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ABSTRACT: Atlantic cod Gadus morhua in the southern Gulf of St. Lawrence (sGSL) declined to
low abundance in the early 1990s and have since failed to recover due to high natural mortality,
which has been linked to predation by grey seals Halichoerus grypus. Increased grey seal harvests
have been suggested to improve cod survival; however, predicting the response of cod to changes
in seal abundance in the sGSL is complicated by a hypothesized triangular food web involving
seals, cod, and small pelagic fishes, wherein the pelagic fishes are prey for cod and grey seals, but
may also prey on young cod. Grey seals may therefore have an indirect positive effect on pre-
recruit cod survival via predation on pelagic fish. Using a multispecies model of intermediate com-
plexity fitted to various scientific and fisheries data, we found that seal predation accounted for the
majority of recent cod mortality and that cod will likely be extirpated without a strong and rapid
reduction in grey seal abundance. We did not find evidence that reducing grey seal abundance will
impair cod recovery by causing large increases in pelagic biomass so long as pelagic fishing mor-
tality continues at historical levels.
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1. INTRODUCTION

Human societies have actively managed mammalian
predator abundance for at least 2 millennia (Reynolds
& Tapper 1996). Reducing predator abundance has
sometimes been a means to improve human and live-
stock safety, whereas in other cases, it has been aimed
at improving the survival of wild species of interest
(‘target’ species). In this latter case, predator-reduction
initiatives often implicitly assume that ecosystems can
be reduced to simple predator—prey systems in which
reducing predator abundance results in sustained in-
creases in prey survival; however, reducing predator
abundance may result in a wide range of unintended
consequences (Bax 1998, Yodzis 2001, Bowen & Lid-
gard 2013). For instance, removing a top predator from
an ecosystem may improve the short-term survival of
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not only the target species, but all species consumed
by that predator. If one or more of these other species
are predators of the target species, then the long-term,
total predation mortality of the target species may in-
crease or remain constant in the absence of the top
predator due to the improved survival of other pre-
dators. It is therefore important to consider wider eco-
system implications when forecasting the impact of
predator reductions on target species.

Marine mammal predation on commercially valu-
able fish stocks is increasingly used to justify predator-
control programmes, especially where marine mammal
populations (particularly pinnipeds) are growing in
response to reduced exploitation. For example, preda-
tion by recovering pinnipeds on several sockeye
Oncorhynchus nerka and Chinook salmon O. tshawyt-
scha stocks in the northeast Pacific likely now accounts
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for more mortality than all sources of fishing combined
(Magera et al. 2013, Wargo Rub et al. 2019, Walters et
al. 2020). Similarly, in the northwest Atlantic, where
grey seal Halichoerus grypus abundance has grown
especially large, natural mortality (M) of numerous
fish stocks has increased to the point where some
stocks, particularly in the southern Gulf of St. Law-
rence (sGSL), are being evaluated by the Committee
on the Status of Endangered Wildlife in Canada for en-
hanced risk of extirpation (e.g. Swain et al. 2019).
While targeted pinniped reductions have been sug-
gested as a possible means of recovering these threat-
ened fish stocks (e.g. FRCC 2011, SSCFO 2012), the
wider implications of such interventions for the sGSL
ecosystem are unknown.

Developing quantitative models of interactions be-
tween predators and target species is an important
step toward understanding the responses of target
species to changes in predator abundance. The specific
approach used to model species interactions should
be linked to scientific goals (i.e. under-

In this paper, we investigate the extirpation risk for
Atlantic cod Gadus morhua in the sGSL (Atlantic
Canada, Northwest Atlantic Fisheries Organization
[NAFO] Division 4T) via a multispecies population
model consisting of Atlantic cod, Atlantic herring
Clupea harengus, and Canadian-origin grey seals
(hereafter referred to as 'cod’, 'herring’, and ‘seals’,
respectively). The sGSL encompasses the Magdalen
Shallows, with depths mostly less than 100 m, and
the Laurentian Channel, with depths up to 500 m
(Fig. 1). Cod and herring reside in the sGSL from the
spring to fall, where they spawn and feed, while
adult herring and all stages of cod overwinter in the
Cabot Strait (NAFO Subdivision 4Vn). Cod in the
sGSL form a single spawning stock, while herring
consist of genetically distinct spring- and fall-spawn-
ing components (Lamichhaney et al. 2017), the latter
of which is further disaggregated by region within
the sGSL (North, Middle, and South) for manage-
ment purposes to account for strong spawning-site

standing seal predation impacts) and 17 N
management objectives (i.e. recovering
threatened fish populations). 'Food |-
web' or ‘whole ecosystem' models, such
as ECOPATH with ECOSIM (Polovina
1984, Christensen & Pauly 1992,
Walters et al. 1997, 2000) and ATLAN- :
TIS (Fulton et al. 2004), consider pop-
ulations across all trophic levels of an
ecosystem. These models are often
complex and are intended for strategic
use (i.e. broad-scale, long-term plan-
ning). In contrast, models of intermedi-
ate complexity or 'minimum-realistic
models' include only species consid-
ered to have important interactions
with the species of interest and are
more tactically focused, with outputs
that can potentially be used in short-
term decision making (Plaganyi et al.
2014). Models of intermediate com-
plexity are well suited for investigating
interactions among higher trophic level

New
Brunswick

Quebec

- 50°N

0 50 100 15'0' ~ 200km |

-~ Anticosti..

SR
P

Magdalen ,
Shallows A = R

~ Nova
Scotia

. S *

Sable
Island

-49°

- 48°

rar7°

r46°

r45°

Lag4°

50

species, as these species require rel- ‘
atively fewer linkages than lower tro-
phic level species. In particular, these
models are useful for understanding

61°

T T T T T
63° 62° 60° 59° 58°W

Longtitude

T
64°

the effects of pinniped predation on
fish M and forecasting responses to pin-
niped abundance changes while ac-
counting for indirect effects (e.g. Punt
& Butterworth 1995).

Fig. 1. Southern Gulf of St. Lawrence (sGSL) and place names mentioned in the
paper. Grey lines indicate the 50, 100, and 200 m depth contours; yellow-
shaded regions indicate Northwest Atlantic Fisheries Organization (NAFO)
Divisions occupied by the sGSL stocks of cod and herring (4T and 4Vn). Bathy-
metric depth contours were obtained from the ETOPO 2022 database (NOAA
National Centers for Environmental Information 2022) using the 'marmap’
package (Pante et al. 2023) in R (R Core Team 2019). PEI: Prince Edward Island
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fidelity (DFO 2018). Grey seals in the Northwest
Atlantic form a single population but are subdivided
in Canadian waters into Scotian Shelf and Gulf of
St. Lawrence herds (hereafter referred to as ‘Shelf’
and 'Gulf’ herds, respectively) for management pur-
poses. The Shelf herd consists of seals from Sable
Island, the largest grey seal colony in the world, as
well as seals from smaller whelping grounds along
coastal Nova Scotia. Gulf-herd seals pup on pack-ice
and small islands in the Gulf of St. Lawrence. Grey
seals forage widely within their range, including
within the sGSL and on cod/herring overwintering
grounds (Breed et al. 2006, Harvey et al. 2011, Swain
et al. 2015a).

