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Abstract

Grey seals (Halichoerus grypus) feeding on fishery catches, a behavior termed “depredation”, is a major
socio-economic and environmental issue in many regions of the north Atlantic. In northern Brittany,
seals depredating on monkfish in static nets (gillnet and trammel net) is increasingly reported as
problematic, but the issue has yet to be assessed and understood. In this study, we monitored 795 net
sets between 2016 and 2018 to i) quantify the frequency of depredation events and the amount of
depredated fish and ii) identify the drivers influencing variation in these two metrics. We found that
during this period, seal depredation occurred on 18.5% of the net sets and resulted in the removal of
5.3% of the total number of monkfish catches. From statistical models, our results suggested that the
probability of seal depredation to occur was higher near haulout sites, in shallower water. However,
when depredation occurred, the amount of fish depredated was higher in gillnets than in trammel nets,
in longer nets, and nets set further from haulout sites. As seal depredation is likely to escalate with the
increase of local grey seal populations, our results provide insights on how fishers may adjust their

practices to reduce depredation in northern Britanny and other fisheries facing a similar issue.

Highlights

- We assessed grey seal depredation in the static net fishery in northern Brittany between 2016
and 2018

- Grey seal depredation occurred on 18.5% of the net sets and resulted in the removal of 5.3% of
the total number of monkfish catches.

- Depredation levels were influenced by spatio-temporal and operational variables including
fishing area, soaking time, depth, net type and length.

- The study highlights the needs for a closer monitoring of seal depredation and for research on

seal foraging to identify effective mitigation solutions.

Keywords: Depredation, Net fishery, Monkfish, Mitigation, Co-management
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1. Introduction

The accelerated expansion of human activities has led to increased interactions with wildlife (Nyhus,
2016; Treves et al., 20006). In the oceans, the spatial and trophic overlaps between marine megafauna
and fisheries often result in negative interactions such as competition for fish resources, bycatch and or
depredation (Bonizzoni et al., 2022; Hamer et al., 2012; Northridge, 1991; Wickens, 1995). Depredation
is a behaviour developed by predators such as sharks and marine mammals when feeding on fish caught
on fishing gear. It has been reported in an increasing number of fisheries since the 2000s, primarily in
fisheries using nets and longlines (lines with series of baited hooks) as fishing techniques (Mitchell et
al., 2018; Tixier et al., 2021). By causing catches removals and/or gear damage for the fishers, and by
exposing the depredating individuals to risks of injuries or death from direct interactions with the gear
or from lethal retaliation practices used by fishers, depredation on fishery catches can lead to conflicts
involving both socio-economic and conservation stakes (Tixier et al., 2021).

The grey seal Halichoerus grypus is among the species most frequently documented feeding on
fishery catches (Tixier et al., 2021). Grey seal depredation has been reported in lobster trap fisheries of
the western Atlantic Ocean (Gruber, 2014), in Scottish salmon farms (Northridge et al., 2013) and in
gillnet fisheries of Ireland, Scotland and the Baltic Sea (Cronin et al., 2014; Konigson et al., 2007, 2005;
Northridge et al., 2013). Along the west and south coasts of Ireland, grey seals were estimated removing
nearly 60% of the monkfish (Lophius spp.) caught in nets (Cosgrove et al., 2015). Together with
undetected depredation events (seals removing fish from the fishing gear without leaving any evidence)
and the potential deterring effect towards fish because of the presence of seals in the vicinity of the gear,
seal depredation can considerably reduce fisher’s income (Fjilling, 2005; Konigson et al., 2007; Waldo
et al., 2020). These interactions are also a substantial cause of seal bycatch in gillnet fisheries (Cosgrove
etal., 2016; Luck et al., 2020; Moan, 2016) and potential killing (Butler et al., 2008; Cronin et al., 2014;
Harris et al., 2014; Olsen et al., 2018; Varjopuro, 2011). They can also lead to changes in grey seal diet
(Cronin etal., 2014; Gosch, 2017), subsequently altering the food chain and predated fish stocks (Benoit
etal., 2011; Cook et al., 2015; Vincent et al., 2016).

