I ( ES International Council for
the Exploration of the Sea
( I E M Conseil International pour
I'Exploration de la Mer

ICES Journal of Marine Science (2018), 75(4), 1374-1382. doi:10.1093/icesjms/fsx235

Original Article

Bioeconomic modelling of grey seal predation impacts on the
West of Scotland demersal fisheries

Vanessa Trijoulet™**, Helen Dobby?, Steven ). Holmes>, and Robin M. Cook’

'Department of Mathematics and Statistics, University of Strathclyde, Livingstone Tower, 26 Richmond Street, Glasgow G1 1XH, UK

’Marine Scotland Science, Marine Laboratory, 375 Victoria Road, Aberdeen AB11 9DB, UK

3Eumpecm Commission, Joint Research Centre (JRC), Directorate D — Sustainable Resources, Water and Marine Resources, Via E. Fermi 2749, Ispra,
1-21027 VA, Italy

*Corresponding author: tel: +1 508 495 2018; fax: +1 508 495 2335; e-mail: vanessa.trijoulet@noaa.gov.

Trijoulet, V., Dobby, H., Holmes, S. )., and Cook, R. M. Bioeconomic modelling of grey seal predation impacts on the West of Scotland
demersal fisheries. — ICES Journal of Marine Science, 75: 1374-1382.

Received 27 July 2017; revised 6 December 2017; accepted 7 December 2017; advance access publication 12 January 2018.

The role grey seals have played in the performance of fisheries is controversial and a cause of much debate between fishers and conservationists.
Most studies focus on the effects of seal damage to gears or fish and on prey population abundance but little attention is given to the conse-
quences of the latter for the fisheries. We develop a model that quantifies the economic impact of grey seal predation on the West of Scotland de-
mersal fisheries that traditionally targeted cod, haddock and whiting. Three contrasting fishing strategy scenarios are examined to assess impacts
on equilibrium fleet revenues under different levels of seal predation. These include status quo fishing mortality (SQF, steady state with constant
fishing mortality), open access fishing (bioeconomic equilibrium, BE) and the maximum economic yield (MEY). In all scenarios, cod emerges as the
key stock. Large whitefish trawlers are most sensitive to seal predation due to their higher cod revenues but seal impacts are minor at the aggregate
fishery level. Scenarios that consider dynamic fleet behaviour also show the greatest effects of seal predation. Results are sensitive to the choice of
seal foraging model where a type Il functional response increases sensitivity to seal predation. The cost to the fishery for each seal is estimated.
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Introduction

There has long been controversy concerning the potential impact
seals have on commercial fisheries (Lambert, 2001; Lavigne, 2003;
Read, 2008), especially those where traditionally cod (Gadus
morhua) formed a large portion of catches or revenues. The pre-
cipitous decline of cod stocks in the Northwest Atlantic
(Hutchings and Myers, 1994) and the poor state of many cod
stocks in the Northeast Atlantic (Fernandes and Cook, 2013) has
fuelled arguments that seals have had a detrimental effect on these
stocks (Butler et al, 2011; Gruber, 2014). A number of studies
have evaluated the predation mortality rate of seal populations

on cod both off the Canadian coast (Mohn and Bowen, 1996;
Trzcinski et al, 2006; O’Boyle and Sinclair, 2012) and in
European waters (Alexander et al., 2015; Cook et al., 2015). These
studies primarily consider the dynamics of the resource and the
role seal predation may have played in the decline of cod stocks
or their failure to recover. Most analyses have concluded that
fishing has been the principal cause for stock decline but that seal
predation may be an important factor in limiting their recovery.
Regardless of any role seal predation has had on the decline in
fish stocks, there is a widely held perception that seals represent
direct competition with commercial fisheries and are therefore
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Bioeconomic modelling of grey seal predation impacts

detrimental to both total revenues and profitability even if the
fish stocks themselves are in a sustainable state. An important
question that arises is the extent to which fish consumed by seals
affects commercial fisheries not only in terms of resource abun-
dance but also on the economic performance of the fisheries.
Studies quantifying the economics of depredation, the direct seal-
induced damage, on fisheries are numerous but focus on losses
due to damage to gears or fish (Bosetti and Pearce, 2003; Cronin
et al., 2014; Holma et al., 2014). The economic impacts of grey
seal predation on fisheries have rarely been fully examined. Here
we focus on the economic impact on the fisheries as a result of
changes to the resource dynamics driven by seal predation rather
than the issue of the possible role of seals in stock decline or lack
of recovery.