Cod were fished to low abundance in the early
1990s and have failed to recover due to an increase in
M among older cod (Swain & Benoit 2015), which is
concurrent with a rapid increase in seal abundance
(Hammill et al. 2017a). Early maturation, environ-
mental conditions, parasites, and unreported catch
were investigated as possible causes of elevated M
among older cod from the mid-1990s to present, but
none was found to be an important contributing fac-
tor (Swain et al. 2011). In contrast, the hypothesis that
seal predation has driven increases in cod M has been
supported by bioenergetic models, shifts in cod distri-
bution to areas with lower seal abundance, and pop-
ulation models linking cod M to seal abundance
(Benoit et al. 2011, Swain et al. 2015a,b). Specifically,
increased cod M appears be the result of a predation-
driven Allee effect, suggesting that the extirpation of
cod is likely without large reductions in seal preda-
tion (Neuenhoff et al. 2019).

Predicting ecosystem responses to grey seal abun-
dance reductions in the sGSL is complicated by a
hypothesized triangular food web involving seals,
cod, and pelagic fishes such as herring and mackerel
Scomber scombrus that are important prey for seals
(Bowen et al. 1993, Hammill et al. 2007, 2014) and
cod (Hanson & Chouinard 2002, Hanson 2011). Cod
recruitment success in the sGSL has a strongly neg-
ative relationship with pelagic fish biomass, poten-
tially resulting from predation or competition by
pelagics with early life history stages of cod (Swain &
Sinclair 2000). Thus, seals may have an indirect posi-
tive effect on pre-recruit cod survival via predation
on pelagics, suggesting that reducing seal abun-
dance could result in reduced recruitment success
for cod. For instance, Punt & Butterworth (1995) ana-
lysed a pinniped cull in a 3-species food web in the
Benguela ecosystem and found that reducing pin-
niped abundance had a neutral or negative effect on
the target species due to the resulting increased

abundance of an intermediate species that consumes
the target species. Alternatively, pelagics released
from seal predation may instead be consumed by
recovering cod, resulting in improved cod survival
through cultivation effects (Walters & Kitchell 2001).
Management actions aimed at reducing cod mortal-
ity may be the only means of recovering cod in the
sGSL, so it is critical to better understand the impor-
tance of these processes and their relative impacts
on the efficacy of potential management actions.

We developed a multispecies, age-structured pop-
ulation model to evaluate the effects of changes in
seal and/or herring abundance on cod survival and
recruitment in the sGSL. Compared to existing cod-
seal modelling approaches for northwest Atlantic
ecosystems (Mohn & Bowen 1996, Fu et al. 2001,
Trzcinski et al. 2006, Neuenhoff et al. 2019), our ap-
proach allows for indirect effects of seal reductions on
cod survival via other species to be explicitly eval-
uated. Our model linked cod mortality to local seal
abundance and herring mortality to the local abun-
dance of both cod and seals (Fig. 2). Additionally, we
modelled cod recruitment as a function of herring
biomass to account for herring effects (predation,
competition) on pre-recruit cod. Under this model
formulation, seal abundance reductions have a posi-
tive direct effect on adult cod survival and an uncer-
tain, potentially negative indirect effect on cod re-
cruitment. The net effect of seal reductions on cod
productivity is therefore unknown and may be neg-
ative if reduced seal predation on adult cod is suffi-
ciently offset by increased predation on and/or com-
petition with young cod. This model may therefore

Grey seal |« Fishing/Hunting
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A === Anthropogenic mortality
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Fig. 2. Seal—cod—herring triangular food web model. Preda-
tion was modelled by explicitly incorporating predation into
mortality rates (solid grey lines) and implicitly by including a
predator as a covariate in a stock—recruitment (S-R) function
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yield a range of outcomes for cod depending on the
net effect of reduced seal abundance. Our results over
a wide range of model assumptions and sensitivity
tests suggest that cod recovery in the sGSL is highly
unlikely without rapid reductions in seal abundance.

2. MATERIALS AND METHODS
2.1. Data

Annual fishery landings of cod (1971—-2018) in the
sGSL included directed fishing from fixed and mobile
gears, as well as cod bycatch from other groundfish
fisheries but not from invertebrate fisheries, as land-
ings of commercial-size cod in these fisheries were
negligible (Swain et al. 2011). Landings of spring- and
fall-spawning herring included catches from fixed
(gillnet) gear fisheries on spawning grounds in Div.
4T and mobile (purse seine) gear fisheries in Div. 4T
and Subdiv. 4Vn. Fall-spawning herring landings
were aggregated across spatial subpopulations from
1971 to 1977 but were disaggregated thereafter.

Fisheries and Oceans Canada (DFO) has monitored
relative cod abundance in the sGSL using stratified-
random bottom-trawl research vessel (RV) surveys
each September since 1971. Changes in fishing effi-
ciency by different RVs were accounted for by apply-
ing conversion factors estimated using results of com-
parative fishing experiments. We also obtained cod
abundance indices from a sentinel longline survey,
conducted each summer and fall (1995—2017) at fixed
sites, and from a mobile sentinel bottom-trawl survey,
conducted each August since 2003 using the same
stratified-random design as the RV survey (Swain et
al. 2019).

Herring catch per unit effort (CPUE) time-series
(1986—2018) were constructed for each subpopulation
from commercial gillnet catch and effort data. We also
used spring herring relative abundance data (1994—
2017) from DFO acoustic surveys in the western por-
tion of Div. 4T each fall. Subpopulation-specific her-
ring data prior to 1978 were unavailable, so we used
total biomass estimates from an assessment model as
biomass indices for 1971—1977 (Cleary 1982).

Counts of newly weaned seals at the main breeding
colonies in Canadian waters (1971—-2016; den Heyer
et al. 2017, Hammill et al. 2017b), corrected for pups
that were unseen or died prior to surveying, were
used to infer seal abundance. We used samples of age
and reproductive status from seals in the Gulf of St.
Lawrence between late May and November in inter-
mittent years (1982—2015; Hammill & Gosselin 1995).

We also used estimates of seal removals from the
Canadian commercial harvest, nuisance licence Kkills,
bounty kills/culls, and scientific sampling (Hammill
et al. 2017a). Removals were aggregated into young-
of-year (YOY) and age 1+ bins.