In the north-east Atlantic, the severity of grey seal depredation on fisheries catches may have

increased with the recovery of seal populations over the past decades (Hérkonen et al., 2007), following
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legal protection provided under the 1979 Berne Convention and the 1992 Council Directive 92/43/EEC
(the “Habitats Directive”). While the size of grey seal populations greatly varies between regions
(152,800 seals in the UK and 1,000 seals in France in 2018 - (INPN, 2023; Poncet et al., 2022; Special
Committee on Seals, 2019)), most of the colonies monitored have been increasing since the 1960s
(Russell et al., 2019; Vincent et al., 2017). Grey seal depredation has become a major issue confronting
the socio-economic viability of the activity with conservation objectives in many fisheries of the region,
especially in inshore pollack (Pollachius virens), monkfish (Lophius piscatorius), cod (Gadus morhua)
and turbot (Scophthalmus maximus) fisheries using passive gear such as static nets, fish traps and salmon
farms (Cronin et al., 2014; Olsen et al., 2018; Tixier et al., 2021). However, the spatio-temporal
dynamics of the occurrence of seal depredation and how these are influenced by local fishing practices
and grey seal haulout sites, are often poorly understood. Together with the depredation behaviour of
grey seals being difficult to assess at the individual-level, these barriers make it difficult to develop
appropriate mitigation measures.

Off the north coast of Brittany (France), grey seal depredation has recently emerged as problematic
in the static net fishery, with fishers reporting an increase in the frequency of such depredation events
since the early 2010s (Savelli, 2013). This appears to be especially the case in waters surrounding the
Sept-Iles National Natural Reserve (NNR) included in the marine protected area of the Cotes- d'Armor
region, which hosts a grey seal breeding colony which size has increased by 8% between 2009 and 2019
(Provost et al., 2021). In 2019, the colony size was estimated at 42 individuals with an annual pup
production contributing to 70% of all births recorded in France (Provost et al., 2021). However, despite
a growing conflict between small-scale fishing activities, which are socio-economically preponderant in
the region (CRPMEM de Bretagne, 2015), and the conservation of grey seals, which are threatened by
extinction and protected by the law since 1999, the extent of seal depredation has yet to be quantified
and its drivers to be identified before implementing any mitigation actions.

Therefore, in this study, we used data dedicatedly collected between 2016 — 2018 to assess grey seal
depredation in the static net monkfish fishery of around the Sept-iles NNR. The specific objectives of

our study were to i) quantify the frequency of depredation events and the amount of depredated fish and
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i1) identify the spatio-temporal, environmental and operational factors influencing variation in these two

metrics.

2. Material and methods

2.1. Study fishery

We monitored grey seal depredation in the small-scale fishery operating in the French waters
off the northern coast of Brittany, between 48.73 — 49.05°N and 3.34 — 3.60°W ( ), between
2016 and 2018. This area, hereafter "CGR-SI” (Céte de Granit Rose — Sept-iles), includes three
protected areas with the Natura 2000 site “Cote de Granit Rose — Sept-iles” overlapping with a marine
protected area and the NNR “Sept-iles”, where the main grey seal colony and haulout sites are located
( ). The Triagoz and Méloine sites are also resting places for the seals of the colony ( ),
and some individuals are also observed along the coast. The fishery includes 19 boats of 6 — 13.5 m in
length that depart from 8 ports (from Batz to the west to Port Blanc to the east) (CRPMEM de Bretagne,
2015). The fishers primarily target monkfish, mainly between April and August, with static nets (gillnets
and trammel nets). However, they also catch high value species such as flatfish (Scophthalmus rhombus,
Scophthalmus maximus), bass (Dicentrarchus labrax), and lobsters (Homarus gammarus, Palinurus
elephas). Fishers use 1 km long units of nets that they tie together to form a set of 1 to 20 km long.
Gillnets are composed of a single net with a mesh size ranging from 110 to 160 mm. Trammel nets
consist of two parallel outer nets with a 220 mm large mesh and an inner net with a mesh size of 135 or
154 mm. Fishers often deploy several sets during a trip (one trip per day), usually parallel to each other,
at the beginning of neap-tides when the tidal coefficient is below 75 in order to avoid strong current

forcing nets onto the bottom. They retrieve the nets two to three days after setting.