The West of Scotland area, which corresponds to ICES
(International Council for the Exploration of the Sea) Division 6a
(Figure 1), offers an opportunity to investigate the economic im-
pact of grey seal predation using data from seal diet studies car-
ried out in 1985 and 2002 (Hammond et al., 2006; Harris, 2007).
These studies have documented the importance of a number of
commercially important demersal species in grey seal diets in-
cluding cod, haddock (Melanogrammus aeglefinus) and whiting
(Merlangius merlangus), which are the traditional target species in
the mixed demersal fishery. Since the 1980s, the grey seal popula-
tion has increased in the West of Scotland but has stabilized in re-
cent years at around 30 thousand individuals (Thomas, 2015).
Grey seal predation mortality on cod has been estimated for this
area (Holmes, 2008; Holmes and Fryer, 2011; Cook et al, 2015;
Cook and Trijoulet, 2016) and more recently also on haddock
and whiting (Trijoulet et al., 2017). However, these studies only
consider the biological impacts of seal predation.

In this study, we consider the bioeconomic impact of grey seal
predation on the West of Scotland demersal trawl fishery, and in
particular UK vessels, as these are responsible for the majority of
the whitefish catch in this area taking on average 75% of the com-
bined cod, haddock, and whiting landings between 2008 and
2012 (ICES, 2013). There are two principal components to the
fisheries: one directed at whitefish with haddock as the main
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Figure 1. Map showing ICES Division 6a; the study area. Bathymetry
data taken from Amante and Eakins (2009).
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target species and a second directed at Norway lobster, Nephrops
norvegicus, which takes a bycatch of cod, haddock and whiting
(ICES, 2016a). We use an age-structured mixed species multifleet
model to evaluate the potential impacts of seal predation on fish-
ing revenues and net profits under various levels of seal preda-
tion. Three equilibrium scenarios are considered that enable a
comparison of grey seal impacts under alternative fishing strate-
gies or regulations.

Material and methods

The simulation model

The principal equations governing the resource dynamics and the
costs and revenues in the model are presented in Table 1. For
stocks with sufficient data, the populations are modelled using
conventional age-structured methods (Hilborn and Walters,
1992). Each cohort is subject to a mortality comprising the sum
of the fishing (F), natural (M) and seal predation (P) mortalities
[Equations (T1.1) and (T1.2)]. New recruits to the stock are given
by a Ricker stock recruitment function (Ricker, 1954) and subject
to stochastic process error [Equation (T1.3)]. Fishing mortality is
decomposed into an age effect representing selectivity (s) and a
year/effort effect (E) (Pope and Shepherd, 1982) and is further
partitioned by fleet (k) [Equation (T1.4)]. Following Cook et al.
(2015), seal predation mortality is assumed to be the product of
seal selectivity for each age class (sel), seal predation rate (ability
of seals to catch fish, g), and the total number of seals (G)
[Equation (T1.5)].

For the other fish species with no age-structured data available,
a Schaefer surplus production function is used (Schaefer, 1954)
following the formulation of Fletcher (1978) [Equation (T1.6)].
This describes the stock biomass dynamics in terms of carrying
capacity (K) and maximum sustainable yield (misy).

Catches for age-structured stocks are calculated from the
Baranov (1918) Equation (T1.7) and partitioned into landings and
discards (T1.8) while, for other species, landings are approximated
directly from the biomass using Equation (T1.9). This equation
corresponds to the Baranov catch equation for biomass assuming
F = Z and provides an adequate approximation when F is large
compared with M. For these other species, only the landings are
modelled because the discard rates are low (Heath et al., 2015).

Fleet revenues are obtained by multiplying landings by fish
price (T1.10). Fleet costs are estimated following a cost function
(T1.11). Variable costs are assumed proportional to fishing effort.
Both the variable costs per vessel (c,) and the fixed costs (cf) are
held constant in the model. The fleet net profits are calculated by
taking the difference between fleet revenues and costs (T1.12).