We used seal and cod diet samples to estimate con-
sumption rates and size-selectivity of herring. The
seal diet was inferred from prey hard parts found in
the digestive tracts of grey seals collected (1) in
coastal areas of the sGSL between late spring and Au-
gust (1985—2004; Hammill et al. 2007), (2) from the
west coast of Cape Breton Island between September
and January (1996—2011; Hammill et al. 2014), and (3)
in the Cabot Strait, mostly between October and De-
cember (2010—2011; Hammill et al. 2014). Seals were
sampled on or near shore, and the inferred diets likely
reflect feeding that occurred near (~30 km) the sam-
pling site (Benoit et al. 2011). The available diet infor-
mation was assumed to be spatially representative.
Cod in the sGSL have been sampled for diet informa-
tion since 1959 (Hanson & Chouinard 2002, Benoit &
Rail 2016). Samples were taken throughout the sGSL
and at different times of year when cod were either ag-
gregated or dispersed. Herring consumed by grey
seals ranged between 9 and 39 cm, with 50% of con-
sumed herring between 25 and 30 cm. Cod tended to
consume smaller herring than seals (50 % of consumed
herring between 13 and 23 cm, range: 7—29 cm).
Length frequencies of herring in predator diets were
converted to age frequencies using annual, subpop-
ulation-specific herring age—length keys, which were
based on fishery catch-at-age (gillnet and purse seine
combined; F. Turcotte unpubl. data).

The movement of seals has been tracked using sat-
ellite telemetry since the mid-1990s (Breed et al. 2006,
Harvey et al. 2008, Benoit & Rail 2016). We used these
data to infer the monthly seal presence in areas occu-
pied by cod and herring (defined as Div. 4T from May
to October and both Div. 4T and Subdiv. 4Vn from
November to April), which we then averaged into
annual foraging rates (Table 1).

2.2. Multispecies model

Our analysis had 3 steps. First, the multispecies
model was fitted to commercial fishery and survey
catch-at-age data for cod and herring, as well as pup
production and reproductive data for grey seals, to es-
timate intraspecific parameters for each species. Intra-
specific parameters estimated for cod and herring in-
cluded recruitment, initial abundance, fishery/survey
selectivity, and catchability, while those for seals were
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Table 1. Proportion of time spent by satellite-tracked grey

seals in areas occupied by southern Gulf of St. Lawrence

(sGSL) cod or herring (from Benoit & Rail 2016). 4T: North-

west Atlantic Fisheries Organization (NAFO) Division 4T;

4T+4Vn: combined area of NAFO Division 4T and Subdivi-

sion 4Vn. 'Gulf' and 'Shelf’ refer to seals from the Gulf of
St. Lawrence and Scotian Shelf herds, respectively

Month Area Gulf  Gulf Shelf Shelf
Male Female Male Female
January 4T+4Vn  0.647 0.534 0.020 0.091
February  4T+4Vn 0.577 0.417 0.059 0.017
March 4T+4Vn  0.441 0.208 0.000 0.000
April 4T+4Vn  0.553 0.302 0.000 0.000
May 4T 0.522 0.226 0.000 0.000
June 4T 0.876 0.606 0.000 0.035
July 4T 0.798 0.615 0.031 0.065
August 4T 0.801 0.605 0.067 0.055
September 4T 0.842 0.549 0.056 0.045
October 4T 0.908 0.562 0.046 0.055
November 4T+4Vn 0.946 0.582 0.012 0.045
December 4T+4Vn 0.841 0.707 0.003 0.045
Mean 0.729 0.493 0.024 0.038

maturity rates, initial abundance, the scale and shape
of the density dependence relationship, and the maxi-
mum reproductive rate. The model was also simulta-
neously fitted to bioenergetically derived consumption
rates and observed age composition of herring in seal
and cod diets to estimate parameters for per capita
consumption and age/size preference by seals and
cod. Second, functional responses and the stock—
recruitment relationships were post-fitted to model es-
timates of prey consumption and abundance/biomass.
Finally, the fitted model, functional responses, and
stock—recruitment relationships were projected in
stochastic simulations for 50 yr under a range of seal
and herring harvest levels. These simulations ac-
counted for parameter uncertainty (via random pa-
rameter draws from Bayes joint posterior distributions)
as well as uncertainty about future variability in
natural processes (i.e. recruitment, non-predation
mortality, etc.). We provide a general overview of the
model below. A complete list of model equations and
notations are given in Supplement 1 at www.int-res.
com/articles/suppl/m746p099_supp.pdf.

2.2.1. Population modelling

2.2.1.1. Abundance. The model consisted of an age-
structured model for each species (indexed by i; 1 =
seal, 2 = cod, 3 = herring) in which abundance N de-
cayed exponentially according to an annual instanta-
neous total mortality rate Z (yr~!):

]\]i,x,a,t = ]\]i,x,a—l,t—lexp<_Zi,x,a—l,t—1> (1)
where x, a, and t are index subpopulation, age, and
year, respectively. Each combination of herd and sex
was considered a separate grey seal subpopulation.
Herring had separate subpopulations for spring
spawners (Spring) and fall spawners in each region:
North (Fall-N), Middle (Fall-M), and South (Fall-S)
(DFO 2015).

Seal pup production was the product of female
abundance and pregnancy rates (Table S1.2 in Sup-
plement 1, Egs. S24 & S25), the latter of which were a
logistic function of age (Eqgs. S1—S4). Seal recruitment
at age 1 was then pup production from the previous
year adjusted for mortality arising from weaning, poor
ice condition (Eq. S26), harvest (Eq. S27), and density
dependence, which was modelled as a generalized
Beverton-Holt function of abundance (Eqgs. S28 &
S29). Fish (i> 1) recruitment at age 2 for each subpop-
ulation was modelled as a temporal random walk:

- R
Ni,x,z,t - Nz‘,x,2,t4 exp(e;x{t> (2)

2.2.1.2. Mortality rates. We defined Z as the sum of
fishing/hunting mortality F and natural mortality M:
V4 =F +M (3)

ix,a,t ix,at ix,a,t
where M may arise from predation by one of the pred-
ators in our model (M™®) or from other sources (M'©):
M =MP + MO (4)

i,x,a,t i,a,t i,x,at

Cod M for ages 5+ was assumed to be constant
until 1978 and was subsequently varied as a random
walk to account for non-predation factors (poor
growth/condition, unreported catch) that led to
elevated cod M after 1978 (Bousquet et al. 2010,
Swain et al. 2011). Cod M© for ages 2—4 was esti-
mated as a single, time-invariant parameter. While
some degree of interannual variability in juvenile cod
survival can be expected, significant correlation be-
tween juvenile survival and recruitment can arise
when both quantities are allowed to vary over time,
causing estimates to be unreliable. Underlying shifts
in juvenile survival will therefore be interpreted by
the model as changes in recruitment (i.e. the model
will account for a spike in juvenile mortality by esti-
mating lower than expected recruitment). Herring
M@ was estimated as separate random walks for ages
2—6 and ages 7—11+. To increase model tractability,
we assumed herring M@ in the first time step at
0.4 yr~! for all ages.

