European Union (EU) member states (Guy-
ader et al. 2013), so many coastal communities rely
on fisheries and fishing-related activities as a means
of subsistence, income and employment (Oliveira
2014) that has created an ancient cultural heritage and
socio-economic dependence. In Portugal, the bivalve
dredging fleet is of great importance among the SSFs,
accounting for a large number of vessels and many
fishermen, a high volume of catches and high value
of the products (Oliveira 2014). The vast majority of
the Portuguese fishing fleet is composed of artisanal
vessels (Oliveira et al. 2007), and the largest bivalve
dredging fleet is based on the Algarve coast (southern
Portugal), with 53 vessels operating an average of 177
days year-' (DGRM 2015).

In Portugal, bivalve dredge fisheries have been
performed since 1969 (Chicharo et al. 2002a). On the
Algarve coast, the dredging fleet targets mainly three
commercially valuable bivalve species: Spisula solida,
Chamelea gallina and Donax trunculus (Gaspar et al.
2015). The surf clam (S. solida) occurs mainly between
3 and 14 m depth; it is the most abundant bivalve spe-
cies in this area and has shown increasing densities
over the last decade. The striped venus (C. gallina) has
a similar depth distribution, being found mainly from
3 to 10 m depth (Gaspar et al. 2015). The donax clam
(D. trunculus) occurs within a narrower bathymetric
range (0-5 m depth, with higher densities at 3 m depth)
(Gaspar et al. 2015), but it is among the most impor-
tant molluscan species commercially exploited in the
southern Iberian Peninsula and western Mediterranean
Sea (Gaspar et al. 1999, Tirado et al. 2011).

The mode of operation and technical design of
mechanized dredges have undergone gradual devel-
opments thanks to studies aimed at improving dredge
selectivity (Gaspar 1996, Gaspar et al. 1999, 2002a)
and reducing catch mortality (Gaspar and Monteiro
1999, Gaspar et al. 2003a, Leitdo et al. 2009). The
most recent modification to the dredge design in-
cluded the adoption of a metallic grid box to retain
the catches above the target species minimum land-
ing size (MLS), by filtering out smaller individuals of
both target and non-target species. Though it is more
efficient and selective than previous dredge designs
(Gaspar et al. 2001, 2003a, Leitdao et al. 2009), in
some periods of the year the amount of bycatch col-
lected by this gear can exceed the catch of the target
species, especially in late spring and early summer
(Gaspar and Chicharo 2007).

The bycatch (capture of non-target organisms) in-
cludes incidental catches, non-target catches retained
by fishermen, and discards, i.e. catches returned to the
sea (McCaughran 1992, Alverson et al. 1996) because
they are unmarketable species, highly damaged speci-
mens or individuals below the MLS (Kelleher 2005).
By changing the species relative abundance, together
with the population structure of prey and/or predators,
bycatch may lead to structural and functional distur-
bances in the ecosystem (Pauly et al. 2002, Thrush
and Dayton 2002). For instance, bycatch can modify
the diversity, biomass and productivity of the associ-
ated biota (Jennings and Kaiser 1998); disrupt trophic
interactions (e.g. removal of prey and/or predators)
(Crowder and Murawski 1998, Pauly et al. 1998) with
subsequent modifications to food webs (Gaspar et al.
2001); change the structure of benthic communities in
the short and long term (Jenkins et al. 2001); alter spe-
cies foraging behaviour (FAO 2003); reduce the ratio
of large- to small-bodied species (Bianchi et al. 2000);
and affect fishing yield in other fisheries (Clark and
Hare 1998).

Discarding by bivalve dredging vessels would
not constitute a major problem if the discarded in-
dividuals survive after returning to the sea (Gaspar
and Chicharo 2007). However, it is crucial to analyse
the composition of discards in order to propose new
strategies to minimize their impact (Urra et al. 2017).
Indeed, fisheries management policies recommend a
reduction in the discards (Catchpole et al. 2005) and
the adoption of market-based approaches to promote
added value for bycatch species (Leitao and Baptista
2017). The reformed Common Fisheries Policy of
the EU (EC 2014) imposes a discard ban for all spe-
cies subject either to quotas or MLS, resulting in a
mandatory landing obligation for all catches (Vogel
et al. 2017). However, in certain circumstances, this
regulation allows some discarding when scientific
evidence demonstrates high probabilities of survival
of the discards (Morfin et al. 2017).

In order to further assess fishing impacts, the
survival of bycatch is often estimated through dam-
age scales and survival experiments (ICES 2014).
Because damaged individuals are more vulnerable to
predation and disease, it is crucial to accurately evalu-
ate their level of damage upon discard (Pranovi et al.
2001). Many studies on this topic have focused on
bycatch and mortality resulting from fish and shrimp
trawling (for a review, see Broadhurst et al. 2007),
but few have dealt with discard mortality in bivalve
dredge fisheries (e.g. Hauton et al. 2003, Leitdo et al.
2009, Urra et al. 2017).
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In the bivalve dredging fishery, the optimal situa-
tion would be one in which maximum efficiency, low
bycatch of non-target species, retention of very few un-
dersized individuals and a low proportion of damaged
individuals prevailed as prerequisites to mitigate the
effects of the discard ban or similar policies. In order
to achieve these goals, management measures should
be implemented and fishing gear modified according to
the local environmental conditions, the population sta-
tus of the target species and current discard rates. The
present study aimed to 1) characterize and quantify the
bycatch of the metallic grid dredge used in the fishery
targeting S. solida, C. gallina and D. trunculus along
the Algarve coast; 2) evaluate seasonal variations; 3)
estimate damage and mortality by using damage scales
and performing survival experiments; and 4) propose
management measures to minimize both discards and
mortality.

MATERIALS AND METHODS
Fishing surveys and biological sampling

Fishing surveys were performed on board two com-
mercial bivalve dredging vessels, Cldudia Marina (F-
1106-L) and Renovadora (0-1949-C), operating in the
same areas near Olhdo on the Algarve coast (Fig. 1).
Sampling was made bimonthly from February to July,
except during the mandatory seasonal closure in the
fishery (1 May to 15 June) to protect the spawning and
larval settlement of the target bivalve species.

Considering the dissimilar depth distribution of
the target species, two bathymetric intervals were
sampled, 5-10 m depth for the sympatric S. solida
and C. gallina using the “Spisula dredge” (SDredge)
and 2-4 m depth for D. trunculus using the “Donax
dredge” (DDredge). The main technical specifica-
tions of SDredge and DDredge are identical, except
for the spacing between bars of the metallic grid box
(SDredge=12 mm and DDredge=8 mm). In each fish-
ing survey, S-minute tows were performed using two
identical dredges operated simultaneously and side
by side (leeward and windward dredges) at a towing
speed of 2 to 4 knots.

All catches from each tow and dredge were ana-
lysed separately in the laboratory in order to character-
ize the catch composition and assess the discard rate.
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Fig. 1. — Map showing the location of the bivalve fishing surveys
performed using SDredge (triangles) and DDredge (circles) along
the Algarve coast (southern Portugal).

For this purpose, all specimens caught were identi-
fied to the lowest possible taxonomic level, counted,
measured using a digital calliper and weighed on a
top-loading digital balance. Individuals of the three
target bivalve species below the legally established
MLS (25 mm shell length) and non-target species
were considered bycatch.

In order to avoid unnecessary disturbance during
handling and sampling procedures, additional fish-
ing surveys (three fishing days in April, October and
November 2016) were performed with the specific
purpose of survival experiments. Individuals were also
identified, counted and separated by taxonomic groups
(whenever necessary). Onboard procedures were rep-
resentative of normal fishing practices and the organ-
isms were handled quickly and carefully in order to
minimize any injuries.

The damage rate and the mortality rate of the dis-
cards were estimated using a damage scale (Table 1)
applied to all individuals caught during dredging. Ac-
cording to this methodology proposed by Gaspar et al.
(2001), the damage rate corresponds to the proportion
of damaged individuals (i.e. assigned with damage
scores D, to D;), whereas the mortality rate corresponds
to the proportion of individuals with high likelihood of
death (damage score D,) and dead specimens (damage
score Djy).