Modelled species and fleets

For simplicity, species, in rank order by value that, along with cod,
haddock and whiting, represent over 95% of the revenues of the
UK demersal trawlers fishing in Division 6a (STECF, 2016a) were
considered in the simulation model. These are saithe (Pollachius
virens), anglerfish (Lophius sp.), megrim (Lepidorhombus spp.),
European hake (Merluccius merluccius), ling (Molva molva), and
Nephrops. Of these species, cod, haddock, whiting, ling, and saithe
account for the greatest proportion of the grey seal diet (Harris,
2007). However, although the saithe biomass consumed by seals is
of a comparable scale to whiting, it is a very small fraction of the
saithe stock biomass (ICES, 2015b), while ling accounts for a very
small part of the UK commercial catch (ICES, 2016b). Hence seal
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Table 1. Equations used in the simulation model.

V. Trijoulet et al.

Number Name Equation Comments
(T1.1) Fish abundance at age Nay,i = Na_11y_1_,'e’zﬂf‘»' Exponential decay for cod, haddock, whiting and
a and year y for species i saithe

(T1.2) Total mortality Zgj= Mg+ Fai+ Py M is the natural mortality. P = 0 for saithe

(T1.3) Recruitment at age 1 Nayi = (u,-SSBy_L,-e’B'SSBy*")ee' Ricker curve with lognormal process errors,
€ ~ Normal(0, 5?). The SSB is given by SSB,; =
Doa (Na%,-ma‘,wa};), where m is the proportion of
mature fish and w the fish weight.

(T1.4) Fishing mortality for fleet k Faik = SaikEk Product of fleet selectivity s and effort index E

(T1.5) Seal predation mortality Paj = selaigiG Product of seal selectivity sel, seal predation rate g and
seal number G

(T1.6) Biomass for the other fish species Byi1; =By + 47'(’5”" By, <1 — B,%") —L,i  Schaefer model where msy is the maximum
sustainable yield and K the carrying capacity

(T1.7) Fishing catches Cayik = ana,’k Nay.i(1— e‘Z”-") Baranov equation. Catches by seals are calculated by
replacing F by P in T1.7

(T1.8) Landings for age-structured stocks Lyik = Y0 XaikCayik A is the proportion of landings in the total catch

(T1.9) Landings for the other species Lyix=(1—ef)By; Baranov equation for biomass assuming F = Z

(T1.10) Fishing revenues Ry = D i(pilyix) Product of fish landings and price p

(T1.171) Fleet total cost ¢, =v(c, +¢) Sum of the variable costs ¢, and the fixed costs ¢
per vessel multiplied by the number of vessels v.
The variable costs are proportional to fleet effort
using a constant p such as ¢,, = pEx

(T1.12) Fleet net profit Ty, = Ryx — Csy

Table 2. Fleets considered in the simulation model and their characteristics.

Vessel Net mesh Number of  Variable costs  Fixed costs
Fleet code Definition length (m)  size (mm)  Target species vessels (£'000) (£'000)
TR1_10-24 Small UK whitefish trawlers 10-24 >120 Demersal whitefish 9 4305 213.0
TR1>24 Large UK whitefish trawlers >24 >120 Demersal whitefish 10 1250.8 467.3
TR2<10 Small UK Nephrops trawlers <10 70-99 Nephrops 31 47.6 27.0
TR2_10-24  Large UK Nephrops trawlers 10-24 70-99 Nephrops 151 137.7 73.0
Others Other gear and foreign vessels  All All Demersal whitefish, 19 1236.3 618.1

Nephrops

The number of vessels and their associated annual costs per vessel are mean values for the years 2007-2011 obtained from Seafish.

predation is considered only for cod, haddock and whiting. No
trophic interaction is considered between fish species.

Five fleets were selected based on definitions used by ICES
(2015a) and are shown in Table 2. The fleets are identified
by mesh size and by vessel length class. The “Others” fleet
corresponds to all other gears used in UK fisheries in
Division 6a and all foreign vessels catching cod, haddock, and
whiting.

Parameterization

Age-structured stock dynamics

For cod, haddock, and whiting, we used the age-structured stock
assessment model described by Trijoulet et al. (2017) to provide
estimates of the main input parameters. The model was fitted
to the ICES stock assessment data (ICES, 2013) augmented with
age compositions in seal diet derived from Harris (2007) and
seal population size from Thomas (2013). Outputs from these
analyses include a time series of fishing mortality, natural mor-
tality, seal selectivity, seal predation rate, recruitment, and spawn-
ing stock biomass (SSB) that are provided in Supplementary

Material. For saithe, the input values were taken from ICES
(2013).