We explicitly modelled 3 predation links: (1) grey
seal predation on cod aged 5—12+ yr (hereafter '5+
cod'), (2) grey seal predation on all ages of herring,
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and (3) cod predation on all ages of herring. We did
not consider a reciprocal effect of prey on predators,
such as increased predator M when consumption
rates were low, as cod and grey seals are largely gen-
eralist predators and thus decreased predation on one
species may be compensated by increased predation
on other species in the ecosystem. Additionally, the
grey seal population has demonstrated an ability to
continue expanding despite low abundance of cod,
herring, and mackerel across their range.

For each prey species (i > 1), the instantaneous pre-
dation mortality rate (M%) was calculated as:

1at Zzzb ]ybt

where j, y, and b are index predator species, predator
subpopulation, and predator age, respectively, while
mY), ;4 Tepresents the annual instantaneous mortal-
ity rate imposed on prey i of age a by an individual
predator j,y at age b. We calculated m'” as:

ybzat (5)

(P) =g

mj,y,b,i,a,t j,i,afj,y (Pj,y,i,t pj,b (6)

where S] i« 1s the age-selectivity of the prey i to pred-
ator j (0 < S < 1), fis the proportion of each year
that the range of predator j,y overlaps with the range
of prey, ¢ is the maximum per capita rate (across
predator ages) at which predator j,y consumes prey {,
and p is the relative consumption-at-age for each
predator (0 < p < 1). We included p to account for the
different rates at which predators of different ages
consume prey (i.e. older/larger predators consume
more prey than younger/smaller predators). All 5+
cod were assumed to be fully vulnerable to seal preda-
tion (i.e. Sj 1i=2,q for o = 5). We did not explicitly
model predation on younger cod (SJ 1i=2,q fOr a. <'5),
so predation mortality for these ages is implicitly
subsumed into M©. While grey seals do consume
younger Atlantic cod, there is no evidence that natu-
ral mortality of younger cod increased in the 1990s
and 2000s (Swain et al. 2015b), perhaps due to
reduced predation by collapsed piscivorous fishes
offsetting increased seal predation (Savenkoff et al.
2007, Benoit & Swain 2008). The age-selectivity of
herring to seal predation was assumed to be a logistic
function of herring age, i.e.:

— log( 19)(a— bso)
b5 _ p30

P
S;:) ni=3a — |1 T exp

(7)
where b*°% and b®% are estimated parameters repre-
senting the herring ages at which selectivity to her-
ring predation is 0.50 and 0.95, respectively. The age-
selectivity of herring to cod predation was assumed to
be proportional to a gamma distribution, i.e.:

(P) D SN . _a
Sj=2'i=3'aocl“(k)6ke exp( 6) (8)

where k and 0 are estimated parameters representing
the shape and scale, respectively, of the selectivity
function. I" represents the gamma function.We chose
these distributions after initial trials using a range of
selectivity functions suggested that herring selectiv-
ity to seal predation was a monotonically increasing
function of age, whereas selectivity to cod predation
was dome-shaped. We assumed that cod and herring
had complete spatial overlap throughout the year,
while spatial overlap between seals and both fish spe-
cies was set equal to the mean of the monthly propor-
tion of time that satellite-tracked seals in each herd
and for each sex spent near cod and herring (Table 1).
Per capita predation rates were assumed to vary as a
temporal random walk with shared annual deviations
between predator subpopulations (e.g. Cook & Tri-
joulet 2016), i.e.:

Pyt = Pryie— 1exp< i, t) 9)

Relative consumption (p) was modelled as a logistic
function of predator age:

- 1og(19)(b—p§?y)

95 50
7y pjvy

1+ exp (10)

Piyp =

where p9% and p>* are estimated parameters repre-
senting the ages at which consumption reaches 50
and 95% of peak levels, respectively.

2.2.1.3. Total consumption. Annual per capita con-
sumption (in numbers) by predator j (of subpopula-
tion y and age b) of prey i (of age a) was calculated
from the Baranov catch equation as:

(P)
AN) mj,y,b,i,a,t
C]ybzxat 7 ]Vi,x,a,t(l_exp<_zi,x,a,t)> (11)

i,x.a,t

We scaled per capita consumption by prey weight-
at-age and summed over prey subpopulations to
obtain the total consumption in weight per predator
for each predator/prey pair:

CA'j,y,b,i,a,t = zxéﬁ'{;},b,i,x,a,twvi,x,a,t (12)
where w;, ., 1s the annual weight-at-age for each prey
subpopulation.

The age composition of consumed prey was calcu-
lated by converting total consumed numbers-at-age

to proportions-at-age:
- (P) Z Z ZXA;I;?blxat J.y:bit
yat zazyzbzxcj,y,b,i,x,a,t iy bt

(13)
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2.2.1.4. Catch. The abundance of cod or herring that
were vulnerable to the commercial fishery (g = 1) or
surveys (g > 1) was calculated as:

P~y Zar) (14

where S is age-selectivity of the fishery and d is the
timing of the fishery (expressed as the approximate
ordinal date of the fishery divided by 365). We esti-
mated F for each fish species and subpopulation by
iteratively solving the Baranov catch equation:

v =N_ sB

g.ixat Lx,at"gixat

ix,t

(F) — (
Ci,?,t - Za Z. va= 1,1',)(,a,t‘lvg}:)= 1,i,X,a,t<1 - exp( _Zi,x,a,t>>

I,x,at
(15)
For seals, we separately solved the Baranov catch
equation for YOY and age 1+ seals. All 1+ seals were
assumed to have equal selectivity.
2.2.1.5. Predicted indices and age composition. We
calculated model-predicted cod and herring biomass
indices (g > 1) as the product of vulnerable biomass
and fishery/survey catchability (q):

i - (F)
Ig,i,t - qg,i,x,tza‘fg,i,x,a,twg,i,x,a,t (16)

We assumed that g was time-invariant for all cod
surveys. For the herring gillnet CPUE indices, q varied
as a random walk to allow for changes in g that are ex-
pected to arise from stock and fishery changes. For in-
stance, q is expected to increase as a stock declines
and occupies smaller areas (Winters & Wheeler 1985),
though time/area closures implemented since 2010
are expected to decrease q (Swain 2016). Cod and her-
ring age composition was calculated by converting
vulnerable numbers-at-age to proportions-at-age, i.e.:

g.ixat

e 17

gt Y Vainar )

2.2.1.6. Grey seal foraging effort. The total abun-

dance of grey seals near sGSL cod, termed ‘foraging

effort’, was summarized as the product of seal abun-

dance and the spatiotemporal overlap between seals
and cod:

Eyvt: ézlvyZaNi:l,y-avt (18)

2.2.2. Model fitting

Cod and herring biomass indices were assumed to
arise from lognormal distributions, while age propor-
tions of cod and herring in fishery and survey catches
were assumed to arise from logistic-normal distribu-
tions (Schnute & Haigh 2007, Francis 2014). Process
errors in fish recruitment, prey consumption, and her-

ring catchability were assumed to arise from zero-
mean lognormal distributions. Grey seal pup pro-
duction observations were also assumed to arise from
lognormal distributions, while the number of preg-
nancies were assumed to arise from age-specific bino-
mial distributions.