Table 1. — Damage scale and criteria adopted for scoring different taxa caught as target species or bycatch during bivalve dredging (adapted
from Gaspar et al. 2001).

Taxa Dy D,

Damage scores
D, D;

Polychaeta In good condition

Sectioned

Gastropoda In good condition  Edge of shell chipped Shell cracked or punctured Crushed /dead

Bivalvia In good condition  Edge of shell chipped Hinge broken Crushed /dead

Anomura In good condition ~ Out of shell and intact Out of shell and damaged Crushed /dead

Brachyura In good condition ~ Legs missing / small carapace cracks Major carapace cracks Crushed /dead

Other Decapoda  In good condition Dead

Asteroidea In good condition ~ Arms missing Worn and arms missing Dead

Ophiuroidea In good condition ~ Arms missing Worn and arms missing / minor ~ Major disc damage/
disc damage dead

Echinoidea In good condition ~ <50% spine loss >50% spine loss / minor cracks ~ Crushed/dead

Actinopterygii In good condition ~ Few scales missing / small cuts or Several scales missing / Dead

wounds

severe cuts or wounds
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Fig. 2. — General overview of the containment facilities (flow-through system) where the survival experiments were performed in the Mol-
luscan Aquaculture Experimental Station of IPMA.

Survival experiments

Three fishing surveys were carried out specifically
to perform the survival experiments, aiming to avoid
excessive handling of the catches during regular sam-
pling. In order to estimate discard survival (excluding
predation) under captive observation, both undersized
individuals of the target species and bycatch species
were previously subjected to a visual semi-quantitative
assessment based on the damage score (Table 1).
Whenever possible, this assessment was based on four
quickly assessed ordinal vitality classes graduated
from individuals that were intact, very lively and re-
sponsive (D) to individuals that were severely injured
externally and moribund (D;). Only organisms with
scores D, and D, were used in the subsequent survival
experiments, in which excessive handling procedures
that might bias the survival rates were always avoided.

The survival experiments were conducted in the
Molluscan Aquaculture Experimental Station of IPMA
in Tavira, using a flow-through system to minimize
the interference from metabolic waste products of the
organisms and to maintain suitable levels of dissolved
oxygen. This flow-through circuit (Fig. 2) is powered
by pumping natural seawater from the adjacent Ria
Formosa lagoon, which is filtered at 1 um and stored in
a 200000-L tank connected to 25-L plastic tanks with
seawater flow regulated to 48 L h™'. The survival ex-
periments were conducted under controlled conditions
in terms of seawater temperature (21+1°C), salinity
(35), photoperiod (12 h daylight) and pH. Predator spe-
cies were fed with bivalves, while suspension-feeding
bivalves were fed ad libitum with a bispecific micro-
algae culture, Isochrysis aff. galbana (T-ISO) and
Chaetoceros calcitrans (C. cal) in a proportion of 1:1,
supplied to the water circuit through a variable-flow
peristaltic pump (for further details see Barros et al.
2013).

In order to avoid degradation of the water quality,
the containment facilities provided suitable accom-
modation space according to the number of specimens.
Incompatible species were isolated, although shelter
was not provided to the organisms due to logistics

constraints. Captive observations to assess animal sta-
tus were made at regular intervals after transfer (5 h;
1d;2d;3d;4d;5dand 7 d) during a daily-based
acute monitoring period of 7 days. Following the rec-
ommendations issued in the Workshop on Methods
for Estimating Discard Survival - WKMEDS (ICES
2014), a higher observation frequency was conducted
during the first few hours, after which the organisms
were monitored at longer intervals. Dead organisms
were removed as soon as possible from the tanks to
minimize water degradation and the risk of contamina-
tion. Whenever possible, additional information, such
as internal damage (e.g. cut siphons in bivalves) and
sexual maturation were recorded to provide further
insights on the organisms’ susceptibility to mortality.

Data treatment and statistical analysis

Data on both abundance and biomass caught by the
two types of dredges (SDredge and DDredge) during
the sampling period were analysed to assess any differ-
ences in the catch, bycatch composition, damage and
mortality rates between gears.

Relationships between samples were examined
through non-metric multidimensional ordination plots
(MDS) based on the Bray-Curtis similarity coefficient
after square root transformation (Clarke and Warwick
2001). SIMPER analysis (similarity percentage-species
contribution) was performed to highlight the taxa that
most contributed to the dissimilarity between the two
types of dredge. Analysis of similarities (ANOSIM)
(Clarke and Warwick 2001) was used to detect any
great differences in bycatch and mortality composition.
These analyses were performed using the software
package PRIMER 6.0 (Clarke and Gorley 2006).

Analyses of variance (ANOVA) were employed to
assess differences in the proportion of bycatch (abun-
dance and biomass) and mortality rate between types
of dredge, with data expressed as percentage being
previously transformed to arcsine square-root values.
Whenever ANOVA assumptions (normality of data
and homogeneity of variances) were not achieved,
the non-parametric Kruskal-Wallis test (ANOVA on

SCI. MAR. 82S1, December 2018, 75-90. ISSN-L 0214-8358 https://doi.org/10.3989/scimar.04742.08 A



ranks) was performed. In addition, the Spearman rank
correlation was employed to assess any correlations
between the weight of debris collected by the dredges
and the organisms’ damage rate. ANOVAs and the
Spearman rank test were performed using the SigmaS-
tat® software package (version 12.3). In all analyses,
statistical significance was set at p<0.05.

RESULTS
Catch and bycatch composition

In the 60 tows performed during 15 fishing surveys
using the two types of dredge, 85257 individuals be-
longing to 52 taxa distributed through six phyla were
caught. Of these individuals, 73.4% belonged to target
species, 22.1% to commercially undersized target spe-
cies (i.e. <MLS) and 4.5% to bycatch species (Table
2). The vast majority of the catches of the target spe-
cies belonged to S. solida (89.3%) followed at some
distance by D. trunculus (9.8%) and C. gallina (0.9%).
The overall catches weighed 392.4 kg, of which 84.8%
was accounted for by target species, 12.1% by under-
sized target species and 3.1% by the remaining bycatch
species. Among the target species, the largest fraction
of total weight corresponded to S. solida (91.8%),
which clearly prevailed over D. trunculus (6.7%) and
C. gallina (1.5%) (Table 2). Molluscs were clearly the
predominant phyla (50.0% of all taxa, 96.1% of total
abundance and 97.8% of total biomass), followed by
arthropods (21.2%, 3.4% and 1.5%, respectively),
whereas echinoderms, annelids, chordates and nemer-
teans were almost residual (together accounting for
28.8% of taxa but representing only 0.5% of abundance
and 0.6% of biomass) (Table 2). Detailed information
on the abundance and biomass of all the taxa caught us-
ing the two types of dredge (Tables 3 and 4) show that
Bivalvia was the most represented class (20 species)

Table 2. — Total abundance (number of individuals) and biomass (g)

of the target species, undersized target species (<MLS) and bycatch

species caught using two types of bivalve dredge (SDredge and

Ddredge) in the fishing surveys performed along the Algarve coast
(southern Portugal).

Biomass
Weight (%)

Abundance
Number (%)

TARGET SPECIES
Chamelea gallina 567 0.9 4933.0 1.5
Donax trunculus 6111 9.8 222373 6.7
Spisula solida 55860 89.3 305531.8 91.8
Total 62538 734 332702.0 84.8
TARGET SPECIES (<MLS)
Chamelea gallina 297 0.3 990.9 0.3
Donax trunculus 455 0.5 824.2 0.2
Spisula solida 18126  21.3 457273 11.7
Total 18878  22.1 475424 12.1
BYCATCH SPECIES
Nemertea 1 0.0 1.5 0.0
Annelida 35 0.0 7.9 0.0
Mollusca 549 0.6 3609.8 0.9
Arthropoda 2863 34 6025.2 1.5
Echinodermata 386 0.5 2253.7 0.6
Chordata 7 0.0 256.3 0.1
Total 3841 4.5 121544 3.1
Total catch 85257 100.0 392398.8 100.0
Total bycatch 22719  26.6 59696.8 15.2
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Fig. 3. — Comparison of the abundance and biomass of the catches

of the target species (Spisula solida, Chamelea gallina and Donax

trunculus) and bycatch (target species <MLS and bycatch species)
using SDredge and DDredge.

followed by Malacostraca (11 species) and Gastropoda
(6 species).