Other species dynamics

For the other species, those without a full age-based assessment,
the Schaefer surplus production model was fitted by least squares
to the biomass data from ICES reports (ICES, 2013, 2014) to ob-
tain values for msy and K [Equation (T1.6)]. The landings were
treated as known, error free, values. The status quo fishing mor-
tality for these species was estimated using the average biomass
and landings between 2007 and 2011 using equation (T1.9). No
biomass estimates are available for ling and the landings were al-
most constant over the past 10 years. For simplicity, we assumed
that ling landings scaled linearly with effort. Average landings be-
tween 2007 and 2011 were partitioned by fleet and assumed to
correspond to an effort index of E = 1. Input values for the other
species are given in Supplementary Material.

Fishing selectivity by fleet
Fleet specific catch data were used to partition the fishing mortal-
ity at age by fleet for the age-structured stocks. Total fishing
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mortality for the other species was partitioned down to fleet level
by using the proportion of the fleet catch in the total catch. This
is described in more detail in the Supplementary Material.

Economic parameters

Cost and revenue data for the years 2007-2011 for the four UK
fleets were made available by the UK agency Seafish, and were
corrected for inflation using the gross domestic product deflator
with 2012 as the reference year. Economic data are usually aggre-
gated for the North Sea and the West of Scotland (Anderson
et al., 2013), so for this study, the West of Scotland data have
been extracted by identifying the vessels that spend the majority
of their time in Division 6a. Here, it is assumed that costs in-
curred due to fuel, crew share and other fishing costs are variable
and that total vessel outlay, depreciation, interest and other fi-
nancing expenses are fixed costs. Variable and fixed costs values
used in the simulation model were averages over 2007-2011 to be
consistent with the reference period used for the fish stock values.

No cost data are available for the “Others” fleet. We assumed
that this fleet was operating at the break-even point during the ref-
erence period 2007-2011 and used the revenues to estimate the
costs. Within the UK fleets, average fixed costs per vessel are typi-
cally around half of the average variable costs. The total aggregated
costs for “Others” was scaled to the number of vessels (all assumed
foreign vessels), and partitioned using this ratio. The costs and the
number of vessels for all fleets are summarized in Table 2.

The price of fish in the West of Scotland is dictated by the
European market (Scottish Fishermen’s Organization, 2016),
which means a change in the quantity of local landings has little
effect on fish prices. As a result, the fish prices are assumed to be
constant for each species in the simulation model. They corre-
spond to fixed average real prices between 2007 and 2011 taken
from Marine Management Organization (2012) and are shown in
Table 3.

Equilibrium fishing scenarios

Modelling regulations and fisher choices in the West of Scotland
is complex. For simplicity, we chose to run the simulation model
under equilibrium scenarios, which correspond to three different
fishing or regulation strategies. This allows the comparison of
grey seal impacts in contrasting scenarios to test the sensitivity
of the results. The three scenarios “status quo F (SQF)”,
“bioeconomic equilibrium (BE)”, and “maximum economic yield
(MEY)” are outlined below. All the scenarios consider the impact

Table 3. Average fish price (p) per tonne (2007-2011) for the nine
fish species considered in the simulation model and proportion of
the total catch made by the UK vessels for indication.

% of total catch

Species p (£000) by UK vessels
Cod 2.1 53
Haddock 12 76
Whiting 1.1 74
Saithe 0.8 43
Anglerfish 32 33
Megrim 3.0 54
Hake 19 26
Ling 1.4 32
Nephrops 29 99
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of seal predation on fishing revenues and profitability under bio-
logical equilibrium conditions when the nine species considered
show no change in mean SSB. The results presented are averages
from the process error around recruitment over 50 years when
SSB is at equilibrium.

The SQF scenario keeps the fishing mortality at the base level
constant (i.e. E = 1). It results in a biological equilibrium that as-
sumes fleet behaviour does not respond to economic incentives.
This scenario serves as a reference case for comparison with the
other scenarios where fleet behaviour is dynamic and varies with
the fleet net profit.

The BE scenario assesses the impact of seal predation in the ex-
treme open-access case where no regulation exists and vessels can
enter or exit the fishery freely. Classical economic theory shows
that, in this environment, fishers act independently and try to
maximise their individual profit so that, in the long-term, the
fishery tends to the bioeconomic equilibrium where total reve-
nues equal total costs (Knowler, 2002). In this scenario, each UK
fleet can invest or disinvest in effort or number of vessels follow-
ing the value of its net profit. Given the value of the fleet net
profit at the initial biological equilibrium [Equation (T1.12)],
fishing effort is adjusted and the model run to the new biological
equilibrium. This process is then repeated until the BE is reached.
It is assumed that higher net profit will lead to larger investment
in the number of vessels and effort per fleet.