Stock assessment models with predation may be fit
to total estimates of prey consumption as a means of
bounding the model consumption within a plausible
range (e.g. Cook et al. 2015). Without priors or exter-
nal information about consumption, predation mor-
tality may absorb statistical noise and produce biolog-
ically impossible estimates of prey consumption.
Total prey consumption has previously been esti-
mated for the species under consideration by first cal-
culating per capita consumption and then scaling by
predator abundance as estimated by single-species
population models (e.g. Benoit & Rail 2016). We
could not incorporate these estimates into the model,
as the predator abundance estimates were based on
the same data that are used in our analysis. Instead,
we fit the model to external per capita consumption-
at-age estimates (c), which were based on estimated
bioenergetic consumption (Table 1), the spatiotempo-
ral overlap between predator and prey species, and
the proportional contribution of prey to predator
diets (Supplement 2). For each predator subpopula-
tion and each associated prey species, we assumed a
lognormal distribution for prey consumption at pred-
ator age b, centred on ¢, i.e.:

Iny ¢ b‘i'a‘;N(ln Coybin oij) (19)

We chose o.; = 1 for seal predation based on a boot-
strap analysis in which 10000 samples of c were calcu-
lated using proportional diet contributions that were
randomly drawn from beta distributions centred on
the mean estimated diet contribution of each species
across months (cod: 0.26, herring: 0.12) and a CV of
1.5. This approach allows for the contribution of spe-
cies to the grey seal diet to vary over time but remain
within biologically plausible ranges. In contrast, we
more tightly constrained cod consumption (o.; = 0.1),
in part because a nonstationary diet contribution was
assumed in the estimation of ¢, and in part because
initial trials revealed that large values of o, ; produced
unreliable output. Sensitivity analyses are provided
in Supplement 3 to show how model outputs respond
to alternative values of o ;.

We also fit the model to the observed age-composi-
tion of herring in seal and cod diets from diet studies.
The subpopulations-of-origin of herring in the diet
composition analyses were unknown, so we con-
verted the entire set of length frequencies from these
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studies into a separate set of age frequencies for each
subpopulation using age—length keys. We then
aggregated age frequencies across subpopulations to
create a single set of age frequencies for each pred-
ator. We assumed a logistic-normal likelihood for the
age-composition of herring in predator diets. All data
sets used in model fitting or in the definition of prior
distributions are summarized in Table 2.

The model was implemented using the 'Template
Model Builder' (Kristensen et al. 2016) package
within R version 3.6.3 (R Core Team 2019). Model
estimates and uncertainty were based on Hamilto-
nian Monte Carlo (HMC) samples from the joint pos-
terior distribution. We ran 4 HMC chains for 2000
iterations each, discarding the first half of each chain
as a warm-up. Starting values for each chain were ran-
domly sampled based on maximum likelihood esti-
mates and associated standard errors. We monitored
convergence using the potential scale reduction fac-
tor on rank-normalized split chains (R) and the ef-
fective sample size of the rank-normalized draws
(Vehtari et al. 2021).

2.2.3. Extirpation risk projections
To evaluate the effects of seal and herring abun-

dance changes on sGSL ecosystem dynamics, we pro-
jected the model forward in time (50 yr) under a range

of seal and herring harvest strategies. For each poste-
rior sample, we post-fitted functional responses and
stock-recruitment functions, then projected the mo-
del based on the posterior sample, the post-fitted
structural forms, and a harvest plan for seals and her-
ring. We post-fitted functional response and stock—
recruitment relationships to model estimates rather
than estimating them within the model to avoid im-
posing structure on relationships for which the data
are typically uninformative (Cook & Trijoulet 2016).
For cod and each seal subpopulation, we fitted the
relationship between prey density and the consump-
tion rate by predators with a functional response
(dropping predator species and subpopulation in-
dices for simplification):
nB

1+ (nhBy)
where @;, is the annual consumption rate of prey
species i per unit of prey i biomass, B;; represents the
biomass of prey i (summed across subpopulations)
available to the predator, n; represents the rate at
which the predator encounters prey i, h; represents
the time the predator spends consuming prey i (the
‘handling time'), and A; determines the shape of the
functional response. This equation describes a multi-
species functional response for seals and a single-
species response for cod. The biomass of prey species
not explicitly included in our analysis is implicitly as-

(20)

P

Table 2. Summary of data used in the population model. Al: abundance index; RS: reproductive status; BE: bioenergetic estimate;

AC: age composition; BI: biomass index; FI: fishery independent; FD: fishery dependent; g: survey index; CPUE: catch per unit

effort. (—) in the ‘Ages (Yr)' column indicates that the data is not age-specific with respect to the predator. (—) in the 'g' column
means the data is not assignable to a specific g

Source Data type Ages (yr) Years g Comment

Grey seal

Pup production survey Al 1971—-2016 1,2 Herd-specific (1 = Shelf, 2 = Gulf)
Reproductive survey RS 4—-8+ 1982-2015 —  Gulf samples only

Per capita consumption of cod and herring BE 0—-30 1971-2018 —  Year-invariant (see Supplement 2)
Herring-at-age in diet AC 1986—2011 —  Year-, herd-, and age-invariant
Atlantic cod

Commercial fishery Catch, AC 2—12 1971—-2018 1 FD

Bottom trawl (RV) survey BI, AC 2—11 1971-2018* 2  FI

Mobile sentinel (MS) survey BI, AC 2—11 2003—-2018 3 FI

Longline (LL) sentinel survey BI, AC 5—11 1995—-2017 4 FI

Per capita consumption of herring BE 2—12 1978—2018 —  See Supplement 2

Herring-at-age in diet AC 1990—2013

Atlantic herring

Commercial fishery Catch, AC 2—11 1971-2018 1 FD, stock-specific

Gillnet CPUE BI, AC 4—10  1986-—2018" 2  FD, stock-specific

Acoustic survey BI, AC 4—8 1994—2017 3 FI, spring

Assessment biomass series BI, AC 4—11 1971—-1977 4  Fall aggregated across subpops
aNo data in 2003; bSpring data start in 1990
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sumed to be constant over time. This assumption,
which was also made by Neuenhoff et al. (2019), is
supported for cod by a mass-balance ecosystem
model for the sGSL, which estimated that the biomass
of other prey, defined as pelagic fish and demersal fish
other than large cod, before and after the collapse was
approximately the same (19.7 t km~2in the mid-1980s
vs. 19.6 t km~2in the mid-1990s; Savenkoff et al. 2007).