The comparison of the catches of the target spe-
cies (C. gallina, D. trunculus and S. solida) above
and below the MLS (25 mm shell length) and bycatch
species is presented in Figure 3. As expected, the
abundances of commercial catches of both dredge
types (SDredge=86.5%; DDredge=54.0%) and
biomass (SDredge=93.7%; DDredge=67.1%) were
clearly higher than those of the bycatch (target spe-
cies <MLS + bycatch species). Among the target
species, S. solida was predominant in both abundance
(SDredge=98.6%; DDredge=67.5%) and biomass
(SDredge=98.2%; DDredge=74.3%), followed at a
distance by D. trunculus and by C. gallina. Also, as
was predictable, catches of D. trunculus by the target-
ed gear (DDredge, 31.6% of abundance and 23.9% of
biomass) were clearly higher than those using the oth-
er dredge type (SDredge, 0.7% abundance and 0.7%
biomass) (Fig. 3). Regarding the bycatch, DDredge
invariably caught more target species <MLS (37.2%
of abundance and 26.8% of biomass) and bycatch spe-
cies (8.7% of abundance and 6.2% of biomass) than
SDredge. Once again, S. solida clearly predominated
among the target species <MLS in both abundance
(SDredge=98.8%; DDredge=94.7%) and biomass
(SDredge=97.8%; DDredge=95.6%). Among the by-
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Table 3. — Mean abundance (number of individuals) of target species, undersized target species (<MLS) and bycatch species caught using two
types of bivalve dredges (SDredge and Ddredge) in the fishing surveys performed along the Algarve coast, southern Portugal.

SDredge DDredge
April June July Total February March April June Total TOTAL

TARGET SPECIES
Chamelea gallina 7.5 14.0 29.6 20.2 34 7.4 5.9 3.5 5.5 9.5
Donax trunculus 24.8 17.0 16.4 18.6 165.9 83.6 102.8 312.9 132.1 101.8
Spisula solida 2685.4 5438.6 1351.6 2706.8  348.5 303.7 160.7 395.3 285.3 931.0
Total 2717.7  5469.6 1397.6 27456  517.9 394.7 269.4 711.6 4229 1042.3
TARGET SPECIES (<MLS)
Chamelea gallina 2.5 0.50 6.6 4.1 1.4 7.8 5.1 7.3 5.3 5.0
Donax trunculus 0.50 0.50 0.38 49 2.3 16.4 39.0 10.2 7.6
Spisula solida 70.8 341.3 541.8 373.9 219.3 299.7 254.1 417.3 276.0 302.1
Total 73.8 341.8 548.9 378.3 225.6 309.8 275.6 463.5 291.5 314.6
BYCATCH SPECIES
NEMERTEA 0.13 0.06 0.02
ANNELIDA
Polychaeta
Sigalionidae 0.08 0.02 0.02
Glycera sp. 0.25 2.3 0.25 0.75 0.20
Nephtys sp. 1.5 0.50 0.63 0.17
Phyllodocidae 0.13 0.06 0.02
Ophelia sp. 0.25 0.75 0.25 0.50 0.08 0.16 0.18
MOLLUSCA
Gastropoda
Calyptraea chinensis 0.13 0.06 0.02
Euspira catena 0.25 0.75 0.13 0.31 0.75 0.25 0.50 0.43 0.40
Euspira guilleminii 3.0 0.75 1.1 2.5 0.56 0.08 0.25 0.93 0.93
Euspira nitida 0.13 0.06 0.02
Columbella rustica 0.08 0.02 0.02
Tritia reticulata 1.5 4.0 2.4 0.50 0.38 0.08 4.0 0.66 L1
Bivalvia
Ensis siliqua 0.75 1.0 0.69 1.3 2.1 8.9 4.5 4.0 3.1
Acanthocardia tuberculata 0.25 0.13 0.06 0.02 0.05
Laevicardium crassum 0.25 0.38 0.25 0.17 0.19 0.25 0.25 0.20 0.22
Donax semistriatus 0.25 0.25 0.08 0.18 0.13
Donax variegatus 0.50 0.25 0.25 0.02 0.08
Macomangulus tenuis 0.75 0.19 0.17 0.50 0.09 0.12
Corbula gibba 0.13 0.06 0.02
Callista chione 0.13 0.06 0.02
Dosinia exoleta 0.25 0.07 0.05
Mactra corallina atlantica 0.88 0.44 0.19 0.07 0.17
Mactra corallina corallina 1.5 0.75 0.20
Mactra corallina stultorum 3.1 1.6 0.17 2.4 0.33 1.0 1.2
Mactra glauca 1.5 1.8 1.3 33 0.19 0.98 1.1
Spisula subtruncata 0.13 0.06 0.13 0.33 0.25 0.16 0.13
Modiolus modiolus 0.25 0.13 0.03
Ostrea edulis 0.25 0.02 0.02
Ostrea sp. 0.75 0.19 0.05
ARTHROPODA
Malacostraca
Decapoda
Penaeus kerathurus 0.08 0.02 0.02
Anomura
Diogenes pugilator 15.5 41.3 27.3 27.8 8.7 69.6 65.6 34.5 48.7 43.1
Spiropagurus elegans 0.75 0.50 0.44 0.25 0.25 0.25 0.18 0.25
Brachyura
Atelecyclus undecimdentatus 0.25 0.75 2.4 1.4 0.69 0.50 0.39 0.67
Portumnus latipes 0.17 0.13 1.3 0.43 0.32
Liocarcinus navigator 0.08 0.02 0.02
Liocarcinus sp. 1.0 45 1.3 2.0 1.9 1.8 3.1 12.5 3.2 2.9
Polybius henslowii 0.75 0.75 0.56 0.06 2.5 0.25 0.33
Thia scutellata 0.13 0.06 0.02
Pinnotheres pisum 0.25 0.06 0.02
Pinnotheres sp. 0.38 0.19 0.08 0.13 0.07 0.10
ECHINODERMATA
Asteroidea
Astropecten sp. 0.13 0.06 0.02
Ophiuroidea
Amphiura sp. 0.13 0.06 0.25 0.07 0.07
Ophiura ophiura 0.25 34 1.8 0.92 4.2 3.5 9.0 35 3.1
Echinoidea
Echinocardium cordatum 0.75 0.38 0.08 2.5 2.8 3.3 2.0 1.6
Echinocardium fenauxi 0.13 0.06 0.17 0.19 0.11 0.10
Echinocardium mediterraneum 4.9 2.4 0.25 0.02 0.67
Echinocardium sp. 73 2.1 29 0.17 0.31 0.08 1.0 0.27 0.97
CHORDATA
Leptocardii
Branchiostoma lanceolatum 0.13 0.06 0.02
Actinopterygii
Trachinus draco 0.13 0.25 0.25 0.14 0.10
Total 23.3 63.5 60.4 52.0 21.9 86.7 86.6 73.8 68.4 64.1
Total catch 28149 58749 2006.8 31759 7654 791.2 633.6 12489  782.8 1421.0
Total bycatch 97.3 405.3 609.3 430.3 247.6 396.6 364.2 537.3 359.9 378.7
Bycatch (%) 35 6.9 304 13.5 323 50.1 57.5 43.0 46.0 26.6
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Table 4. — Mean biomass (kg) of target species, undersized target species (<MLS) and bycatch species caught using two types of bivalve
dredges (SDredge and Ddredge) in the fishing surveys performed along the Algarve coast (southern Portugal).