2.2 Data collection

We collected data on fishing operations, catches and the occurrence of seal depredation from
June 2016 to August 2018 in two ways: through surveys across the fishers and through observers on
boats. We conducted the surveys every two weeks following each neap-tide. For sets they had deployed

over the last two weeks, we asked fishers to indicate the location of the gear (as an approximate point
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on a map), its type (gillnet or trammel net), its length (in km), its mesh size (stretched in mm), its soaking
time, and the number of monkfish catches landed and depredated by seals. Fishers provided these data
aggregated per fishing trip in 2016, and for each individual set in 2017 and 2018. Observers collected
data during one fishing trip per neap-tide. These data included, for each set, the coordinates of the start
and the end of the set, its type, its length, its mesh size, the time it was left soaking and the number of
monkfish catches landed and depredated by seals. Both fishers and observers identified monkfish
depredated by seals when the fish was damaged with large pieces or only the liver having been removed

and with visible typical V-shaped bite marks (Cosgrove et al., 2015 - ).

2.3. Assessing depredation

We assessed the extent of grey seal depredation through four metrics: the interaction rate (IR),
the number of depredated fish (DF), the depredation rate (DR), the mean depredation per unit effort
(DPUE) (Rabearisoa et al., 2018). The IR was calculated as the proportion of sets depredated by grey
seals (I, with a set considered as depredated when at least one monkfish was depredated) out of all sets
monitored (MS), as follows:

The IR is the proportion of sets depredated by grey seals.

Number of sets with depredation

IR =

Total number of sets
The DF was used to estimate the depredation rate (DR), as the proportion of monkfish depredated out

of the total number of monkfish caught for a given period

DF

DR = —~

With TC being the total catch (number of monkfish caught whether landed or depredated).
The DPUE was defined as the number of monkfish depredated per km of net per set (Effort) as

follows:

DPUE = Effort

Means and standard deviations (SD) of these indices were calculated for the sets monitored overall, per

year and per month.
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Additionally, we estimated the loss of earnings associated with the amount of fish depredated
by seals in the fishery using a range of 6-10 kg for the weight of individual monkfish and the mean
market value of monkfish (P_4;8i for fish >4 kg and <8 kg, P_8i for fish >8 kg) per month i as provided

by the Chambre de Commerce et d’Industrie des Cotes d’ Armor (CCI Cotes d’ Armor, unpublished data).

2.4. Identifying the drivers of depredation

We developed two models to examine the environmental and operational factors influencing the
extent of seal depredation. First, we modelled the occurrence of seal depredation on sets (0 for sets with
no depredation, 1 for depredated sets) using a generalized linear model (GLM) fitted with a binomial
distribution (Zuur et al., 2007). Second, we modelled the number of depredated fish for sets on which
seal depredation occurred using a GLM fitted with a Poisson distribution.

Fixed terms associated with the fishing practice we included in the two models were the depth
at which sets were deployed (i.e., the depth at the centroid of each set retrieved from EMODnet, 2022),
the distance between the centroid of each set and the nearest haul out site of seals (the minimum distance
between the centroid of each set and the centroids of the main grey seal haul out sites), the fishing area
(4 main distinct fishing areas identified by fishers during surveys — ), the soaking time, the net
type, the length of the net and the time of the year ( ). We also included to the models fixed terms
associated with environmental conditions and the local grey seal population. These were the abundance
of monkfish (CPUE of depredated and landed monkfish), the tidal coefficient (retrieved from the
Official Hydrographic Service of the World as a mean per neap-tide) and the number of grey seals in
the Sept-iles NNR (retrieved for each neap-tide from direct counts of individuals conducted during the
spring tide preceding the neap-tide at the NNR haulout site).

For the two models, we selected the best model according to the lowest AICc (corrected Akaike
Information Criterion) using “dropl” function from the “lme4” R library. Influence of collinearity
between terms was verified through the Variance Inflation Factors (VIF). All statistical analyses were

performed in R version 4.1.2 (R Core Team, 2021).
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3. Results
3.1. Assessing depredation

We monitored 41 trips from June to September 2016 and 754 sets from October 2016 to August
2018, for a total of 795 sets (502 gillnets, 187 trammel nets and 106 combined) monitored over the
whole study period with an observer coverage of 5% (43 sets).