We characterized the cod stock—recruitment rela-
tionship in the projections using an extended Ricker
function that accounted for a herring effect on pre-
recruit cod (Minto & Worm 2012):

Niogx=ta=21= ﬁt = BOCt72eXp< _Bcctfz_ﬁHzXHx,t—z)

(21)

where C, and H,, are the spawning biomasses of cod
and herring, respectively, in year t, B, and P are
standard Ricker parameters representing fecundity
and density-dependence, respectively, and f repre-
sents the strength of herring predation on or competi-
tion with pre-recruit cod. For each posterior sample,
we fitted the full extended Ricker model, as well as a
standard Ricker version of the extended Ricker in
which the herring effect (fy) was fixed at 0. Ricker
models were fitted to posterior estimates of cod re-
cruitment (R) assuming lognormal errors, i.e.:

InR, =InR, +¢, (22)

The residuals € were either independent and identi-
cally distributed (iid; &, ~ N(0, 6%)) or AR(1) auto-
correlated (g, ~ N(¢g,_;, 02)), where the variance o%
was estimated. We used Durbin-Watson tests to
determine whether projections should be based on
either iid or AR(1) models. We similarly projected
herring recruitment for each subpopulation using a
standard Ricker function, though we considered
Beverton-Holt recruitment as a sensitivity analysis
(Supplement 4).

We projected the model under all combinations of
the following 4 controls:

(1) annual seal quota (thousands of seals): (0, 1, 2, ...,

20)

(2) proportion of quota allocated to YOY seals: (0.5,

0.75)

(3) length of seal harvest (yr): (5, 10)
(4) constant herring F (yr~—!): (0, 0.1, 0.2, ..., 1.0)

To simulate the effect of a short-term increase in
seal harvest, the seal quota was taken only in the ini-
tial projection years (i.e. quota from a 5 yr harvest
was taken only in the first 5 yr of the projection).
Additionally, the quota was only taken from the Gulf
herd, as these seals spend significantly more time for-
aging near sGSL cod and herring than Shelf seals. The

additional quota in initial years and the targeting of
seals in the sSGSL are consistent with an adaptive man-
agement approach proposed a decade ago as part of a
review of grey seal impacts in eastern Canada (DFO
2011, Hammill & Swain 2011). Annual Shelf harvest
levels in the projections, as well as annual Gulf har-
vest levels after the initial harvest period, were ran-
domly sampled from historical harvest observations.
Seal harvests were applied to sex- and age-classes in
the projections, as in the historical model, in propor-
tion to the relative abundance of those classes. We
assumed no commercial fishery landings of cod in
the projections consistent with the moratorium on
directed fishing in place for the stock since 2009. The
random walks in recruitment and consumption in the
model were replaced by the post-fitted recruitment
and consumption relationships. Specifically, Eq. (9)
was replaced by Eq. (20), while Eq. (2) was replaced
by Eq. (21) for cod and Eq. (C.1) in Supplement 4 for
herring.

To evaluate cod recovery potential, we compared
cod spawning stock biomass (SSB) at the end of the
projection period with a limit reference point (LRP) of
80 kt, which was based on the lowest SSB from which
the stock has recovered (Chouinard et al. 2003).

3. RESULTS
3.1. Historical dynamics

Overall, the model fitted the seal pup production
and reproductive data, as well as cod and herring fish-
ery and survey catch-at-age, about as closely as ac-
cepted assessment models for those species, and we
did not detect issues with convergence (Fig. 3; Supple-
ment 5). Estimated seal abundance increased from ap-
proximately 15000 in 1971 to 457000 in 2018, corre-
sponding to a rise in foraging effort in the sGSL from
approximately 6000 seal-years to nearly 44000 seal-
years over that time frame (Fig. 4a). Foraging effort in
the sGSL grew more slowly than overall seal abun-
dance because overall abundance was primarily driven
by Shelf seals who spend relatively less time foraging
in the sGSL. Estimated predation M for 5+ cod grew
from 0.02 yr~! in the early 1980s to 0.95 yr~! in 2018
(Fig. 4b). Estimated other M for 5+ cod rose from
0.2 yr~!in the 1970s to 0.40 yr~! in the early 1990s and
has since declined to 0.15 yr~! (Fig. 4b). Estimated cod
M for ages 2—4 was 0.57 yr~!. Estimated cod fishing
mortality ranged from 0.42 to 0.53 yr~! between 1972
and 1976, before declining to around 0.20 yr~! in the
late 1970s and early 1980s. Estimated F rose steadily



108 Mar Ecol Prog Ser 746: 99—119, 2024

3_.
2 o
] oo
Seal
0 Gulf
I T I I I
454
T 4.0 o
9 3.5
3 3.0 ONL
o 2.5 %
S 20~ - Cod %
;’ 1.5 MS o
()
3 _1.5_| T T T T _1.5_1 T T T T
£ 20
B -257 —2.07
£
S e S0y Hong :
5 -4.57 _35- pring
) T T T T I I T T T T
% -1.01 o oO
S -151 & o S o N2
3 201 ° N Fo 0
< _254: - Herring . Herring )
-3.0- CPUE Fall-North 0© -3.51 CPUE Fall-Middle
T T T T T T T
—0.5' —2.5- 0,0
-1.0- -3.0
~15 -3.51
15 Byl
-2.01 -4.54
-2.54 Herring -5.0 Herring P
-3.01' CPUE Fall-South o © | -554 Acoustic Spring 0..2..00 o
-3.54 T T T T -6.0- T T T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
Year

Fig. 3. Model fits (posterior modes; lines) to observed abundance or biomass indices (circles) for each modelled species. The
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the 1971—1977 assessment model biomass estimates are not shown. RV: bottom-trawl research vessel; MS: mobile sentinel;
LL: longline; CPUE: catch per unit effort

throughout the 1980s and exceeded 0.50 yr~! in the
early 1990s as the cod population was collapsing
(Fig. 4b). Fishing was a minor source of cod mortality
from 1993 to 2008 and was negligible thereafter
(Fig. 4b). Estimated annual cod consumption by seals
rose from less than 3 kt in the early 1970s to 27 kt in the
mid-2000s and subsequently declined to 9 kt (Fig. 4c).
Estimated annual cod consumption by seals has ex-
ceeded cod fishery landings since 1993 (Fig. 4c). Esti-
mated cod SSB grew rapidly in the late 1970s and re-
mained high until the mid-1980s before declining to
low levels (Fig. 4d). Cod SSB has declined precipi-
tously inrecent years, falling from 31 ktin 2016 to 14 kt
in 2018. Estimated cod recruitment has steadily de-
clined from nearly 1.1 billion in the early 1980s to less
than 45 million in recent years (Fig. 4e). The estimated
cod recruitment rate (age 2 abundance divided by SSB
2 yr earlier) rose dramatically in the late 1970s to more

than 8000 recruits per tonne of SSB, contributing to
the rapid recovery of cod during this time (Fig. 4f). The
cod recruitment rate doubled from the early 1990s to
the early 2010s but has since declined (Fig. 4f).