SDredge DDredge
April June July Total ~ February March April June Total TOTAL
TARGET SPECIES
Chamelea gallina 62.9 94.5 279.2 178.9 28.1 62.8 51.2 28.6 47.1 82.2
Donax trunculus 165.7 61.6 92.9 103.1 596.7 322.1 3784 933.6 467.9 370.6
Spisula solida 18379.9 25128.7 82384 149964 17324 1609.9 894.8 2076.5 1490.7 5092.2
Total 18608.5 25284.8 8610.1 152784 23572 1994.7 13243 3038.7 2005.6  5545.0
TARGET SPECIES (<MLS)
Chamelea gallina 11.1 1.8 26.2 16.4 5.8 23.8 17.0 18.5 16.6 16.5
Donax trunculus 0.53 0.41 0.34 9.0 2.7 31.3 72.9 18.6 13.7
Spisula solida 243.4 1131.1 8232 755.2 596.6 853.8 688.7 1139.60 764.6 762.1
Total 255.1 1133.0 8499 771.9 6114 880.3 737.1 1231.0  799.8 792.4
BYCATCH SPECIES
NEMERTEA 0.19 0.09 0.03
ANNELIDA
Polychaeta
Sigalionidae 0.03 0.01 0.01
Glycera sp. 0.10 0.18 0.11 0.13 0.03
Nephtys sp. 0.13 0.30 0.18 0.05
Phyllodocidae 0.01 0.01 0.00
Ophelia sp. 0.03 0.05 0.02 0.16 0.03 0.05 0.04
MOLLUSCA
Gastropoda
Calyptraea chinensis 0.01 0.01 0.00
Euspira catena 1.2 1.3 0.36 0.80 1.7 0.99 1.7 1.3 1.1
Euspira guilleminii 7.1 2.5 3.0 5.2 1.6 0.18 0.58 2.1 2.3
Euspira nitida 1.5 0.73 0.19
Columbella rustica 0.10 0.03 0.02
Tritia reticulata 44 10.5 6.3 0.96 0.66 0.14 9.1 1.4 2.7
Bivalvia
Ensis siliqua 5.1 4.4 34 6.0 7.1 38.6 16.9 16.3 12.9
Acanthocardia tuberculata 4.5 2.3 0.46 0.17 0.73
Laevicardium crassum 11.6 19.6 12.7 4.8 4.9 6.8 11.2 6.0 7.8
Donax semistriatus 0.64 0.64 0.21 0.47 0.34
Donax variegatus 2.6 1.3 0.68 0.06 0.40
Macomangulus tenuis 0.05 0.01 0.18 0.23 0.07 0.06
Corbula gibba 0.01 0.01 0.00
Callista chione 3.7 1.9 0.50
Dosinia exoleta 3.9 1.1 0.78
Mactra corallina atlantica 2.1 1.0 1.1 0.41 0.58
Mactra corallina corallina 11.0 5.5 1.5
Mactra corallina stultorum 24.5 12.2 1.6 15.6 2.7 6.9 8.3
Mactra glauca 40.0 18.9 194 67.1 1.6 18.9 19.0
Spisula subtruncata 0.31 0.16 0.35 0.86 0.70 0.43 0.35
Modiolus modiolus 0.14 0.07 0.02
Ostrea edulis 0.95 0.09 0.06
Ostrea sp. 8.6 2.1 0.57
ARTHROPODA
Malacostraca
Decapoda
Penaeus kerathurus 1.1 0.30 0.22
Anomura
Diogenes pugilator 434 106.3 65.3 70.1 122 118.1 103.7 50.8 79.1 76.7
Spiropagurus elegans 3.6 1.2 1.5 0.83 1.4 34 0.99 1.1
Brachyura
Atelecyclus undecimdentatus 8.1 22.2 48.2 31.7 11.7 3.7 53 12.3
Portumnus latipes 0.40 0.23 2.7 0.93 0.68
Liocarcinus navigator 0.23 0.06 0.05
Liocarcinus sp. 1.1 7.3 2.9 3.6 3.3 4.7 5.8 26.5 6.6 5.8
Polybius henslowii 1.8 10.2 5.6 0.89 26.2 2.7 3.5
Thia scutellata 0.28 0.14 0.04
Pinnotheres pisum 0.03 0.01 0.00
Pinnotheres sp. 0.04 0.02 0.01 0.01 0.00 0.01
ECHINODERMATA
Asteroidea
Astropecten sp. 4.6 2.3 0.61
Ophiuroidea
Amphiura sp. 0.03 0.01 0.04 0.01 0.01
Ophiura opgiura 0.88 1.7 1.1 0.71 2.1 1.7 5.1 1.9 1.7
Echinoidea
Echinocardium cordatum 8.9 4.4 1.4 20.2 37.1 44.1 21.9 17.2
Echinocardium fenauxi 2.7 1.3 0.38 0.37 0.24 0.53
Echinocardium mediterraneum 64.6 32.3 1.7 0.15 8.7
Echinocardium sp. 68.6 18.0 26.1 0.16 23 0.32 16.9 2.5 8.8
CHORDATA
Leptocardii
Branchiostoma lanceolatum 0.04 0.02 0.01
Actinopterygii
Trachinus draco 4.1 14.6 3.6 5.8 4.3
Total 128.2 214.9 335.7 253.7 106.8  200.6 227.6 218.5 184.0 202.6
Total catch 18991.8 26632.7 97957 16304.0 30754 3075.6 2289.0 44882 29894  6540.0
Total bycatch 383.2 13479 1185.6  1025.6 718.3 10809 964.7 14495  983.8 994.9
Bycatch (%) 2.0 5.1 12.1 6.3 234 35.1 42.1 323 329 15.2
Debris 4464.0  3029.1 8100.3 59234 3769.9 2660.2 1012.0 101324 3192.6  3920.8
Debris (%) 19.0 10.2 45.3 26.6 55.1 46.4 30.7 69.3 51.6 37.5
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Fig. 4. — Multidimensional Scaling (MDS) ordination analysis (Bray-Curtis similarity, square root transformed) of the total catches composi-
tion in abundance (A) and biomass (B) and of the bycatch composition in abundance (C) and biomass (D) using SDredge (open circles) and
DDredge (full circles).

catch species, arthropods were predominant in both
dredge types in both abundance (SDredge=62.7%;
DDredge=78.2%) and biomass (SDredge=44.4%;
DDredge=52.1%), followed by molluscs and echino-
derms, which displayed lower proportions in abun-
dance than in biomass (Fig. 3).

The number of taxa collected in the four fishing
surveys (16 tows) performed using SDredge (43 taxa)
accounted for 59.6% of the individuals and 66.5% of
the total weight caught using both types of dredge dur-
ing all the surveys, whereas the 11 surveys (44 tows)
using DDredge (37 taxa) corresponded to the remain-
ing 40.4% of the individuals and 33.5% of the total
weight (Tables 3 and 4). Overall, bivalves, malacos-
tracans and echinoids were the most abundant classes,
and the three target bivalve species (mostly S. solida,
followed at a distance by C. gallina and D. truncu-
lus) and the small hermit crab (Diogenes pugilator)
were the most frequent species caught by SDredge in
terms of both abundance and biomass. Similarly, the
commercial bivalve species (mostly S. solida and D.
trunculus, followed at a distance by C. gallina) and D.
pugilator clearly predominated in both the abundance
and biomass caught by SDredge (Tables 3 and 4).

On average, the bycatch rate using SDredge (13.5%
in number and 6.3% in weight) was much lower than that
using DDredge (46.0% in number and 32.9% in weight)
(Tables 3 and 4), with debris also representing a smaller
proportion of the total weight in the hauls of SDredge

(26.6%) than in those of DDredge (51.6%) (Table 4). In
both types of dredge, commercially undersized S. solida
(<MLS) and D. pugilator were clearly the most frequent
bycatch species in both number and weight (Tables 3 and
4). In addition to these species, the bycatch of SDredge
also comprised considerable abundances of undersized
C. gallina, Echinocardium sp. and Echinocardium
mediterraneum, as well as substantial biomasses of E.
mediterraneum, Atelecyclus undecimdentatus and un-
dersized C. gallina. In addition, the bycatch of DDredge
also included abundant undersized D. trunculus and C.
gallina, Ensis siliqua and Ophiura ophiura, together
with substantial biomasses of Echinocardium cordatum,
Mactra glauca, undersized D. trunculus and C. gallina
(Tables 3 and 4).