The MEY scenario represents the economic equilibrium as-
suming the fishery is closed to new entrants and the fleet compo-
sition is fixed. The fleets are assumed to collaborate to obtain a
sustainable fishery where the aggregated fishery net profit is max-
imized at the equilibrium (Guillen et al,, 2013). The goal is to de-
termine the level of effort per fleet, which maximises the total
fishery net profit.

Because the cost function for the “Others” fleet is uncertain
due to the lack of economic data for this fleet, its effort is kept
constant in both the BE and MEY models so the fleet cannot
modify its fishing behaviour with its net profit. Additional infor-
mation on equilibrium scenarios is given in Supplementary
Material.

Seal predation scenarios

Fleet revenues were compared at different levels of seal predation
mortality (P). Scaling factors of 0.7-1.3 in steps of 0.1 were ap-
plied to the equation for P [Equation (T1.5)] in the three equilib-
rium scenarios. The scale range is limited to =30% to avoid
unrealistic departures from the current state. Assuming seal selec-
tivity (sel) and predation rate (g) are more or less constant, ap-
plying a scaling factor to P corresponds to a change in seal
population (G). In this study, the predation rate is assumed con-
stant by default for all scenarios. However, ¢ may be time varying
especially if it is related to prey abundance such as in a functional
response (Holling, 1959) and this is considered in the sensitivity
analysis described below.

In order to quantify the impact of a single seal on the fishery and
on the fleet most affected by seal predation, we calculated the change
in revenue per seal and the change in revenue per vessel when seal
predation is changed by 10%. The change in revenue per seal is cal-
culated as the difference between fishing revenues at the baseline
number of seals and at increased/decreased seal predation, divided
by the number of seals that represents 10% of the population.
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Figure 2. Change in mean equilibrium SSB (%) for cod, haddock,
and whiting in the three different scenarios for small (£10%) and
large (+30%) changes in seal population.

In order to allow comparison with fleet revenues, the weight of
fish consumed by seals was converted to equivalent “revenues” by
multiplying it with fish prices.

Consistency check and sensitivity analysis
The main parameters of the model are derived from the average
state of the fishery between 2007 and 2011. As a check for consis-
tency, the landings for this period were estimated by the model
using mean population sizes from stock assessments for the
same period. The estimated landings were then compared with
observed values and shown to be consistent (Supplementary
Material).

Sensitivity to the different assumptions in the simulation
model was tested as follows:

(1) The model was run for two other commonly used stock-
recruitment relationships to test robustness to the choice of
curve. These were Beverton and Holt (1957) and the smooth
hockey-stick (Froese, 2008).

(2) The parameter estimates of the Schaefer surplus production
function msy and K [Equation (T1.6)] were increased sepa-
rately by 10% for all species to investigate estimation errors.

(3) A type II functional response of seals to cod biomass was ap-
plied as an alternative foraging model to the constant preda-
tion rate assumption. This was based on the cod partial
biomass as described in Cook and Trijoulet (2016). This re-
sponse is not considered for haddock and whiting due to diffi-
culties fitting a type II functional response (Trijoulet, 2016).

(4) The BE and MEY scenarios are run allowing the fleet
“Others” to vary its effort at each iteration with its net profit
to test the assumption of constant effort.

(5) A SQF scenario was run in the absence of cod to examine the
sensitivity of the results to the species composition in the
fishery in the event of a cod stock collapse (Cook and
Trijoulet, 2016).

The sensitivity of the simulation model to seal predation was ana-
lysed by calculating the difference in seal impacts on fishing

V. Trijoulet et al.

+10% -10%
E TR1_.10-24 E
é TR1>24 E B SQF revenues
O BE revenues
I TR2<10 ‘ B MEY revenues
8 MEY net profit
p TR2.10-24 | netprot
a Others i
E Whole fishery B
+30% -30%
B TR0 BR
S TR
| TRe<t0
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a’ Others ‘:E
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Change in revenues or net profit (%)

Figure 3. Change in mean equilibrium revenues (%) or net profit
(MEY scenario only) by fleet and for the entire fishery in the three
different equilibrium scenarios for small (=10%) and large (=30%)
changes in seal population.

revenues when the seal predation is increased by 10%, between
the initial model set up and when the sensitivity tests 1-5 are
applied. For simplicity, results for sensitivity tests 1-4 are shown
for the fleet most affected by seal predation only.

