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ABSTRACT: Bivalve predation by seabream has been observed worldwide and is a major concern
for bivalve farmers. Farmed bivalve—seabream interactions must be better understood to ensure
the sustainability of bivalve aquaculture. The objectives of this study were to characterize gilthead
seabream Sparus aurata presence in a bivalve farm in Prevost Lagoon (Mediterranean Sea) using
acoustic telemetry and to evaluate monthly losses of mussels Mytilus galloprovincialis and oysters
Crassostrea gigas due to seabream predation over an 18 mo period inside the farm and at an
unprotected experimental platform. Large (281 to 499 mm TL) seabream were more commonly
detected in the bivalve farm than were small (200 to 280 mm TL) seabream. In contrast to small
seabream, 90 % of large seabream returned to and spent extended periods in the study area the
following year, suggesting inter-annual site fidelity for large fish that used the bivalve farm as a
feeding site. Signs of predation were observed on mussels and oysters throughout the year at the
unprotected experimental platform. Farmers noted losses in the farm from April to September.
Maximal losses (90 to 100 %) were observed post-oyster ‘sticking’ and mussel socking. Despite the
deployment of nets as mechanical protection to reduce predation, oyster losses represented 28 %
of the annual value of oysters sold while mussel losses were estimated at ca. 1%. These results
suggest that bivalves must be protected by nets throughout the year to avoid predation, particu-
larly post-handling. A collaboration between shellfish farmers and fishermen could be a sustain-
able solution for bivalve farming, by regularly fishing for seabream in farms, between tables and
inside protective nets.

KEY WORDS: Shellfish culture - Sparus aurata - Size - Acoustic telemetry - Crassostrea gigas -
Mytilus galloprovincialis - Oyster - Mussel

1. INTRODUCTION

Fisheries and aquaculture production from marine
and coastal environments accounted for a global
annual production of 171 million t in 2016, of which
28.7 million t were from mariculture. Shelled mol-
lusks accounted for 58.8% of marine and coastal
aquaculture production (FAO 2018).

Bivalve farms create habitat that may act as a shel-
ter, nursery, or feeding site for many species. Several

*Corresponding author: marion.richard@ifremer.fr

studies have shown that fish abundance (Brehmer et
al. 2003), and notably seabream abundance (éegvié-
Bubi¢ et al. 2011, Sakai et al. 2013, Tsuyuki & Umino
2017), may be greater within farm areas than in sim-
ilar areas without farm activities. Predation by vari-
ous species of seabream on farmed bivalves has been
observed throughout the world, including Hiroshima
Bay (Japan; Saito et al. 2008), the Ria de Ares-Betanzos
(Spain; Peteiro et al. 2010), the Adriatic Sea (Croatia;
Segvié-Bubié et al. 2011), and the Mediterranean Sea
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(France; Brehmer et al. 2003). Seabream have been
shown to feed on farmed mussels and oysters (Saito
et al. 2008, Segvié-Bubié et al. 2011); however, little
information is available on the magnitude of bivalve
culture losses due to seabream predation.

In French Mediterranean lagoons, oysters Crass-
ostrea gigas and mussels Mytilus galloprovincialis are
reared on ropes suspended from metal structures,
hereafter referred to as 'tables’ (Gangnery et al. 2003).
The main bivalve culture site on the French Mediter-
ranean coast is Thau Lagoon, with a total annual
production of ca. 10000 t (oysters: 7327 t, mussels:
2117 t in 2016; Le Gal 2017). Bivalve losses due to
gilthead seabream Sparus aurata predation is a
major problem in the area. A survey of 135 farmers
indicated that 93% of them were affected by sea-
bream predation (Gervasoni & Giffon 2016). To limit
losses, 85% of surveyed bivalve farmers protect bi-
valves against seabream by deploying nets around
the tables. However, this incurs significant financial
and logistical costs, including purchasing nets, their
deployment and maintenance, and potentially re-
duced bivalve growth due to reduced current flow
and food delivery. Despite this physical protection,
bivalve farmers have nonetheless estimated mean
mussel losses due to seabream predation at 26 %
(Gervasoni & Giffon 2016). Video recordings have
shown that seabream may destroy mussel socking
material, break shells, and eat mussels (Fig. 1). A shell-

fish farm in nearby Prevost Lagoon with a smaller
production of mussels and oysters (i.e. 12 tables vs.
2816 tables in Thau Lagoon) first reported massive
losses due to seabream predation in 2016 following
dredging work carried out in the farming area and
lagoon entrance in 2015. Mussel losses were nearly
100 %, as bivalves were not protected by nets. Preda-
tion on juvenile oysters was also observed but losses
were not estimated (bivalve farmers pers. comm.).