In total, 15 fishers were surveyed between 2016 and 2018 (80% of all fishers that used static
nets to target monkfish during that period), ranging from 8 to 10 per year ( ). The fishing effort
of these surveyed fishers was the highest between 10 and 30 km off the northwest coasts of the Sept-
fles NNR ( ). The fishing effort was the highest in spring and summer, with a maximum of 900
km in July, and the lowest in autumn and winter, with a minimum of 12 km in December and no static
net effort in November ( ). The monkfish CPUE of the sets monitored varied from 2.5 to 3
catches per km per year.

Total depredated biomass was estimated between 8,208 and 13,680 kg, which was equivalent to
an estimated financial loss ranging from EUR 44,241 to 73,736 for the 15 surveyed fishers between
2016 and 2018 ( ). It represented a loss of EUR 983-1,639 per year per fisher, and EUR 1,660-
2,770 per year per fisher when considering the 8 fishers that lost 90% of the total depredated monkfish
throughout the whole study ( ). This loss was the highest in 2017 with EUR 23,696 — 39,494
(equivalent to EUR 2,370 — 3,949 per fisher, with 10 fishers surveyed in 2017).

During the study period, grey seal depredation occurred on 147 sets (IR = 18.5% of all 795 sets
monitored). The number of depredated sets was the highest in the fishing area located to the
north/northwest of the Sept-fles NNR, that is <30 km away from the nearest grey seal haulout sites
( ). No depredation was recorded in winter months except in February. February was the month
for which the IR was the highest, with a maximum of 64% of 11 sets monitored in February 2017. The
IR varied between 17% and 28% during the rest of the year ( ). Depredation rate (DR) was 5.3%
during the study period, four times higher in 2017 (8.3%) than in 2016 (2%) ( ). The Depredation
Per Unit Effort (DPUE) on depredated set only varied between 0.2 and 1.1 catches per km per year
( ). The DR was the lowest (< 1% of the total monkfish catches) between September and January,

and increased to > 4% between February and August, with maxima of 16% and 11% in March and May,
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respectively ( ). The number of grey seals at the haulout sites of the Sept-iles NNR was the

highest between January and March with means >75 individuals ( ).

3.2. Identifying the drivers depredation

The model best fitted to the occurrence of depredation included the fishing area, the soaking
time, the tidal coefficient and the depth as fixed terms (AIC = 541 against AIC = 704 for the null model
— ). The model best fitted to the number of fish depredated on sets with depredation included the
fishing area, CPUE, type of net, length of net, minimum distance between net and haulout site and
number of seals on haulout sites as fixed terms (AIC = 906 against AIC = 1319 for the null model —

). Depredation was significantly less likely to occur in zones 3 and 4 (P < 0.001 — ) but
when it occurred, the number of fish depredated was greater in zones 3 than in zone 2 (P < 0.001 —

). The effect of the depth at which the nets were set and the tidal coefficient was significantly negative,
and that of the soaking time was significantly positive on the probability of depredation to occur (P <
0.001 — ).

When depredation occurred, the number of depredated fish was significantly lower in trammel nets
than in gillnets (P = 0.002 — ). It was positively and significantly correlated to the CPUE, the
length of the set and the distance to the nearest seal haulout (P < 0.001). However, the number of
depredated fish on sets with depredation was negatively and significantly correlated to the number of

seals counted on the haulouts (P < 0.001 - ).
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4. Discussion

With 18.5% of the sets with monkfish depredated by grey seals and 5.3% of the total monkfish
catches depredated between 2016 and 2018, the impact of grey seal depredation on the RGC-SI net
fishery is not negligible although lower than that estimated in the Irish and Swedish static net fisheries
(50-85% of the sets, 20-60% of the catches - (Cosgrove et al., 2015; Cronin et al., 2014; Konigson et
al., 2009, 2007, 2005)). Grey seal depredation affected 50% of the gillnets targeting cod in the central
Baltic Sea in 2005 and 2006 (reaching 85% in the northern area) (Konigson et al., 2009), i.e. more than
2.5 times higher than in our study. These differences may be explained by the size of the grey seal
populations being larger in Ireland (7,284 — 9,365 seals in 2013 - (O Cadhla et al., 2013)) and in the
Baltic Sea (19,400 seals in 2003 - (Harding et al., 2007)) than the size of the population in Brittany (633
seals in 2021 - Poncet et al., 2022). However, this population has been increasing by 14.1% since the
1990s, with for the Sept-iles, the number of seals going from 22 in 1999 to 241 in 2021 (Poncet et al.,
2022). Although we could not assess temporal trends in our estimates of grey seal depredation in the
CGR-SI fishery due to the short times series, these are likely to increase in the future if the local seal
population continues to grow.