Results

Bioeconomic results

Changes to SSB in the three scenarios resulting from different lev-
els of seal predation are shown in Figure 2. Cod is the most sensi-
tive to a change in grey seal numbers followed by whiting. The
estimated equilibrium haddock SSB is little changed in all three
scenarios even for large changes in seal population.

The change in revenues and net profit at different levels of seal
population is shown in Figure 3. Larger whitefish vessels
(TR1 > 24) are most affected by a change in grey seal population
in all scenarios. For this fleet, in the dynamic scenarios (BE
and MEY), the percentage change in revenues is much larger than
the change in seal population. The smaller whitefish fleet
(TR1_10-24) and the “Others” fleet are less affected. As expected,
the Nephrops trawlers show little change since cod, haddock, and
whiting represent a very low proportion of their revenues.
Although individual fleets show large changes in revenues, when
the whole fishery is considered, changes in seal predation
of =30% result in about 5% changes in revenue. This arises be-
cause Nephrops have a high value relative to other stocks and are
unaffected by seal predation in the model.

The MEY equilibrium is the only scenario where profits re-
spond to seal predation. Here, the changes in net profit with seal
predation are similar to the changes in revenues for all fleets ex-
cept TR1 > 24, where the impact on the net profit is less than on
the revenues (Figure 3).

The value of the quantity of fish eaten by seals was compared
with fleet revenues for the current number of seals in the Division
6a (Table 4). When revenues from cod, haddock, and whiting are
compared (Table 4a), seal” revenues” only represent a small pro-
portion (<0.5%) of the total revenues and this proportion is con-
siderably smaller than the proportion for the whitefish fleets.
Note that seal revenues of cod, haddock, and whiting can be
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Table 4. Comparison of fleet and seal revenues from cod, haddock, and whiting with that for seals under the three scenarios and at the

baseline number of seals.

(a) Revenue of cod, haddock, and whiting by fleet expressed as a proportion (%) of the total cod, haddock, and whiting revenue from all fleets

including revenue from consumption by seals.

Scenario TR1_10-24 TR1 > 24 TR2< 10 TR2_10-24 Others Seals
SQF 12.90 54.81 0.07 523 26.70 0.29
BE 50.24 26.78 091 0.87 20.99 0.21
MEY 20.99 23.60 0.10 7.07 47.79 0.45

(b) Revenue of cod, haddock, and whiting taken by seals expressed as a proportion (%) of the total fleet revenue including all species.

Scenario TR1_10-24 TR1 > 24 TR2< 10 TR2_10-24 Others
SQF 0.46 0.19 1.22 0.10 0.10
BE 0.12 0.29 0.08 0.55 0.10
MEY 0.56 0.80 1.72 0.15 0.13

The weight of fish consumed by seals is converted to seal “revenue” using fish price.

Table 5. Change in annual fishing revenues (£'000) for the fishery and for TR1 > 24 following an increase or decrease in seal population of

10% (3204 individuals).

Fishery TR1>24
Seal scenario Equilibrium scenario Whole Per vessel Per seal Whole Per vessel Per seal
+10% SQF —1350 —6.13 —0.421 —715 —71.54 —0.223
BE —1618 —2.69 —0.505 —1289 —257.83 —0.402
MEY —1405 —6.39 —0.439 —903 —90.25 —0.282
—10% SQF 1414 6.43 0.441 763 76.32 0.238
BE 1456 2.41 0.454 1541 220.21 0.481
MEY 1601 7.28 0.500 1165 116.46 0.363

The change is given at the level of the whole fishery or fleet, per vessel and per seal.

Table 6. Sensitivity of the three scenarios expressed as the change in seal impacts on TR1 > 24 revenues (%) for an increase in seal population

of 10%.