The multidimensional scaling (MDS) analysis of
the total catch composition in abundance and biomass
clearly identified two separate groups corresponding
to each type of dredge and almost without overlap-
ping (Fig. 4A, B). The ANOSIM test corroborated this
trend by detecting significant differences in both the
abundance (R=0.647, p<0.01) and biomass (R=0.734,
p<0.01) caught by each type of dredge. SIMPER anal-
ysis estimated average dissimilarities between dredges
of 51.9% for abundance and 56.2% for biomass, with
S. solida (57.4% of abundance; 65.3% of biomass), D.
trunculus (12.0% of abundance; 7.7% of biomass) and
D. pugilator (6.2% of abundance; 3.0% of biomass)
being the main contributors to these differences. On the
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other hand, the MDS analysis applied to the bycatch
composition in abundance and biomass displayed a
lower capacity to discriminate samples from the two
types of dredge (Fig. 4C, D), revealing a more similar
abundance and biomass in the bycatch of SDredge and
DDredge, as confirmed by the significant but lower
statistical significance levels obtained in the ANOSIM
test in terms of both abundance (R=0.284, p=0.025)
and biomass (R=0.250, p=0.045) of the bycatch of
each type of dredge. Additionally, the ANOVAs per-
formed to compare the bycatch proportion between
types of dredge detected highly significant differences
in both the abundance (K-W: H=19.181, p<0.001) and
biomass (K-W: H=30.063, p<0.001) of the individuals
caught as bycatch using SDredge and DDredge.

Damage and mortality

The comparison of the damage and mortality rates
inflicted by the two types of dredges in the commercial
catches (8. solida, C. gallina and D. trunculus) and by-
catch (target species<MLS and bycatch species) is pre-
sented in Figure 5. The damage and mortality rates of
both SDredge and DDredge were considerably higher in
the bycatch species than in the target bivalve species (S.
solida, C. gallina and D. trunculus), including both com-
mercial catches and undersized individuals (<KMLS). In
general, the damage rates induced by SDredge (target
species=0.9%; target species <MLS=0.8%) were lower
than those induced by DDredge (target species=3.1%;
target species <MLS=1.1%), except for the remaining
bycatch species, which were more frequently dam-
aged by SDredge (26.3%) than by DDredge (22.4%).
Accordingly, the mortality rates caused by SDredge
(target species=0.8%; target species <MLS=0.6%)
were also lower than those caused by DDredge (target
species=2.6%; target species <MLS=0.9%), while the
mortality inflicted in the remaining bycatch species
was higher for SDredge (15.5%) than for DDredge
(12.2%) (Fig. 5). There was no significant correlation
between the weight of debris collected by the dredges
and the damage rate inflicted on the catches (r=—0.078,
p>0.05), whereas highly significant differences were

50 1
BDamage rate 8 Mortality rate
40 -
30 +

20 4

10 4

Damage and mortality (%)

SD DD SD DD SD DD
Target species Target species (<MLS)  Bycalch species

Commercial catch Bycatch

Fig. 5. — Comparison of the damage and mortality rates in the catches

of the target species (Spisula solida, Chamelea gallina and Donax

trunculus) and bycatch (target species <MLS and bycatch species)
using SDredge and DDredge.
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detected in the mortality rate between SDredge and
DDredge (K-W: H=10.845, p<0.001).

Detailed information on the damage and mortality
of all the taxa caught using the two types of dredges
(Table 5) further confirms that the overall damage
and mortality rates were lower for SDredge (1.3% and
1.0% of total catches, respectively) than for DDredge
(4.0% and 2.8% of total catches, respectively). Among
the commercial bivalves caught by SDredge, S. solida
displayed the lowest rates of damage (0.78%) and
mortality (0.73%), whereas D. trunculus displayed the
highest rates of damage (11.4%) and mortality (9.7%).
In the commercial catches using DDredge, C. gallina
was the most affected and injured (5.4% and 5.0%, re-
spectively), followed by D. trunculus (4.7% and 3.7%,
respectively). Regarding the undersized target species
(<MLS), SDredge and DDredge displayed roughly
the same trend in both damage and mortality rates (D.
trunculus>C. gallina>S. solida), although for D. trun-
culus the rates were clearly higher using SDredge than
using DDredge. In general, target species <MLS were
less affected by dredging operations than commercial
catches, and independently of the type of dredge, S.
solida was invariably the least susceptible target spe-
cies (including <MLS and commercial catches) to
damage and mortality inflicted during dredging. More-
over, SDredge inflicted lower damage and mortality on
its target species (S. solida), whereas DDredge caused
more similar damage and mortality to both its target
species (D. trunculus) and other commercial catches
(C. gallina and S. solida) (Table 5).

Among all bivalve species caught as bycatch, Ensis
siliqua was clearly the most sensitive species to dredg-
ing impacts, showing 100% mortality in both SDredge
and DDredge. In addition, Callista chione, Laevicar-
dium crassum and Macomangulus tenuis displayed
100% mortality only for SDredge, whereas D. var-
iegatus displayed 100% mortality only for DDredge.
The genus Mactra invariably showed high damage and
mortality rates independently of the type of dredge,
with over 75% damage and 60% mortality in both
SDredge and DDredge. The five gastropod species
caught by SDredge suffered very low damage (Tritia
reticulata=10.5%) and no mortality, whereas the four
gastropod species caught by DDredge displayed highly
variable mortality rates (7. reticulata=0%; Columbella
rustica=100%) (Table 5).

The most abundant bycatch species caught during
dredging surveys (D. pugilator) exhibited low damage
and mortality rates in both SDredge (6.7% and 0%,
respectively) and DDredge (4.8% and 0.14%, respec-
tively). The serpent star (Ophiura ophiura) showed
very high damage in both types of dredges (82.1% and
92.9%) but remarkably low mortality (0% and 11.5%).
In both SDredge and DDredge, Liocarcinus sp. showed
low damage (25.0% and 38.8%, respectively) and even
less mortality (0% and 5.8%, respectively). Most echi-
noids were highly sensitive to dredging, with damage
and mortality rates over 50% (e.g. Echinocardium
sp.=56.5% damage and mortality in SDredge; Echino-
cardium cordatum=59.8% damage and 51.7% mortal-
ity in DDredge). Among the lower abundant bycatch
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Table 5. — Mean number and proportion of damaged and dead individuals per taxon caught using two types of bivalve dredges (SDredge and
Ddredge) in the fishing surveys performed along the Algarve coast (southern Portugal).