Gilthead seabream are opportunistic and adapt
their diets to habitat and prey availability (Pita et al.
2002, Tancioni et al. 2003, Escalas et al. 2015). In the
spring, from April to June, gilthead seabream enter
coastal lagoons (Lasserre & Labourg 1974, Mercier et
al. 2012, Isnard et al. 2015) to feed (Tournois et al.
2013, Escalas et al. 2015, Isnard et al. 2015) and
migrate seaward in the autumn when lagoon temper-
atures drop to those of the sea (Audouin 1962,
Lasserre 1976). Passive acoustic telemetry has been
successfully used to evaluate seabream movement
and lagoon habitat use (Abecasis & Erzini 2008), to
describe the distribution and movements of escaped
farmed fish from seacages (Arechavala-Lopez et al.
2012, 2018, §egvié-Bubic’: et al. 2018), and to evaluate
interactions with farm bivalve structures, as done
for the black seabream Acanthopagrus schlegelii
(Tsuyuki & Umino 2017).

The objectives of the present study were to investi-
gate gilthead seabream-farmed bivalve interactions

Fig. 1. Seabream Sparus aurata feeding on mussel ropes in Thau Lagoon, recorded with a GoPro Hero 4 camera
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and to evaluate farmed bivalve losses due to sea-
bream predation. To this end, we describe the tempo-
ral variability of (1) seabream presence at the Prevost
Lagoon bivalve farm using acoustic telemetry and (2)
bivalve losses due to predation over 18 mo (April
2017 to October 2018).

2. MATERIALS AND METHODS
2.1. Site and bivalve farm

Prevost Lagoon is located in southern France
(43°31'13.70" N, 3°54'33.31"E), surrounded by the
Pierre Blanche, Arnel, and Mejean lagoons and con-
nected to the Rhone-Sete channel and to the Mediter-
ranean Sea by the (locally called) ‘Grau' and ‘Harbour’
channels (Fig. 2A). It is 3.3 km long x 0.8 km wide,
with mean and maximum depths of 0.8 and 2 m,
respectively.

The bivalve farm is located in the deeper part (2 m)
of the lagoon near the Grau Channel (Fig. 2B). The la-
goon has been exploited for bivalve culture since 1994.
Farmed bivalves include Pacific oysters Crassostrea
gigas and Mediterranean mussels Mytilus gallo-
provincialis. Groups of 3 oysters are glued at intervals
along ropes (‘sticking') and mussels placed into 2 to 3
biodegradable mesh socks around ropes (‘socking’) to
allow the latter to attach to ropes by byssal threads.
Oyster and mussel ropes were suspended from 12 ta-
bles (10 x 50 m; Fig. 2B), with oysters in the northern
part of the farm and mussels in the southern part (Fig.
2B). Tables were protected by a single large net dur-
ing 2017 and by several smaller (table-scale) nets in
2018 to limit seabream predation. Oyster and mussel
production were managed by 2 farmers.

2.2. Experimental design, sampling, and analyses

2.2.1. Temporal observation of tagged gilthead
seabream

A total of 56 seabream were captured in Prevost
Lagoon using traditional net fish traps called '‘Cape-
chades' or ‘Casiers’ in the shallower parts of the la-
goon (n = 49) and by angling inside the farm (n = 7)
from May to September 2017. Following capture, sea-
bream were transported to shore and anaesthetized
using benzocaine (360 ppm) prior to recording biometric
measures (weight [g], total length [TL, mm]). Individual
fish TL ranged from 200 to 499 mm (mean + SD: 260 +
62 mm) and weight ranged between 100 and 1729 g
(mean + SD: 287 + 300 g). We defined 2 size classes:
small, <280 mm TL (n =46) and large, 2281 mm TL (n =
10; see Table 1). Only fish displaying no physical in-
jury or bleeding were tagged. An acoustic tag
(VEMCO V9; 180 s nominal delay, 69 kHz, 1 H; esti-
mated tag lifetime 579 d) was surgically implanted
into the peritoneal cavity of each fish. An external
plastic dart tag was then implanted through the dorsal
musculature and a blue tattoo (Cyan natural pigment)
applied to each individual. Our experimental proce-
dures, including the use of benzocaine, was validated
by our local animal welfare representatives and by the
French Ministry of High Education and Research (re-
spectively, APAFIS#8945-2017021612469374 v4 and
C3421926). Tagged individuals were then placed in
an observation tank where they were allowed to re-
cover for approximately 1 h prior to being released back
in the farm area. Data from a VR2W (VEMCO, Innova-
sea) acoustic receiver positioned in the southwest part
of the farm (Fig. 2B) was used to assess the presence
of tagged individuals in the farm area. This acoustic
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Fig. 2. (A) Prevost Lagoon, southern France, and (B) the bivalve farm comprising 12 tables: 6 of mussels and 6 of oysters, one