Sensitivity test Sensitivity to the Change considered SQF BE MEY

1 Ricker stock-recruitment model Beverton—Holt 0.0 4.1 0.0
Hockey-stick —0.1 25 35

2 Schaefer parameters msy + 10% —0.2 —0.1 —6.2
K+ 10% 0.0 5.0 0.6

3 Constant seal predation rate Type Il seal functional response to cod biomass 10.7 237 10.7

4 Constant effort for “Others” Effort can vary with fleet net profit None —0.6 —-25

The change in impacts is calculated by taking the difference between changes in revenues for the initial simulation results and changes in revenues for the sensi-
tivity test results. For instance, a value of 4.1 (BE scenario, sensitivity test 1) means that seal impacts on the fleet revenues are increased by 4.1% when a
Beverton—Holt stock recruitment relationship is used compared with a Ricker relationship.

larger than those of the TR2 < 10 fleet, but this arises because the
fleet catches mainly Nephrops (Supplementary Figure S2). When
seal revenues are compared with fleet revenues for all fish species
combined (Table 4b), the value of seal predation is negligible
since it represents <2% of each fleet revenue.

Table 5 shows the change in annual fishing revenues for a 10%
change in seal population for the entire fishery and the TR1 > 24
fleet. Also shown is the “cost” per seal to the fishery or fleet. The re-
sults are of the same order of magnitude for all scenarios. For the
TRI1 > 24 fleet, the cost per seal is less than that for the fishery in all
but one case but the cost per vessel is large as the losses are distrib-
uted among few vessels. For the whole fishery, the costs per vessel are

lowest in the BE scenario because the Nephrops fleets expand to dissi-
pate the profits. In contrast, for TR1 > 24, the costs per vessel are
highest under this scenario (BE) because some vessels exit the fishery.

Sensitivity analysis

Table 6 shows the changes in grey seal impacts on TR1 > 24 for
the different sensitivity scenarios. The three fishery scenarios
show little change for all sensitivity tests except for the seal forag-
ing model. Here a type II functional response for cod has a large
effect. Overall, the dynamic scenarios show greater sensitivity
than the SQF scenario.
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Figure 4. Change in revenues (%) by fleet and for the entire fishery
for a small (=10%) and large (*30%) change in seal population in
the initial SQF scenario and for the SQF scenario in the absence of
cod.

The impact of grey seals on all fleet revenues, and therefore,
the whole fishery is substantially reduced if the cod stock col-
lapses (Figure 4). Even reducing the seal population by 30% only
increases the revenues of TR1 > 24, the most affected fleet, by
<3%.

Discussion

In the model, an increase in grey seal predation resulted in a clear
decrease in the cod and whiting stocks. However, even large
changes in grey seal predation have little impact on the haddock
biomass. This is partly because the predation mortality on had-
dock is low compared with fishing mortality and also because
seals show very low selectivity on the younger ages, which con-
tribute most to the stock biomass. This study suggests that the
impact of seal predation on the haddock stock is likely to be low.

Cod is the key stock in evaluating the impacts of seal predation
on the demersal fishery. Seal predation mortalities are much
greater on cod than haddock and whiting (Trijoulet ef al., 2017)
so seal predation effects are more substantial for this stock. In ad-
dition, the price per tonne of cod is roughly twice that of haddock
and whiting, so cod make a proportionately larger contribution
to the revenues.

The three scenarios, SQF, BE, and MEY, represent very differ-
ent fishing strategies but a clear pattern emerges that the larger
whitefish trawlers (TRI > 24) are most sensitive to the effects of
seal predation (mainly on revenues, less so on profits) and that
this is largely due to revenues accruing from cod. In the scenario
where the cod stock has collapsed, although the TR1 > 24 fleet
still shows the greatest effects of seal predation, the impact is sub-
stantially reduced.

For the TR1_10-24 fleet, whitefish are a principal target, yet
Nephrops makes a significant contribution to the catches. As
Nephrops is nearly twice as valuable as cod, the revenues of this
fleet are less sensitive to cod biomass and any seal predation on it.
Not surprisingly, the TR2 fleets that target Nephrops are little af-
fected by seal predation. Overall, the value of fish caught by seals
is low in comparison to the fleet revenues and seal predation im-
pacts are relatively small at the level of the whole fishery because
Nephrops dominates the value of the total landings.

V. Trijoulet et al.

We chose a number of fishing scenarios to explore whether
seal predation effects were sensitive to contrasting fleet behaviour.
While none represent the current fishery accurately they show
similar effects that may characterize, qualitatively, what may oc-
cur in reality. The SQF scenario shows the smallest effects of pre-
dation while both the BE and MEY scenarios show substantially
greater sensitivity to seals. Both of these scenarios allow vessels to
adapt their fishing strategy in response to economic incentives
and such behaviour appears to magnify the effects of seal preda-
tion. Current estimates of the economic performance of the fleets
suggest that they are operating close to BE (Lawrence et al,
2016), a scenario which heightens sensitivity to seal predation
compared with SQF and reduces it compared with MEY.
However, the magnitude of the change in revenues due to in-
creased seal predation is much more sensitive to the population
model assumptions (stock recruitment function, seal functional
response, etc.) in the dynamic fishing scenarios. The results of the
BE and MEY scenarios should therefore be treated as more uncer-
tain than when fishing at SQF.