We showed that the amount of monkfish taken by grey seals from fishing nets in the CGR-SI
fishery was equivalent to EUR 1,660-2,770 per year per fisher when considering the 8 fishers that lost
90% of total depredated monkfish during the study. As a comparison, these losses are similar to those
due to monk seal Monachus monachus depredation in small-scale fisheries in Greece (EUR 1,670 per
fisher per year - Rios et al., 2017). Fish losses due to seal depredation are associated with indirect socio-
economic costs that have yet to be quantified for the CGR-SI fishery. Among these costs, although no
damages to fishing gear in the form of nets being torn by seals were observed during our study, there
may be additional fuel expenditures and working-time for when fishers have to increase their effort to
recoup fish lost to depredation as well as a decreased CPUE due to seals scarring off the fish when
coming into the vicinity of nets. In the Baltic Sea, early studies showed that 46% of these indirect costs
associated with grey seal depredation were not quantified (Fjilling, 2005) and more recently, Waldo et
al. (2020) estimated that grey seal depredation caused an 8% increase in the working time of fishers in

this region.
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The factors that we identified as influencing the extent of seal depredation in RGC-SI area can
help initiate the development of potential mitigation solutions based on adjustments in the fishing
practice. Specifically, we found that depredation was more likely to occur in the vicinity of seal haulout
sites and between March and May. This is mainly due to the overlap between the spatio-temporal
characteristics of the fishery targeting monkfish in this area and the ecology of grey seals. As shown in
other regions, including in the Iroise Sea (100 km to the west of our study area), the bathymetry and the
distance to haulout sites are key drivers of grey seal foraging activity, with most of this activity occurring
within 30 km of the haulout sites (Huon et al., 2015; Vincent et al., 2016). High probabilities of
depredation to occur between March and May may be explained by the fact that seals increase their
foraging activity as they have greater energy requirements during this post-moulting period (Boily,
1995; Bowen et al., 1993). However, this assumption needs to be further examined as little seasonal
variation in the foraging activity was reported for the species, for instance in Canada (Nowak et al.,
2020).

In addition to avoiding areas and times of the year with high probability of seal depredation, our
results suggest that fishers may reduce the amount of fish removals by adjusting the way they use their
fishing gear. Firstly, we found that the depredation rate was lower in trammel nets than in gillnets. In
trammel nets, it may be more difficult for seals to access and remove monkfish when it is entangled than
in gillnets. Secondly, we found that depredation decreased with the length of the set. This may be
explained by the fact that when a seal finds a net, it likely swims along and inspect the whole set,
resulting in greater numbers of monkfish removed. Using multiple short sets instead of a single long one
(the average length of the sets in the RGC-SI fishery was 12 km during the study) may involve a greater
searching effort from the seals to find all the gear. Dividing the gear into small units, although potentially
increasing travel and handling costs, was for instance shown as reducing the extent of killer whale
Orcinus orca and pilot whales Globicephala macrorhynchus depredation on longlines (Garrison, 2007,
Tixier et al., 2015). Lastly, we found that the probability of seal depredation to occur decreased with the
soaking time of the gear. As leaving the nets for longer in the water increases the number of fish retrieved
dead, we interpret this result as seals being more attracted to, and/or being able to find more easily, nets

with greater proportions of live fish. Although fish are more likely to be hauled alive as soaking time
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decreases, fishers that participated in the study never spotted seals around the vessel or in the vicinity of
the gear during hauling. As such, reducing the soaking time and hauling the gear faster or even using
deterrent devices during hauling, as measures used in other fisheries to reduce depredation (Cosgrove et
al., 2013, Gosch et al., 2017), although they may not be as effective in that fishery, require further
research along with a better understanding of seal foraging behaviour around nets.