of which (stocking bag) held market-ready oysters rather than grow-out ropes. Black dot and star: position of the acoustic

receiver and experimental platform, respectively; circle: 50 % acoustic detection area. The acoustic receiver and experimental
platform were separated by 130 m
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receiver was part of a larger network of 21 receivers
covering the entire lagoon. Two directional receivers
were positioned in the Grau channel to detect move-
ments of tagged fish between Prevost Lagoon and the
Mediterranean Sea (Fig. 2B). In this study, only data
from the receiver positioned in the farm where the ex-
periment took place were used. Because of potential
shadowing due to bivalve stock and nets, as observed
for fish cages (Otterd & Skilbrei 2016), a series of
range tests were carried out in March 2017, prior to
the study. Similar to How & de Lestang (2012), we
estimated acoustic range reception with receivers
placed at 37, 53, 86, 122, 153, 203, 254, and 308 m
from the transmitter. The receivers were deployed
along a north-east bearing from the transmitter and
across the bivalve farm. Results showed a 50 % detec-
tion efficiency at 120 m (Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/q012p529_supp.pdf),
thus covering the entire bivalve farm (Fig. 2B).

Data was downloaded from the acoustic receiver at
the end of October 2018. Data integrated date, time,
and seabream tag ID for each detection. The number
of detections for each seabream and number of sea-
bream detected in the bivalve farm were first aggre-
gated by fish size class per day. Data were aggregated
by 2.75 d predation trials (hereafter, ‘losses at the
unprotected experimental platform’) and summed to
compare the total number of detections and fish
recorded by the acoustic receiver during the duration
of each predation trial over the 18 mo study.

2.2.2. Temporal observation of bivalve losses
due to predation

Bivalve losses due to predation were estimated in
the farm and at an unprotected platform.

Field sampling: bivalve stocks and losses in the farm.
To estimate bivalve losses due to predation in the
farm, it was necessary to first quantify mussel and
oyster stocks throughout the 18 mo study period. We
thus surveyed the farmers monthly to document oys-
ter and mussel production dynamics at the farm-
scale. The Prevost Lagoon farmer produced a
monthly overview of his 12 tables, detailing stocking
dates and the number of ropes that were suspended
from each table. Throughout the study period, the
table in the northeast corner of the farm (Fig. 2B:
‘stocking bag') was used to stock oysters in bags fol-
lowing harvesting from ropes and prior to being sold
to market. The other tables had various quantities of
oyster and mussel ropes, which were vulnerable to

predation. Evaluation of bivalve stocks thus focused
on these 11 tables. At the farm-scale, several cohorts
of bivalves were raised simultaneously: small (spat
and seed), medium (growing bivalves), and large
(market-sized bivalves) individuals (Fig. 3). Usually,
a single cohort was raised per table and several
tables with the same cohort may have been in the
farm at any time, as detailed in the farm production
plan. Based on this plan, 3 ropes per species and
cohort were sampled each month (Fig. 3) for a total of
18 ropes. Each rope was measured and weighed to
provide estimates of bivalve stocks per table (esti-
mated as the number of ropes for a given species and
cohort multiplied by the relevant mean total rope
weight). Weight and size at seeding and harvesting
were estimated by sampling individual ropes (samples
from the top, middle, and bottom of ropes; Fig. 3).

Field sampling provided a more quantitative under-
standing of the oyster and mussel production cycles
at the farm. Oyster rearing was done in 3 steps: stick-
ing, grow-out, and harvesting. Sixteen lots of 3 oyster
juveniles from other production basins were glued
with cement on 158 cm long ropes (sticking; Fig. 3).
At sticking, mean (+SD) oyster size was 51 = 13 mm
and 12.4 + 7 g. Oyster sticking was done during
7 periods, including April, May, June, and Septem-
ber 2017, and January, February, and June 2018.
Grow-out varied from 5 to 8 mo. At harvest, oysters
had reached a mean size of 81 + 11 mm and 53.7 =
15.2 g. Farm-wide, oyster stocks varied from 5.5 to
34.1 t over the study period.