For all scenarios, a small change in grey seal population
of £10% did not show substantial variations in fleet revenues and
the results appear relatively robust to most model assumptions,
with the possible exception of seal functional response to cod bio-
mass. The type II functional response results show that an alter-
native seal foraging model may alter the results significantly. The
effect of the response is to accelerate decline when stocks are al-
ready declining and similarly accelerate increase when stock are
increasing. Inevitably this will contribute to greater sensitivity to
seal predation as the effect is inversely density dependent. This
highlights the need for a more realistic seal foraging model.

Depredation and seal-induced infections are a different source
of impact that would need to be added to predation effects to get
a more complete estimate of the economic effects of seals. There
have been a number of studies estimating the cost of seal-induced
infections and depredation. These give an annual cost between
£300 and £4800 per fisher or processor (Bjorge et al, 1981;
Bosetti and Pearce, 2003; Butler ef al.,, 2011) and a corresponding
cost per seal between £15 and £290. Given the estimates of cost of
seal predation in the West of Scotland from this study, it would
suggest the costs including depredation could be as high as £700
per seal.

Although seals may represent a cost to the fishery, they may
support positive benefits to the economy from activities such as
ecotourism. Grey seals are the third most popular wildlife attrac-
tion in Scotland after cetaceans and seabirds (Woods-Ballard
et al., 2003). In the West of Scotland, tourism gains from whale
and seal-watching have been estimated at around £1.8 million in
2001 and the indirect income from other tourism attractions dur-
ing the visitor stay can reach £7.8 million per year (Warburton
et al., 2001). Consequently, it can be argued that even if grey seals
represent only a portion of these gains, grey seal presence may be
more beneficial than harmful to the Scottish economy. However,
these gains do not benefit the fishers that suffer the costs.

Our model does not consider predatory interactions other
than that of seals on three major species. Seabirds and cetaceans
are also responsible for removal of large quantities of commercial
fish (Overholtz and Link, 2007) and the largest predation on de-
mersal fish comes from predatory fish themselves (Sparholt,
1994; Engelhard et al., 2014). Incorporating trophic interactions
is likely to have a minor effect on the estimated direction of
change seen from the model given that this study investigates the
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Bioeconomic modelling of grey seal predation impacts

sensitivity to seal predation under average conditions. The results
describe the relative impacts of seal predation on the different
fleets under various exploitation scenarios rather than predict ac-
tual revenues and profit in the long-term.

There are a number of additional reasons for treating the re-
sults presented here with caution. Seal predation mortality was
estimated using only 2 years of seal diet data (Harris, 2007) that
are themselves highly uncertain. This should not have a major
impact on the qualitative impact of seals on the different fleets
and fish stocks but may cause uncertainty in its magnitude. In ad-
dition, this study also makes the assumption that the fish popula-
tion is homogeneous and equally available to seals and fishers,
which are in direct competition with each other. Currently, the
majority of cod landings are taken in the far north of Division 6.a
and along the continental shelf edge (STECF, 2016b) while seal
foraging mostly occurs on the continental shelf (Jones et al,
2015) including areas considered unsuitable for trawl fishing
(Marine Environmental Mapping Programme, 2015). Seals may
therefore predate on fish, which are not directly available to fish-
ers and although the absence of overlap between fishing and for-
aging zones does not mean the absence of competition, the
interaction between seals and fishers is likely to be more complex
than assumed here. This has potential to bias resulting model es-
timates and is an issue that requires further investigation.

Conclusion

Opverall, seal predation effects on revenues are small at the whole
fishery scale. The TR1 > 24 fleet is the most sensitive to seal pre-
dation, and this is primarily due to the importance of cod in its
catch. It seems, therefore that the importance of the seal-fishery
interaction in the West of Scotland is limited to one major fleet
and stock. However, assessing the significance of this interaction
is heavily dependent on the assumption of the seal foraging
model and is an area in need of further research.

Supplementary material
Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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