Together, the spatio-temporal and operational factors that we found as influencing grey seal
depredation in the RGC-SI fishery can already help the fishers in their efforts to adjust their practices to
reduce the issue. However, these adjustments should be discussed and implemented in a voluntary and
adaptive manner through a stronger collaboration between fishers, managers and scientists to find a
socio-economically and ecologically sustainable way of managing grey seal depredation in the region.
Typically, while closing fishing areas near the seals haulout sites and during periods of high probability
of seal depredation would be difficult given the small size of the total fishing area and the fact that
fishers economically rely of the activity year-round, such measures should be first tested and assessed
through collaborative projects. Such adaptive co-management was suggested as particularly suited to
find long-term solutions to depredation, a type of human-wildlife interaction often involving conflicts
between socio-economic and conservation stakes (Butler et al., 2015; Tixier, 2023; Tixier et al., 2021).
In northern Brittany, the recovery of grey seal populations is considered as a conservation success.
Except for perhaps a complete change in fishing techniques, which may involve some loss of local
fishing knowledge, there is no solution suppressing completely grey seal depredation while meeting all
other requirements for a sustainable socio-ecosystem (i.e., solutions being affordable, not affecting fish
catch rates or income for fishers, not impacting the seals, fish stocks and the environment). For example,
in several other fisheries, the use of acoustic deterrents has proved unsuccessful at meeting these
requirements, including a loss of effectiveness towards depredation in time and potential impacts on the

environment through acoustic disturbance (Go6tz and Janik, 2013).

5. Conclusions
From our study, and in a context of depredation likely to further escalate as grey seal populations

continue to increase in the CGR-SI area, we recommend the short-term priority for the fishery being to
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improve the knowledge on the extent and on the mechanisms of the issue by i) implementing a consistent
monitoring of fishing activities and occurrences of seal depredation, and ii) elucidating aspects of the
seals foraging behaviour that can help predicting and thus anticipating depredation. On the long term,
and through an adaptive co-management approach and transdisciplinary projects, we also suggest
research efforts to be directed towards 1) pairing mitigation measures based on adjustments in fishing
practices with full socio-economic costs/benefits assessments, ii) exploring possibilities of
implementing compensation or incentive schemes fostering the contribution of fishers to research
efforts, iii) developing collaborations with engineering and fishing gear companies to investigate the
technological tools that can help minimizing depredation, and iv) examining the role of perceptions and
attitudes in the extent of the seals-fishers conflicts in the region, and how a change in these may help to

increase acceptability levels towards a situation of coexistence.
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475  Tables
476
477  Table 1. Description of the spatio-temporal, environmental and operational covariates included in the

478  models fitted to the occurrence of seal depredation and to the amount of depredated fish.

Covariate Type Name Unit
Fishing set depth Numerical Depth m
l;gtir:;l:iu;e(}l]isst;?c;az?:zte:ieﬁshing Numerical Minimum distance m
Area (Figure 3) Categorical Area

Soaking time Categorical Soaking time days
Fishing net type Categorical Net type

Capture Per Unit of Effort Numerical CPUE n/km
Fishing set length Numerical Length km
Season Categorical Season

Tidal coefficient Numerical Tidal coefficient

Grey seal population on haulout sites | Numerical Seals n

479

480  Table 2. Summary of the data used for the study with, for the 2016-2018 period, the number of fishers

481  surveyed, the number of fishing sets monitored and their length (fishing effort), the number of

482  monkfish captured and landed, and the mean and standard deviation of the CPUE (total number of

483  monkfish individuals captured, including monkfish both landed and depredated, per km of net per set).
484  * indicates that the number of sets monitored was considered as equivalent to the number of trips (year

485 2016 only).

Capture Per Unit

Number of Number of Fishing effort (km Number of monkfish
fishers fishing sets of net) landed Effort (Mean £ sd)
2016 9 42% 2136 8091 34+1.5

2017 10 411 3438 7938 25+1.8




486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

2018 8 342 3453 8711 2.8+£20

Total 15 795 9027 24730 2.7+1.8

Table 3. Seal depredation level estimates for the 2016-2018 study period with the interaction rate (% of
sets depredated out of all sets), the depredation rate (% of depredated monkfish out of all monkfish
captured on sets), the mean number of depredated monkfish per unit effort (in number of depredated
monkfish per km of net, including both non-depredated and depredated sets, and for depredated sets
only), the mean number of depredated monkfish per set (including depredated sets only). * indicates

that the number of sets monitored was considered as equivalent to the number of trips (year 2016 only).