The production cycle for mussels was 18 mo. Mus-
sel seed was collected from ropes in September,
where mussels had settled during March. Seed was
placed in biodegradable nets that were wrapped
around 116 cm long ropes (Fig. 3). Mussel ropes were
manipulated several times during the production
cycle to sort mussels by size before roping them a
second and third time. This ‘thinning out’ was done
to increase mussel growth by limiting trophic and
spatial competition and mussel fall-off. Five cohorts
were followed during the study period. Minimum
(maximum) mussel length and weight were 23 mm,
1.1 g (73 mm, 34 g). At seeding, mean mussel size
was 38 + 8 mm, 6 + 3 g. At harvest, mean mussel size
was 58 + 7 mm, 17 + 6 g. Farm-wide mussel stocks
varied from 14.9 to 26.7 t during the study period.

Each month, bivalve losses (%) due to predation
were estimated visually by the farmers for each table.
Losses from the 18 sampled ropes were also estimated
quantitatively by Ifremer scientists (Fig. 3). The ropes
were carefully examined and photographed. The
number of dead organisms and broken shells were re-
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Field sampling: Bivalve stock and predation in the farm

Three ropes were sampled per species and per cohort in the farm

3 individuals
were sampled

photographed, and described (number
of dead, broken shells, and empty seg-
ments on ropes). Bivalve losses at the
experimental platform were calculated
as the difference between initial and
final total rope weights post-deployment
and expressed as %. Video recordings
and field observations were used to as-

A EH per rope sociate estimated losses with signs of
B Fa [ﬁ ;‘ﬂ m Top predation, i.e. broken shells or de-
AT R L tached oysters.
B Rl
FAr o b : ,
EEE 4§ DOmE
o T i wm 2.3. Statistical analyses
A s u gl[g,
WA o L =) Bottom | Data analyses were performed with
' R Stock = total weiaht ber of abl JMP® v.12.0.1 (SAS Institute). Length
ope ock = total weight X number of ropes per table : i
weight Losses (kd) = % predation x stock per table and weight of tagged seabream de

Predation trial: Predation at the un
’

All ropes were weighed, described,
and photographed before and after
deployment from the unprotected
experimental platform during 2.75 d

proteted platform

Before ther Before After
Losses (kg) = weight « before » — weight « after »

tected by acoustic receivers in the
farm area were compared to those
that were tagged but not detected
within the farm area, using the Wil-
coxon test. Given that the bivalve loss
data did not respect the assumption
of normality or homoscedasticity, bi-
valve losses by sampling date were
similarly compared using Wilcoxon
tests with species and date as main
fixed factors. Likewise, Wilcoxon tests
were also used to compare the num-
ber of detections per seabream, total

Monthly sampling from April 2017 at October 2018

Fig. 3. Sampling design for field observations and predation trials to deter-
mine monthly bivalve stocks and losses in the farm and at the unprotected

platform between April 2017 and October 2018

ported by cohort and species. Oyster predation was
estimated as the number of oysters lost relative to the
number initially cemented on ropes. Mussel losses
could not be estimated in the farm by scientists given
the great temporal and spatial variation in stocking
densities. Finally, bivalve losses were compared to
quantities sold, using data provided by the farmers.

Predation trials: bivalve losses at the unprotected ex-
perimental platform. Each month, the 18 sampled
ropes (Fig. 3) were suspended from an experimental
platform that was not protected by nets, located ca. 15
m east of the farm and ca. 130 m from the acoustic re-
ceiver (Figs. 2B & 3). Ropes were deployed from Tues-
day 14:00 h through Friday 08:00 h (2.75 d). Prior to
and following deployments, ropes were weighed,

number of detections, and number of
detected seabream, by date of preda-
tion trial and size class. The relation-
ship between mussel losses and the
number of seabream detected during
predation trials was evaluated using
Pearson correlation tests. Results were considered
significant at p < 0.05.

3. RESULTS

3.1. Temporal observation of tagged gilthead
seabream

3.1.1. Detections in the farm

About half (48 %; 27 of 56) of the tagged seabream
were detected by the acoustic receiver in the bivalve
farm over the study period. Mean TL and weight of
seabream detected in the farm were significantly
greater than those that were tagged but not detected
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in the farm (Fig. 4). Most (90 %; n = 9) large tagged
seabream were detected in the farm whereas only
33% (n = 15) of the small tagged seabream were
(Table 1). Large seabream were also more frequently
detected in the farm than were small ones (Fig. 5), of
which 12 were detected less than 5 times over 18 mo
(Fig. 5). Of the 9 large seabream detected in the farm,
7 individuals were detected over extended periods
(190 + 17 d) and are hereafter referred to as ‘residents’.
It is of note that 6 of these were initially captured by
angling inside the farm (Fig. 5). The acoustic receiver
detected between 1 and 9 individuals daily during
the detection periods (Fig. 5). No fish were detected
in the farm during a nearly 6 mo period, from 7 Oc-
tober 2017 to 31 March 2018. In April 2018, 88 % (8 of
9) of the large seabream detected in 2017 returned to
the farm (Fig. 5, Table 1) whereas only 13% (2 of 15)
of the small seabream detected in 2017 did; a further 3
small seabream that were not detected in 2017 were
also detected in 2018 (Fig. 5).