SDredge DDredge
Damage Mortalit, Damage Mortalit;
Total N g % N y% Total N & % N y%
TARGET SPECIES
Chamelea gallina 20.2 0.38 1.9 0.38 1.9 5.5 0.30 5.4 0.27 5.0
Donax trunculus 18.6 2.1 11.4 1.8 9.7 132.1 6.2 4.7 4.8 3.7
Spisula solida 2706.8 21.0 0.78 19.7 0.73 285.3 6.7 2.4 5.8 2.0
Total 2745.6 23.5 0.9 21.9 0.8 422.9 13.2 3.1 10.9 2.6
TARGET SPECIES (<MLS)
Chamelea gallina . 0.06 1.5 0.06 1.5 5.3 0.09 1.7 0.09 1.7
Donax trunculus 0.38 0.06 15.6 0.06 9.1 10.2 0.30 2.9 0.20 2.0
Spisula solida 373.9 2.8 0.75 2.2 0.59 276.0 2.7 0.99 2.3 0.82
Total 378.3 3.0 0.8 24 0.6 291.5 3.1 1.1 2.6 0.9
BYCATCH SPECIES
NEMERTEA 0.06 0.06 100.0 0.06 100.0 0.00
ANNELIDA
Polychaeta
Sigalionidae .02 0.02 100.0 0.00 0.00
Glycera sp. 0.75 0.31 41.7 0.31 41.7 0.00
Nephtys sp. 0.63 0.31 50.0 0.31 50.0 0.00
Phyllodocidae 0.06 0.00 0.00 0.00 0.00 0.00
Ophelia sp. 0.25 0.00 0.00 0.00 0.00 0.16 0.07 429 0.05 28.6
MOLLUSCA
Gastropoda
Calyptraea chinensis 0.06 0.00 0.00 0.00 0.00
Euspira catena 0.31 0.00 0.00 0.00 0.00 0.43 0.09 21.1 0.05 10.5
Euspira guilleminii 1.1 0.00 0.00 0.00 0.00 0.93 0.05 4.9 0.05 4.9
Euspira nitida 0.06 0.00 0.00 0.00 0.00 0.00
Columbella rustica 0.02 0.02 100.0 0.02 100.0
Tritia reticulata 2.4 0.25 10.5 0.00 0.00 0.66 0.11 17.2 0.00 0.00
Bivalvia
Ensis siliqua 0.69 0.69 100.0 0.69 100.0 4.0 4.0 100.0 4.0 100.0
Acanthocardia tuberculata 0.13 0.06 50.0 0.06 50.0 0.02 0.00 0.00 0.00 0.00
Laevicardium crassum 0.25 0.00 0.00 0.25 100.0 0.20 0.02 11.1 0.02 11.1
Donax semistriatus 0.18 0.02 12.5 0.00 0.00
Donax variegatus 0.25 0.00 0.00 0.00 0.00 0.02 0.02 100.0 0.02 100.0
Macomangulus tenuis 0.19 0.19 100.0 0.19 100.0 0.09 0.02 25.0 0.02 25.0
Corbula gibba 0.06 0.00 0.00 0.00 0.00
Callista chione 0.06 0.06 100.0 0.06 100.0
Dosinia exoleta 0.07 0.02 33.3 0.02 33.3
Mactra corallina atlantica 0.44 0.38 85.7 0.00 0.00 0.07 0.07 100.0 0.05 66.7
Mactra corallina corallina 0.75 0.56 75.0 0.56 75.0 0.00
Mactra corallina stultorum 1.6 1.2 76.0 1.1 72.0 1.0 0.77 75.6 0.64 62.2
Mactra glauca 1.3 1.1 90.0 1.0 80.0 0.98 0.95 97.7 0.91 93.0
Spisula subtruncata 0.06 0.00 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.00
Modiolus modiolus 0.13 0.00 0.00 0.00 0.00 0.00
Ostrea edulis 0.02 0.00 0.00 0.00 0.00
Ostrea sp. 0.19 0.19 100.0 0.00 0.00 0.00
ARTHROPODA
Malacostraca
Decapoda
Penaeus kerathurus 0.02 0.00 0.00 0.00 0.00
Anomura
Diogenes pugilator 27.8 1.9 6.7 0.00 0.00 48.7 2.3 4.8 0.07 0.14
Spiropagurus elegans 0.44 0.31 71.4 0.06 14.3 0.18 0.05 25.0 0.00 0.00
Brachyura
Atelecyclus undecimdentatus 1.4 0.69 47.8 0.25 17.4 0.39 0.32 82.4 0.27 70.6
Portumnus latipes 0.43 0.11 26.3 0.07 15.8
Liocarcinus navigator 0.02 0.00 0.00 0.00 0.00
Liocarcinus sp. 2.0 0.50 25.0 0.00 0.00 3.2 1.2 38.8 0.18 5.8
Polybius henslowii 0.56 0.38 66.7 0.31 55.6 0.25 0.16 63.6 0.09 36.4
Thia scutellata 0.06 0.00 0.00 0.00 0.00
Pinnotheres pisum 0.06 0.00 0.00 0.00 0.00 0.00
Pinnotheres sp. 0.19 0.00 0.07 0.00 0.00 0.00 0.00
ECHINODERMATA
Asteroidea
Astropecten sp. 0.06 0.06 100.0 0.00 0.00
Ophiuroidea
Amphiura sp. 0.06 0.06 100.0 0.00 0.00 0.07 0.02 33.3 0.00 0.00
Ophiura ophiura 1.8 14 82.1 0.00 0.00 3.5 33 92.9 0.41 11.5
Echinoidea
Echinocardium cordatum 0.38 0.31 83.3 0.31 83.3 2.0 1.2 59.8 1.0 51.7
Echinocardium fenauxi 0.06 0.00 0.00 0.00 0.00 0.11 0.09 80.0 0.09 80.0
Echinocardium mediterraneum 2.4 1.1 46.2 0.88 35.9 0.02 0.02 100.0 0.02 100.0
Echinocardium sp. 2.9 1.6 56.5 1.6 56.5 0.27 0.27 100.0 0.25 91.7
CHORDATA
Leptocardii
Branchiostoma lanceolatum 0.06 0.00 0.00 0.00 0.00
Actinopterygii
Trachinus draco 0.14 0.02 16.7 0.02 16.7
Total 52.0 13.6 26.3 8.0 15.5 68.4 15.3 22.4 8.3 12.2
Total catch 3175.9 40.1 1.3 32.3 1.0 782.8 31.6 4.0 21.8 2.8
Total bycatch 430.3 16.6 3.9 10.4 2.4 359.9 18.4 5.1 10.9 3.0
Bycatch (%) 13.6 414 32.2 46.0 58.2 50.1
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Table 6. — Survival experiments performed in the containment facilities with diverse taxa caught as target or bycatch species during bivalve
dredging.

Mortality (N)

4d 5d 7d  Survivors (N) Survival rate (%)

3d
Dy Dy Dy, Dy D, D; Dy, D, Dq D, Dy D,

Number  5h 1d 2d
D, D, Dy D, Dy, D, D, D,
CATCHES
Target species
Chamelea gallina 20
Donax trunculus 168 66 5 2
Spisula solida 103 5 2
Total 291 71 0 0 O 5 4
BYCATCH
Target species (<MLS)
Donax trunculus 168 26 1
Spisula solida 199 1
Total 367 26 0 0 0O O 2
BYCATCH SPECIES
ANNELIDA
Polychaeta
Glycera sp. 1 1
Ophelia sp. 1 1
MOLLUSCA
Gastropoda
Euspira catena 6
Tritia reticulata 8
Bivalvia
Ensis siliqua 1 1
Laevicardium crassum 1
Donax semistriatus 1
Ostrea edulis 3
ARTHROPODA
Malacostraca
Decapoda
Penaeus kerathurus 2 2
Anomura
Diogenes pugilator 284 4 1 6
Spiropagurus elegans 1 1
Brachyura
Atelecyclus undecimdentatus 1
Portumnus latipes 14 4 1
Liocarcinus sp. 18 14 1 3 2
Thia scutellata 1
Pinnotheres pisum 1 1
ECHINODERMATA
Ophiuroidea
Amphiura sp. 1
Ophiura ophiura 3
Echinoidea
Echinocardium cordatum 16 2 15
CHORDATA
Leptocardii
Branchiostoma lanceolatum 1 1
Actinopterygii
Ammodytes tobianus 1 1
Total 361 30 4 6 1 2 24 10
Total 1019127 4 6 1 7 30 51

32
33

~
@)}

20 100.0
33 3 7 1 1 1 2 158 16 940 242
6 1 6 89 3 86.4  60.0
33 9 8 1 1 7 2 267 19 91.8 268
1 1 3 I 1 165 13 982  50.0
2 1 195 98.0
o 1 3 3 0 0 2 1 360 13 98.1 50.0
0 0.0
0 0.0
6 100.0
8 100.0
0 0.0
1 100.0
1 100.0
3 100.0
0 0.0
3 275 0 9638 0.0
1 1 0 100.0 0.0
1 100.0
1 1 1 11 1 78.6  25.0
2 13 8 722 571
1 100.0
0 0.0
1 0 0.0
3 100.0
1 0 0 0.0 0.0
0 0.0
0 0.0

1 2 1 0 0 0 6 1 324 9 89.8 30.0

1311 1 1 15 4 0951 41 933 323

taxa, polychaetes generally exhibited damage and mor-
tality rates below 50% (Table 5).