Seal and cod predation represented moderate
sources of mortality for herring at various periods.
Seals preferentially selected for larger herring, while
cod selected for moderately sized (ages 3—7) herring
(Fig. 5). Seal predation mortality for herring rose
steadily from less than 0.04 yr~! the 1970s to more
than 0.20 yr~! in recent years (Fig. 6a). Cod predation
was an appreciable source of herring mortality in the
mid- to late-1980s but has since declined to negligible
levels (Fig. 6a). Other herring M for ages 2—6 in-
creased steadily from 0.43 yr~! in the mid-1980s to
more than 0.65 yr‘1 in recent years, while other M for
ages 7—11+ ranged between 0.17 and 0.21 yr—! over
that period (Fig. 6b). Fishery landings of herring were
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generally larger than estimated seal and cod con-
sumption in all years except for the mid-1980s during
the peak years of cod predation (Fig. 6¢). Herring F for
2010—2018 was lower for the Spring subpopulation
(0.27 yr!) than for the Fall subpopulations (North:
0.71 yr~!; Middle: 0.48 yr~!; South 0.68 yr~!). Total
herring SSB rapidly increased from 120 kt in 1977 to
more than 375 kt in 2006 before gradually declining to
less than 200 kt in recent years (Fig. 6d). Rapid cod
population growth in the late 1970s overlapped with a
period of low and declining herring SSB.

The estimated predation rate imposed on age 5+
cod per seal was largely steady until the 2000s, at
which pointit increased sharply (Fig. 7). The predation
rate imposed on herring per seal declined steeply in
the early 1980s and has increased steadily since then

(Fig. 7). Functional responses fit the model estimates
of prey consumption by seals closely and exhibited
strongly hyperbolic patterns consistent with a Type II
functional response (Fig. 7). The relationship between
cod predation and herring biomass was less clear; the
shape parameter was greater than 1 (indicating a sig-
moidal or Type III functional response) for 90 % of pos-
terior samples, while a hyperbolic functional response
emerged in other samples (Supplement 5).
Durbin-Watson tests for the iid stock—recruitment
models indicated the presence of lag-1 autocorrela-
tion in residuals, so inference was based on the AR(1)
models. Cod recruitment in the extended Ricker
AR(1) model was negatively associated with herring
biomass. For instance, an increase in herring SSB
from the mean estimated level (256 kt) to the maxi-
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mum estimated level 365 kt) corresponded to a 30%
decrease in cod recruitment in the extended Ricker
AR(1) model, while a decrease in herring SSB from
the mean level to the minimum level (122 kt) corre-
sponded to a 57% increase in cod recruitment (Fig. 8).

3.2. Projections

Cod failed to recover in nearly all projection scenar-
ios in which annual seal quotas were below 5000 seals
(Fig. 9). Five-year harvests were less effective than
10 yr harvests at facilitating cod recovery, as 5 yr har-
vests required extremely high quotas (e.g. >15000
seals) and required a sufficiently high proportion of
age 1+ seals to be targeted, to adequately reduce
grey seal predation on cod (Fig. 9). There was a posi-
tive relationship between herring F and cod recovery;
cod were generally unlikely to recover when herring
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Fig. 6. Model estimates of herring dynamics including (a) fully selected predation mortality imposed by grey seals and cod,

(b) natural mortality from sources other than predation, (c) removals by fisheries (observed) and predation (estimated), and

(d) spawning stock biomass (SSB) on 1 January. Lines represent posterior modes (except for fishery landings in (c), which
were observed) and shaded regions represent central 95% uncertainty intervals
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Fwas less than 0.2 yr—! (Fig. 9). Targeting higher pro-
portions of YOY seals was relatively ineffective in
decreasing seal predation on cod, as quotas for YOY
seals quickly exceeded the number of pups being
born, leaving much of the quota unfilled.

Even in the most optimistic cod projections, cod
SSB continued to decline for 10 yr and did not surpass
the LRP for more than 20 yr. We consider harvest
strategies that set an annual quota of 12000 seals tar-
geting 50% YOY for either 5 or 10 yr, with either low
(0.1 yr~!) or high (0.6 yr~!) herring F, as this set of
strategies produces a range of outcomes for each spe-
cies that can be generalized (Fig. 10). Cod recovery
was only likely under longer (10 yr) seal harvests
(Fig. 10c) that rapidly removed the entire Gulf herd
(Fig. 9a). The Gulf herd quickly recovered after
shorter (5 yr) seal harvests in which it was not driven
to zero abundance (Fig. 10a), resulting in predation
mortality rates that the still-collapsed cod stock was
unable to withstand (Fig. 10d). Following 5 yr seal
harvests, seals still imposed high predation mortality
rates despite reduced abundance due to the hyperbo-
lic functional response, which specifies exponentially
increasing mortality with declining prey abundance.
Seal foraging effort increased in years following 10 yr
seal harvests due to the growing Scotian Shelf herd;
however, it took more than 50 yr for seal foraging ef-
fort in the sGSL to recover to pre-harvest levels
(Fig. 10b), by which point cod had sufficiently re-
covered to levels that could sustain seal predation
(Fig. 10c). Seal harvests that enabled cod recovery
were negative for herring if herring abundance was
low, as increased predation from recovered cod out-
weighed reduced predation from seals (Fig. 10e).
In contrast, reductions in seal predation slightly de-
creased overall herring mortality when herring bio-
mass was large (Fig. 10e). High herring biomass
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significantly impaired cod productivity (Fig. 10f) and
prevented recovery in most samples, regardless of the
length of the seal harvest.

Model estimates were relatively insensitive to the
choice of consumption prior for seal predation (Sup-
plement 3). Additionally, using Beverton-Holt func-
tions to project herring recruitment instead of Ricker
functions had negligible impacts on projections (Sup-
plement 4).