3.1.2. Detection during predation trials

A total of 12 seabream were detected by the acoustic
receiver during the predation tests from June to Octo-
ber 2017 and from April to September 2018 (Fig. 6).
The number of seabream detected in a given period
varied from 2 to 8, while the total number of detec-
tions per day ranged from 2 to 1600, with a greater
number of detections of large than of small seabream
(Fig. 6). Indeed, 9 of 12 seabream detected were
larger than 281 mm TL. The greatest number of indi-
viduals was detected in October 2017 and May 2018,
whereas the greatest total number of detections was
recorded in April 2018 and September 2018, respec-
tively. No seabream were detected by the acoustic
receiver from November 2017 to March 2018 (Fig. 6).
However, several large seabream were fished in the
lagoon by a fisherman in November 2017 (see Fig. 9A).
Few predators (a single crab was observed in Feb-
ruary 2018) were identified by a video camera posi-
tioned at the top of ropes.

3.2. Temporal bivalve losses
3.2.1. Bivalve losses in the farm
Both farmers and and scientists noted high oyster
losses following oyster sticking (May to June 2017

and May to July 2018) (Figs. 7A & 8). Oyster losses
ascribed to predation varied from 6 to 100 % during
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Fig. 4. (A) Total length and (B) wet weight of acoustically
detected and non-detected tagged seabream between May
2017 and October 2018. Box plots parameters: line through
the box: median; lower and upper boundaries: 25" and the
75" percentiles. The middle half of the data is within the
box; the majority of the data falls between the ends of
the whiskers. Data points outside the whiskers: potential
outliers. Asterisk: significant difference between means
(Wilcoxon-Mann-Whitney test, p < 0.05)

Table 1. Mean (+SD, range) length, weight, number of ini-

tially tagged seabream, and number of seabream detected

by the acoustic receiver located in the bivalve farm in 2017
and 2018 by size classes

Size class Total length Weight Tagged — Detected —
(TL, mm) (mm) (9) 2017 2018

<280 237+£26 181+58 46
(200-280) (100-298)

>281 364+73 771+46 10
(281-499) (420-1729)

15(33%) 5

9(90%) 8

the study period. Massive mussel losses (90 %) were
observed after socking (September 2017) (Figs. 7A
& 8). The farmers also reported predation of settled
mussels on the metallic structures of the unprotected
table for market-ready oysters and mussels (Fig. 2B)
from June to September 2017 and April to August
2018 (Fig. 7A). No massive predation was reported
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above the bar) recorded by the acoustic receiver by size class (<280 and 2281 mm
TL) during monthly predation tests at the experimental platform (May 2017 to

October 2018)

for bivalve ropes on tables that were protected by
nets outside of the sticking and roping period (Fig. 7A).
Mussel losses attributed to predation varied from 65
to 267 kg table™ mo™' (August to September 2017)
during periods of mussel socking compared to a
mean of 610 (June 2017) and 2524 (July 2018) kg

table™! for newly attached oysters. Over
the 18 mo study, total estimated losses
were 332 kg of mussels and 6268 kg of
oysters, representing 1.3 and 27.7 % of
the weight of sold mussels (24.8 t) and
oysters (22.6 t), respectively.

3.2.2. Losses at the unprotected
experimental platform

Signs of predation were observed
on 48 and 71.4% of oyster and mus-
sel ropes, respectively, suspended at
the unprotected experimental platform
throughout the study period. Losses as-
sociated with signs of predation varied
significantly by species and month.
Mean (+SD) losses were 11.5 + 14.6%
for mussels and 4.1 + 4.3 % for oysters.
High variability of mussel losses was
observed among months and ropes,
with losses up to 68% of the initial
weight (Fig. 7B). Mussel losses were
generally greatest at the middle and
bottom of ropes. Interestingly, bivalve
losses and signs of predation (broken
shells, detached oysters) were ob-
served throughout the study period
(Fig. 7B), even during autumn (No-
vember 2017) and winter (January to
March 2018) for mussels and oysters
(Fig. 9), when no tagged seabream
were detected by the acoustic
receiver (Fig. 6). No significant cor-
relation was thus observed between
bivalve losses (% or kg) and seabream
detections (number of individuals or
total number of detections) in a given
period.