Survival experiments

Among the diverse taxa caught consistently during
the bivalve dredging surveys, a total of 1146 macroben-
thic organisms (Dy=1019; D,=127) were subjected to
survival experiments, comprising 362 (D,=291; D,=71)
individuals of the target species (C. gallina, D. trunculus
and S. solida), 393 (Dy=367; D,=26) undersized indi-
viduals (<MLS) of the target species and 391 (Dy=361;
D,=30) individuals of the remaining bycatch species
(Table 6). Overall, 12.5% of the individuals showed
damage, with the target species displaying higher pro-
portions of injured specimens (D;=24.4%) than un-

dersized target species (D;=7.1%) and other bycatch
species (D;=8.3%). Among the target species, all C.
gallina were apparently intact (Dy=100%), whereas D.
trunculus were much more damaged (D,=39.3%) than
S. solida (D,=4.9%). In addition, among the undersized
individuals of the target species, all S. solida were appar-
ently intact (Dy;=100%), while the proportion of slightly
damaged D. trunculus was 15.5%. In both D. trunculus
and S. solida, most damage was due to partially or to-
tally cut feet. The four most represented taxa among the
bycatch species showed highly variable damage rates,
namely the small hermit crab D. pugilator (D,=1.4%),
the swimming crab Liocarcinus sp. (D,=77.8%), the
heart-urchin E. cordatum (D,=12.5%) and the Pennant’s
swimming crab P. latipes (D,=28.6%) (Table 6).

The mean survival rates of the target species
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were noticeably higher for undamaged individuals
(Dy=91.8%), ranging from 86.4% in S. solida to 100%
in C. gallina, than for slightly damaged specimens
(D,=26.8%), ranging from 24.2% in D. trunculus to
60.0% in S. solida (Table 6). On the other hand, under-
sized specimens of the target species (<MLS) showed
higher survival rates for both intact individuals (Dy:
D. trunculus=98.2%; S. solida=98.0%) and slightly
injured individuals (D;: D. trunculus=50.0%). Regard-
ing the remaining taxa caught as bycatch, most species
displayed highly variable survival rates depending on
the respective damage score (Dy=89.8%; D,=30.0%),
including the numerically most representative bycatch
taxa, namely D. pugilator (Dy=96.8%; D,=0%), E. cor-
datum (Dy=0%; D,=0%), Liocarcinus sp. (Dy=72.2%;
D,=57.1%) and P. latipes (Dy=78.6%; D,=25.0%).
Undamaged individuals (D) of several taxa showed
100% survival rate (A. undecimdentatus, D. semis-
triatus, E. catena, L. crassum, O. ophiura, O. edulis,
S. elegans, T. scutellata and T. reticulata), whereas
slightly damaged individuals (D,) of other taxa suf-
fered 100% mortality rate (Amphiura sp., D. pugilator,
E. cordatum, E. siliqua, Glycera sp., P. kerathurus and
S. elegans). In the particular case of the heart urchin (E.
cordatum), the fact that all individuals died within 2-3
days in captivity might be due to starvation, because
no specific food was provided for this type of feeding
guild (grazers/deposit feeders). Overall, for all the taxa
subjected to the survival experiments, survival rates
were 93.3% in undamaged individuals (D) and 32.3%
in slightly damaged individuals (D) (Table 6).

DISCUSSION

The assessment of bycatch issues is critical for as-
sessing the sustainability of any fishery. In addition to
determining the catch composition, the quantification
of bycatch and discard rates allows the efficiency and
operational performance of the fishing gear to be meas-
ured. The fact that previous studies recorded consider-
able amounts of bycatch in the bivalve dredge fisheries
along the Algarve coast, even exceeding the catch of
the target species in late spring and early summer (Gas-
par and Chicharo 2007), reinforces the importance of
the present study and the need for further investigation
on this important subject. Other studies have reported
seasonal trends in the bycatch collected by mechanical
bivalve dredges: namely an increase in flatfish discards
in autumn on the Algarve coast (Palma et al. 2003),
possibly associated with greater abundances in benthic
communities in this area during this season (Alves et
al. 2003), and also higher discards of D. trunculus in
spring and summer in the northern Alboran Sea (Urra
et al. 2017).

In the present study, the quantification of bycatch
using two grid dredges with different technical speci-
fications revealed highly significant differences in the
composition of the total catches between types of dredge
that were mainly due to the abundance and biomass of
the target species (S. solida, C. gallina and D. truncu-
lus) and also of the hermit crab (D. pugilator). These
clear differences confirm that each type of dredge was

developed and is well adjusted to maximize the catch
of its target species. Although significant, less evident
differences were detected in the composition of the by-
catch collected by the two dredges, probably because
of the overall similarity of the benthic communities at
closely located sampling sites and bathymetries. The
bycatch composition was dominated by the presence
of commercially undersized individuals of the target
species and by benthic species with dimensions and
morphological features that prevented their passage
through the parallel bars of the grid dredge, such as
larger bivalve species, hermit crabs and heart urchins.
This is a common issue in fishing gears designed to
mechanically preclude the catch according to specimen
size. For instance, because smaller individuals escape
through the interconnecting steel rings of the dredge,
the bycatch composition of the king scallop dredge
fishery in the English Channel is dominated by large
benthic and demersal fish species (Szostek et al. 2017).

The bycatch rates represented 46.0% of total catches
in abundance and 32.9% in biomass using DDredge. In
the dredge fishery targeting C. chione performed in the
Setibal region (western coast of Portugal) a high pro-
portion of bycatch (31% in number) was also recorded
(Gaspar et al. 2001). Significantly lower bycatch rates
(13.5% of total catches in abundance and 6.3% in bio-
mass) were recorded for SDredge, due to high densities
of its target species (S. solida) in the bivalve beds along
the Algarve coast. Another study also using a grid
dredge to target S. solida in the same sampling area
reported a mean bycatch rate of 9% in biomass (Leitdo
et al. 2009). In addition, previous fishing surveys per-
formed in the same area recorded much higher fishing
yields of S. solida (957 g/5 min. tow) than of D. trun-
culus (248 g/5 min. tow), reflecting clear differences
in species abundance and density over time (Gaspar
et al. 2015). For the same reason but with an opposite
trend, low densities of target species were responsible
for very high bycatch and discard rates (=90%) in the
“rapido” trawl scallop (Pecten jacobaeus) fishery in
the Adriatic Sea (Pranovi et al. 2001).

In the present study, damage and mortality, which
reflect the direct impact of the dredging operations,
were predominantly low despite the presence of some
sensitive species in the catches. The three bivalve
target species (S. solida, C. gallina and D. trunculus)
exhibited low damage and mortality rates, S. solida
being the least affected and D. trunculus the most af-
fected by dredging impacts. Likewise, except for D.
trunculus, which showed slightly higher mortality, the
undersized individuals of the remaining target spe-
cies also displayed fairly low damage and mortality
rates. Overall, damage and mortality depend on the
operational and technical characteristics of the fishing
gears and on some biological and ecological features
of the taxa collected as either target catch or bycatch.
In particular, bivalve species susceptibility to damage
are markedly influenced by their shell morphology and
resistance to breakage (the force required to break the
shell) (Bergmann et al. 2001, Vasconcelos et al. 2011).
Accordingly, bigger damage rates and significantly
higher mortality rates in DDredge than in SDredge are
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probably due to the lower proportions of thick-shelled
and more resistant bivalves, such as S. solida and C.
gallina, in the catches using DDredge.

In contrast, the pod razor shell (E. siliqua), a thin-
shelled bivalve that usually burrows shallowly close
to the sediment surface but can burrow down to 60
cm deep when disturbed (Gaspar et al. 1998), showed
very high mortality rates independently of the type of
dredge. Such high mortalities are explained by the dif-
ference between the dredge teeth length (20 cm) and
the maximum burrowing depth of E. siliqua (60 cm),
because the perturbation caused by dredging induces
deeper burrowing as a self-protective behaviour. Most
individuals are hit by the dredge teeth in the upper and
middle portions of the shell, suffering severe damage
and subsequent mortality (Gaspar et al. 1998). Though
it is the third most abundant species caught by both
types of dredge, the hermit crab (D. pugilator) showed
high resilience to dredging impacts in terms of both
damage rate (<10%) and mortality rate (<1%, mainly
individuals that abandoned their protective shells).
This low sensitivity, coupled with recruitment every
four months on the Portuguese coast (Dolbeth et al.
2006), makes this species almost invulnerable to bi-
valve dredging impacts on the Algarve coast. Swim-
ming crabs (Liocarcinus sp.) also occurred in high
abundances but displayed low damage and mortality
rates, corroborating previous data gathered using the
metallic grid dredge (Gaspar et al. 2003b). However,
physiological responses of Liocarcinus depurator to
aerial exposure reveal that, although it is not directly
lethal, the stress induced by emersion might lead to
metabolic disruptions that increase the susceptibility to
predation (Bergmann et al. 2001).