Depredation P .
cprecation et Depredation on

. Depredation Depredation Per Unit Unit Effort on
Interaction rate depredated set (Mean £
rate Effort (Mean = sd) depredated set sd)
~ (Mean+sd)
2016 33% 2% 0.1£0.1 0.2+0.1 12.1+£10.8
2017 16% 8.3% 0.2+0.6 1.1+1.0 10.9+9.6
2018 19.6% 5.3% 0.2+0.6 1.1+1.0 73+6.2

Total 18.5% 53% 02+0.6 1.0£1.0 9.3+8.5

Table 4. Number of depredated monkfish during the 2016-2918 study period and the estimated
depredated biomass and loss of earnings associated with depredation. The estimation of the depredated
biomass and loss of earnings were made using a range of 6-10 kg for the weight of individual monkfish
and the mean market value of monkfish (P_20i for fish >4 kg and <8 kg, P_10i for fish >8 kg) per month

i as provided by the Chambre de Commerce et d’Industrie des Cotes d’ Armor (CCI Cotes d’ Armor,

unpublished data).
Number of depredated Estimated depredated Loss of earnings (EUR)
monkfish biomass (kg)

2016 169 1,014 — 1,690 5,724 - 9,540

2017 713 4,278 — 7,130 23,696 - 39,494

2018 486 2,916 — 4,860 14,821 - 24,702




total 1,368

8,208 — 13,680

44,241 - 73,736

501

502

503  Table 5. Outputs of the model fitted to the occurrence of seal depredation on sets.

Model Covariates Estimates Odds-Ratio Wald statistic (p- R2 MacFadden
value)
Area 3
(Compared to area 2) -0.55 0.58 1.81e-02
Area 4
(Compared to area 2) -2.28 0.10 7.64¢-06
GLM Soaking time 4 days
. . - - 0.14
Binomial (compared to 3 days) 091 0.4 2.34e-02
Tidal coefficient -0.1 0.91 2.89¢-05
Depth -0.04 0.96 5.30e-04

504

505  Table 6. Outputs from the model fitted to the number of fish depredated by seals.

506
Model Covariates Estimates Wald statistic (p-value) R?2 MacFadden
Area 3
(Compared to area 2) 4 4.77¢-06
CPUE 0.03 <2e-16
Seals -0.02 9.65e-13
. Net type (Compared to
GLM Poisson 037 9.376-05 0.29
gillnet)
Minimum distance 2.10° 3.04e-04
Length 0.07 1.28e-07




507

508

509

510

511

512
513
514
515

516

517
518

519

520

521

522

523

524

525
526

527

528

Figure captions

Figure 1. Map of the study area with in the black polygon: the area in which fishing activities and
depredation were monitored for the study, and grey polygon with shaded lines: the Natura 2000 “Cote
de Granit Rose — Sept_Iles” protected area. Green dots are fishing harbours. Yellow triangles are grey

seals haulout sites.

Figure 2. Examples of a non-depredated monkfish (a) and monkfish depredated by seals (b-¢)

Figure 3. Delineation of the four fishing areas included in the models fitted to the occurrence of grey

seal depredation and to the amount of depredated fish as a spatial covariate

Figure 4. Monthly variation of the fishing effort, the depredation levels and the number of seals in
adjacent haul-out sites. Values were calculated as means (+/- SD — error bars) for each month over the
number of years of study for which data were available (in brackets on the x-axis) and included: (A) the
mean fishing effort (in km of net), (B) the mean interaction rate (IR, % of sets with depredation out of
all sets), (C) the mean depredation rate (% of the monkfish depredated out of all monkfish captured),
and (D) the mean number of seals in haul out sites. No fishing effort was monitored during November

no counting of seals were conducted in December.

Figure 5. Spatial variation of (A) the fishing effort (in km of net) and (B) the number of sets depredated

by seals over the CGR-SI area between 2016 and 2018. Values were calculated for squares of 0.1° side.