4. DISCUSSION

Bivalve predation by seabream has
been observed around the world
(Brehmer et al. 2003, Saito et al. 2008,

Peteiro et al. 2010, gegvié-Bubié et al. 2011). In
southern France, farmed mussel and oyster loss due
to seabream predation is a major issue for bivalve
farmers. This study is the first assessment of the inter-
actions between gilthead seabream Sparus aurata and
farmed bivalves in a French Mediterranean lagoon.
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Fig. 7. (A) Estimated mussel and oyster losses recorded by
farmers and scientists at the protected tables in the bivalve
farm and (B) mean (+SD) bivalve losses associated with
signs of predation (broken shells or detached oysters) for
mussel and oyster ropes suspended at the unprotected
experimental platform from May 2017 to September 2018.
When no predation was detected, no data was reported in
the figure

4.1. Temporal observation of tagged gilthead
seabream in the bivalve farm

The presence of seabream at the bivalve farm in
Prevost Lagoon, as previously inferred by farmers,
was confirmed by fishing efforts and acoustic teleme-
try. About half of the tagged seabream (48 %; 27 ind.)
were detected at least once by the acoustic receiver
in the farm area and 26 % of them (7 ind.) were
detected over an extended period of time (190 + 17 d)
in the farm area. Six of these more ‘resident’ sea-
bream were initially captured inside the farm, whereas
most other seabream were captured in the shallower

part of the lagoon outside of the farm area. This con-
firms that bivalve farms provide suitable habitat for
seabream and illustrates their site fidelity over the
period they spend in the lagoon. In Hiroshima Bay, 6
tagged seabream Acanthopagrus schlegelii were also
observed moving in oyster raft areas (Tsuyuki &
Umino 2017), and most of them (5 of 6) were initially
captured inside the farm. Such within-lagoon site
fidelity was also observed using acoustic telemetry in
Portugal, where 2 of 3 tagged seabream were ob-
served to return to the capture site after being released
more than 4 km away (Abecasis & Erzini 2008).

As with other Sparidae (e.g. Spondyliosoma can-
tharus; Perodou & Nedelec 1980, Veiga et al. 2006),
S. aurata has a distinct seasonal distribution charac-
terized by migrations to inshore waters during warmer
periods. The results of this study corroborated obser-
vations of seabream entering French Mediterranean
coastal lagoons in the spring (Lasserre & Labourg
1974) and migrating out to sea in the autumn (Audouin
1962, Lasserre 1976). The observed absence of tagged
individuals in the farm site between October and
Apiril is likely linked to this seasonal migration, with
a near-simultaneous departure of seabream from the
farm and the lagoon in October confirmed by the 2
receivers in the channel.

Most (9 of 10) large tagged fish were detected by
the acoustic receiver whereas small individuals were
much less commonly detected within the farm area
and, when they were, seemed to be only passing
through. Likewise, seabream farm fidelity was mostly
observed for large fish, of which 88% (8 of 9) re-
turned to the farm area after winter compared to only
13% (2 of 15) for small fish. This size-related effect
may be explained by difference in mouth structure
and dentition pattern with seabream age; the ante-
rior elongated teeth of larger individuals (140 and
200 mm TL) likely allow them to better hold or grasp
hard prey (Elgendy et al. 2016), including bivalves,
thus accounting for the fish's trophic shift with
increasing size (Tancioni et al. 2003). In contrast to
smaller seabream, the dentition of larger seabream is
probably better adapted to feed on mussels and oys-
ters with their round and flattened posterior teeth
able to crush shells, as described in Berkovitz &
Shellis (2017). These results corroborate observa-
tions by Segvié-Bubi¢ et al. (2011), who noted a high
abundance of large (280 to 480 mm, 304 to 1485 q)
gilthead seabream in a mussel farm in Marina Bay,
central Adriatic Sea. In Hiroshima Bay, resident
black seabream observed inside the oyster farm area
were also large (360 to 440 mm) individuals (Tsuyuki
& Umino 2017).
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Fig. 8. Evidence of predation on (A) mussels after thinning out and socking (September 2018) and (B) oysters after sticking
(June 2018) when seabream were detected by the receiver in the farm

4.2. Temporal variation in bivalve losses
due to seabream predation

As observed in the Adriatic Sea (Segvi¢-Bubi¢ et al.
2011) and Hiroshima Bay (Saito et al. 2008), preda-
tion by seabream was observed on both mussels and
oysters in the Prevost Lagoon bivalve farm. Segvi¢-
Bubic¢ et al. (2011) observed signs of predation mainly
at the bottom of grow-out ropes, as was observed in
Prevost Lagoon, with evidence of broken oyster and
mussel shells. Mussel ropes were destroyed and the
protective socking torn, resulting in mussel ropes
with bare patches in extreme cases. Oysters were also
detached from cement attachment points on ropes.