Damage and mortality rates of echinoderms con-
firmed their fragility when subjected to impacts and
stress, with the four species of sea urchins (Echino-
cardium spp.) being highly susceptible to lethal inju-
ries caused by both types of dredge. This previously
reported high susceptibility to damage (e.g. Kaiser
and Spencer 1995, Gaspar et al. 2003b, Leitdo et al.
2009) was attributed to the fact that the fused plates
of sea urchins imply low flexibility and high sensitiv-
ity to mechanical damage during bivalve dredging
(Kaiser and Spencer 1995). By contrast, brittle stars
(class Ophiuroidea) exhibited very high damage rates
but very low mortality rates. Several studies have con-
firmed the high resilience of the serpent star (Ophiura
ophiura) to bottom fishing, considering that arm dam-
age and breakage induce low mortality due to the high
regeneration capacity of this species (e.g. Kaiser and
Spencer 1995, Hill et al. 1996, Ramsay et al. 1998),
which also relies on its high reproductive resilience
to cope with severe damage and consequent mortality
(Pranovi et al. 2001). However, Bergmann and Moore
(2001) highlighted that fishing-related stress and dam-
age could induce higher susceptibility to bacterial in-
fection and subsequent death in this species.

There is lack of information regarding the survival
of bycatch species after discarding (Leitdo et al. 2014).
In the Portuguese dredge fishery, most discards are
invertebrate species (bivalves, gastropods, crustaceans
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and echinoderms). Depending on the volume of the
catches, the specimens caught are sometimes only sort-
ed at the end of the fishing day, which may decrease the
survival of discarded individuals (Gaspar and Chicharo
2007). Despite the overall low mortality recorded in
this study, dredging-induced stress might cause a slow
recovery of the activity of discarded individuals, which
thus become more vulnerable to predation (Robinson
and Richardson 1998, Chicharo et al. 2002b). How-
ever, several authors have reported low rates of indirect
mortality in molluscs and crustaceans (Gruffydd 1972,
Caddy 1973, Kaiser and Spencer 1995), the two most
abundant taxa collected in the present study. Larger
individuals in particular are typically more resistant
to damage and mortality (Birkett 1959, Medcof and
MacPhail 1964, Trewin and Welsh 1972).

In order to estimate survival rates more accurately,
captivity experiments were performed in aquaculture
facilities during the present study. However, it is as-
sumed that the effect of captivity upon the experimen-
tal individuals might lead to an underestimation of sur-
vival rates, whereas the exclusion of predation effects
might lead to an overestimation (ICES 2014). Based on
the arbitrary damage scores used in this study, the high
survival rate of undamaged (D) and slightly damaged
(D)) individuals allowed us to infer that in this bivalve
dredge fishery discarding can lead to considerable sur-
vival rates when catches are sorted immediately after
each tow and discarded near the natural beds of the har-
vested species. One interesting finding of the captivity
experiments was the fact that, when subjected to the
perturbation and stress during dredging, D. trunculus
appears to be faster closing the valves than retracting
the foot, so apparently undamaged individuals were ac-
tually injured internally, which might jeopardize their
likelihood of survival.

The design of the currently used grid dredge al-
lows smaller individuals of both target and bycatch
species to escape through the spacing between bars of
the grid. However, although the dredges are adapted to
the bivalve target species, they retain larger specimens
of the bycatch species, which are later hauled, sorted
on board and discarded. However, this gear proved
much better than the traditional and northern dredges,
because it collected a significantly lower amount of un-
wanted accessory species (Gaspar et al. 2001, 2003b,
Leitdo et al. 2009). In a strictly scientific approach to
the problem of bycatch, high bycatch rates should not
be a major problem if most discarded individuals sur-
vive (Gaspar and Chicharo 2007), but bycatch is also
an ethical, technical, political and economic issue (Hall
et al. 2000).

The morphological diversity of the bycatch taxa
caught by bivalve dredging requires a dredge design
that is efficient, selective and causes low damage to
all collected organisms. The current technical design of
the metallic grid dredge should be basically maintained
and only slight modifications should be introduced,
namely by introducing a bycatch reduction device
(BRD) in order to allow most bycatch specimens to
escape. Despite extensive research confirming signifi-
cant bycatch reductions due to the adoption of BRDs
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Fig. 6. — Schematic illustration of the proposal of technical modifications for the metallic grid dredge, including a bycatch reduction device
(BRD) and a net bag: A, full size view; B, top view of the retention grid; C, lateral view of the retention grid.

(e.g. Brewer et al. 1998, Fonseca et al. 2005), little in-
formation of this type is available for bivalve fisheries,
since most studies have focused on prawn and shrimp
trawl fisheries. In the present case, the grid dredge
should include, in the middle of the collecting system,
an oblique metallic grid ending at an escape exit at the
top of the cage (Fig. 6). By installing this BRD, it is
expected that individuals larger than the openings will
be guided upwards to the escape exit, while smaller
individuals will pass through the openings of the
BRD. Since the selection of the individuals that pass
through the BRD will occur inside the grid cage, the
spacing between the bars must be large enough to en-
able target individuals to pass through and thus avoid
negative affects on the fishing yield. This type of BRD
(i.e. a simple metallic grid that mechanically excludes
unwanted catches according to their size) has been ex-
tensively reported as efficient for allowing bycatch to
escape while maintaining the target catch. For instance,
a significant decrease in the proportion of bycatch fish
in trawl fisheries targeting the ocean shrimp (Pandalus
Jjordani) was recorded following the implementation of
a rigid-grid BRD (Hannah and Jones 2007). Likewise,
significant bycatch reductions were achieved thanks to
the use of the Nordmgre grid in the Brazilian artisanal
shrimp fishery, with an extremely high decrease (97%)
in the weight of the abundant brachyurids present in the
catches (Silva et al. 2012).

The survival of escaped organisms should also
be considered, since the adoption of BRDs assumes
that excluded individuals suffer negligible mortal-
ity (Crowder and Murawski 1998). Considering that
previous underwater observations by Gaspar et al.

(2001) revealed that undamaged individuals that pass
through the parallel rods of the metallic grid dredge
rebury immediately or recover activity, the likelihood
of survival of the escaped individuals is presumably
high. Therefore, this BRD is expected to reduce both
direct and indirect mortality, since it will allow the im-
mediate escape of larger individuals from the fishing
gear during the tow. They will be subject to less stress,
recover their activity faster and be less exposed to pre-
dation. However, the modification proposed might also
decrease the fishing yield, since during hauling there
is a high likelihood of losing the target catch through
the opening at the top of the dredge. To overcome this
problem, an additional modification is required in the
fishing gear: removing the rear part of the grid cage
and attaching a net bag to the rear of the dredge in order
to retain the catches during hauling (Fig. 6).
Gear-based solutions for reducing bycatch require
an optimal combination of characteristics that de-
creases the amount of bycatch while maintaining or
increasing the catches of target species. The likelihood
of fishermen accepting a new or modified fishing gear
can be expected to be low if the fishing yield decreases
in comparison with the previous design of the fishing
gear. For instance, the decreasing fishing yield follow-
ing the adoption of the Nordmgre grid in the crusta-
cean trawl fishery in Portugal raised concerns about
whether fishermen would accept this gear modification
(Fonseca et al. 2005). The overall results gathered in
the present study recommend technical modifications
to the current technical design of bivalve dredges, in
order to adopt a BRD and include a retention net bag.
For this reason, further experimental fishing surveys
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(performed throughout the year, using dredges with
and without BRD towed simultaneously and side by
side) are required to compare the fishing yield and
profitability, catch composition, proportion of bycatch
and discards, damage and mortality rates.
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