Massive predation was observed in the farm from
April to September, with losses up to 90-100 %, fol-
lowing the deployment of oyster ropes in the farm
(sticking) in June and thinning out mussel ropes
(socking) in September. Lower losses due to preda-
tion were observed for mussels (11.5 + 14.6 %) and
oysters (4.1 + 4.3 %) within 2.75 d at the experimental
platform, perhaps reflecting lower attractiveness of
bivalves to seabream at the experimental platform
rather than following handling in the farm or simply
the shorter deployment time. During mussel thinning
out and oyster sticking, bivalves were immersed for a
minimum of 24 h on sorting tables before being sus-
pended from farm tables in the lagoon. This handling

Fig. 9. (A) Large seabream fished in November 2017 and signs of predation on mussel and oyster ropes in November 2017, (B)
January 2018, and (C) March 2018 when seabream were not detected by the receiver in the farm. Dates are shown in the
lower right corner of each photograph
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may have stressed and weakened the bivalves. Mus-
sels have been shown to be particularly susceptible
to predation in the first 24 h following socking, prior
to the animals being firmly attached to grow-out
structures and each other by byssal threads (Segvi¢-
Bubi¢ et al. 2011), highlighting the importance of
protecting bivalves by nets following socking.
Oysters and mussels without protective nets were
predated on throughout the study period. Although
high mussel losses have been shown to coincide with
the occurrence of large schools of seabream in some
areas (Segvié-Bubié et al. 2011, Fig. 1), bivalve losses
in the present study were not correlated with the
number of tagged seabream detected during the pre-
dation trial periods. Although tagged seabream were
not detected by the farm receiver from November to
March, signs of predation were observed each month
during this period. This may be explained by a num-
ber of possible mechanisms. First, detection proba-
bility of tagged fish may have decreased in the
autumn and winter given generally poorer weather
conditions. Indeed, wind and rain have been found
to significantly impact detection rates (Gjelland &
Hedger 2013). However, no tagged seabream were
detected anywhere in the lagoon during this period
by other receivers deployed as part of a larger study
on fish movements in this water body. Further, the
2 receivers positioned in the narrow Grau channel
(20 m wide and 180 m long) detected all tagged
seabream leaving the lagoon during October and, al-
though both of these channel receivers detected sev-
eral tagged seabass Dicentrachus labrax entering and
leaving the lagoon through the winter, no tagged sea-
bream were detected at this time. Together, this sug-
gests that tagged seabream were not present nor had
they briefly returned to the lagoon over this period.
A second possibility is that mussels and oysters
may have been predated by untagged seabream. Al-
though predation pressure on mussels and oysters
could come from seabream escapees from on-growing
facilities, it is unlikely that this is the case in Prevost
Lagoon since the closest growing site is located 170 km
distant (Tamaris Bay: 43°5'6.77" N, 5°54'16.46" E).
Studies have shown that escapees show a high fidelity
to the rearing site during the first 2 wk following es-
cape (Segvi¢-Bubié et al. 2018), and disperse within
a radius of only a few km during the first few days
(<3 km in 9 d; Arechavala-Lopez et al. 2018) with
maximum recorded recapture distances of 20 km af-
ter 1 mo for some surviving individuals (Arechavala-
Lopez et al. 2012). Furthermore, the seabream farm
in Tamaris produces few individuals, at 100 t yr~'.
Considering that mortality rates of escapees are often

very high (60 %; Arechavala-Lopez et al. 2012), it is
unlikely that these seabream would be found in Pre-
vost Lagoon. Fishermen stated that wild and farmed
seabream can be easily distinguished by the missing
scales of farmed individuals. They reported catching
only wild seabream on mussel farms in Tamaris Bay
and Prevost Lagoon. As such, we believe that the pre-
dation of mussels and oysters observed in the Prevost
Lagoon during this period was by wild seabream.
This may have been possible, particularly in early
November, given that temperatures are mild at that
time (Fig. S2), that large seabream were caught in
Prevost Lagoon on 7 November 2017 (Fig. 8), and that
observations from other Mediterranean lagoons have
shown some seabream may be resident in them for
11 mo yr‘l, often including winter months (Mercier et
al. 2012). Indeed, unusual captures of seabream were
recorded in the fall (October, November 2017) and
early winter (December 2018) in the Palavas Lagoon
complex (i.e. Prevost, Vic, Moures, Arnel, and Pierres
blanches lagoons), unlike other recent years (2009 to
2019). However, this was probably not the case in
January and February 2018, when no catches were
recorded. The temperatures observed during the
winter (9.5 = 2°C, median: 10.1°C, min.: 2.9°C, max.:
12.2°C; Fig. S2) were well above the lethal threshold
(5°C; Barnabé 1990) and below the feeding threshold
(13°C; Ibarz et al. 2003) for seabream. Temperatures
below 12°C are considered unsuitable for seabream
(Ibarz et al. 2003). However, known physiological
constraints suggest that it is unlikely that the mussels
and oysters were eaten by untagged seabream during
these cold months.

Third, it is conceivable that mussels and oysters in
January and February may have been eaten by other
predators. It is of note that a large crab was observed
by video at the top of a mussel rope in February. It
was probably Carcinus aestuarii (=mediterraneus),
which is very common on the Mediterranean coast
and present in Prevost Lagoon (Mari & Bonami 1987).
Many crabs are known to feed on mussels and are
attracted to mussel culture sites (Callier et al. 2018).
It is unknown whether other species may have con-
tributed to predation during the winter. European
eels Anguila anguila were observed in Prevost
Lagoon during this season (Bouchereau et al. 2006).
As was observed in Japan with A. japonica on pearl
oysters (Bondad-Reantaso et al. 2007), local farmers
have reported seeing eels feeding on bivalves. The
large white seabream Diplodus sargus may also be
responsible for bivalve predation since they are
known to eat mollusks and are present in the Lion
Gulf and Prevost Lagoon (Rosecchi 1987) and were
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observed during field work on the bivalve farm. Fur-
ther predation trials could help identify which spe-
cies feed on bivalves during the winter months. This
work could include (1) tagging additional seabream
as well as A. Anguilla, D. sargus, and C. aestuarii, (2)
deploying further unprotected bivalve ropes in the
heart of the bivalve farm, and (3) using autonomous
video monitoring of the bottom of bivalve ropes with
wide angles to identify potential predators.

Mussel and oyster losses due to predation in the
bivalve farm during the 18 mo study period were
estimated at 1.3 and 27.7 %, respectively, of the bio-
mass sold annually. These losses are of the same
order of magnitude as those observed in Thau
Lagoon (26 % of mussel production; Gervasoni & Gif-
fon 2016). Predation losses at the experimental plat-
form reached 68% of the initial weight of mussel
ropes after 2.75 d. These results are similar to those
observed by Segvié-Bubi¢ et al. (2011), who suggest
that mussel losses accounted for 54 % of the initial
input of mussel seed following the first week post-
socking. The present study showed that the use of
nets is essential to reduce the risk of predation
throughout the year. Nevertheless, the problem with
nets is that over time they can sink or tear, allowing
fish to enter the farm and feed on bivalves. A collab-
oration between bivalve farmers and fishermen could
be a sustainable solution for bivalve farming, by reg-
ularly fishing seabream between tables and within
protective nets and thus reducing predation pressure.

5. CONCLUSIONS

This study is the first to highlight the presence of
seabream in the Prevost Lagoon bivalve farm and
suggests a seasonal feeding fidelity by large
seabream in the farm. Signs of predation on mussels
and oysters (broken shells, detached oysters, patchy
ropes) were observed throughout the year at the
experimental platform. Massive bivalve losses in the
farm from April through September were reported
by the farmers, with maximal losses (90 to 100 %)
occurring following oyster sticking and mussel sock-
ing in June and September, respectively. Protection
of bivalves by efficient nets is fundamental to limit
the risk of predation throughout the year. A collabo-
ration between bivalve farmers and fishermen could
be a sustainable solution for bivalve farming, by reg-
ularly fishing seabream between tables and within
protective nets, thus reducing predation pressure.

Video surveillance at the bottom of ropes (e.g.
Tonk et al. 2019, Sheehan et al. 2020) and additional

tagging of large seabream and other potential pred-
ators (Anguila anguila, Diplodus sargus, Carcinus
aestuarii) could help identify overwintering preda-
tors. Bioacoustic monitoring (Gannon 2008, Picciulin
et al. 2016, Colla et al. 2018) could also be used as a
complementary tool to assess predation events and
intensity with a focus on shell crushing sounds.
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