4. DISCUSSION

Many studies have linked reduced survival of cod
in the sGSL to increases in seal predation (e.g.
Benoit et al. 2011, Swain et al. 2015a, Neuenhoff et
al. 2019). In this paper, we analysed a triangular food
web of seals, cod, and herring in the sGSL and found
that cod failed to recover in the absence of grey seal
abundance reductions. The seal quotas required to

sufficiently reduce predation mortality on cod to
allow for the chance of cod survival were signifi-
cantly higher than current removal levels and would
likely collapse the grey seal herd in the Gulf of St.
Lawrence. Herring biomass had a negative relation-
ship with cod recruitment; however, seal predation
accounted for a smaller proportion of herring mor-
tality than fishing or other sources of natural mortal-
ity, so herring did not increase greatly in abundance
in response to grey seal reductions. Additionally,
while our analysis suggests that cod may rebound in
response to sufficiently severe grey seal reductions,
cod spawning biomass continued to decline for
about a decade in these scenarios to less than 1500 t
and was not projected to be at the LRP for several
decades. During this period, cod would be vulner-
able to extirpation by environmental stochasticity
and/or processes not captured by our model.

Grey seal impacts on sGSL cod were last evaluated
by Neuenhoff et al. (2019), who found that the extir-
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sent posterior modes while shaded regions indicate the central 95% uncertainty interval. Black lines and grey shaded regions

represent historical estimates, while coloured lines and shaded regions represent projections. SSB: spawning stock biomass;
LRP: limit reference point (80 kt)

pation of sGSL cod was likely without a strong and
rapid reduction in seal abundance (E < 27000 seal-
years by 2024). In comparison to Neuenhoff et al.
(2019), our analysis (1) added 8 yr of cod removals in
fisheries directed to other stocks and survey catch-at-
age data that indicated further population decline
(e.g. the cod RV biomass index fell by 60% between
2010 and 2018), (2) incorporated an updated grey seal
population dynamics model with new pup production
observations in 2016 and several years of new repro-
ductive data (Rossi et al. 2021), rather than simply fit-
ting to output from the seal assessment, (3) incorpo-
rated herring dynamics, and (4) estimated parameters
for all species under consideration in a single inte-

grated framework. Adding the 2016 Gulf grey seal
pup production observation to the model changed
the perception of the Gulf population from one that
was growing to one that had reached its carrying
capacity and stabilized. The change in Gulf estimates
was not a result of changes in assumptions between
our model and the previous grey seal assessment
model, as similar estimates were obtained when the
2016 pup production observations were added to that
assessment model (Hammill et al. 2017a). Our esti-
mates of seal foraging effort varied from those used
by Neuenhoff et al. (2019), particularly in the last 2
decades, for which our model predicted that seal for-
aging effort levelled off around 41000 seal-years,
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while the foraging effort estimates used by Neuenhoff
et al. (2019) continued to increase rapidly to nearly
78000 seal-years in 2014. Despite these differences,
as well as differences in modelling approaches, our
estimates of cod abundance and predation mortality
broadly matched those of Neuenhoff et al. (2019).

Extending the cod—seal analysis of Neuenhoff et al.
(2019) to include population models for grey seals
and herring allowed us to test hypotheses about the
effect of management actions aimed at grey seals or
herring on cod recovery in a single framework, avoid-
ing ad hoc procedures for propagating uncertainty
from one species to another, and without modelling
the entire ecosystem. However, despite these bene-
fits, the model was time-consuming to construct and
tune, and still required many simplifying assump-
tions. In particular, the inclusion of herring in the
model was challenging given that herring (1) con-
sisted of multiple subpopulations in the sGSL, (2) had
more volatile dynamics than seals or cod, and (3) had
noisy and/or conflicting data. Accounting for non-
stationarities in herring catchability, selectivity, and
natural mortality increased model complexity and
run time. Multiple biomass indices existed for each
herring subpopulation, and these indices were diffi-
cult to reconcile with one another, leading to the
exclusion of some fishery-independent herring data.
Moreover, the herring data we included for 1971—
1977, which are excluded from assessment models
(DFO 2018), were less reliable and coarser than the
1978—2018 data; however, we needed to include her-
ring data prior to 1978 since it was important to cap-
ture this period when cod rebounded from low abun-
dance. The model estimated that a very large herring
population could weaken cod recruitment, but it is
difficult to imagine that the herring population would
grow to such levels given that M is currently elevated
for young herring and the population is actively
fished. We also note that our analysis was applied to
an ecosystem that has been closely studied for dec-
ades, and for which an array of data exists for each
species under consideration, including relative abun-
dance-at-age, diet composition, and spatiotemporal
predator foraging behaviours. While gaps exist in our
data, these types of data may be entirely unavailable
for species of concern in other, less studied ecosys-
tems, making our approach difficult to apply to other
systems.

Hyperbolic (Type II) functional responses for seal
consumption of both cod and herring emerged from
multispecies model estimates. This functional re-
sponse states that per capita consumption of prey in-
creases exponentially as prey abundance declines,

even when prey are at low abundance. These dyna-
mics lead to the extirpation of the target prey species
if the abundance of that species falls below some crit-
ical threshold. Sigmoidal (Type III) functional re-
sponses could emerge at lower prey densities if seals
switch to alternative prey. In this case, the primary
prey species may be trapped at low abundance in a
‘predator pit', i.e. the prey species would not be extir-
pated by predation, since predation mortality de-
creases at very low prey abundance, but the prey spe-
cies also fails to recover, since increases in abundance
are countered by increased predation mortality.
Evidence for prey switching by seals in the literature
is mixed; fine spatial and temporal scale analysis of
North Sea grey seals diet showed evidence of prey
switching at low prey density (Smout et al. 2014),
whereas population modelling of grey seal predation
on West of Scotland cod suggested that the func-
tional response was hyperbolic (Cook et al. 2015). A
hyperbolic functional response was also observed in
harbour seal Phoca vitulina predation on salmon
(Middlemas et al. 2006). While it is difficult to predict
if prey switching will occur for grey seals preying on
cod or herring in the sGSL, we note that cod are
already at extremely low abundance and their aggre-
gative behaviour while overwintering suggests that
seals may continue to target cod even as cod abun-
dance further declines. A hyperbolic functional re-
sponse is also plausible for herring, given that herring
aggregate during the winter (Chouinard & Hurlbut
2011), and also while spawning when they are par-
ticularly energy dense. Additionally, herring occupy
coastal waters where seals are more likely to occur.

We did not model an effect of prey on seal mortality
or reproductive success. This assumption is appropri-
ate, as grey seals are highly mobile generalist pred-
ators and are therefore less sensitive to changes in the
biomass of a specific prey compared to predators that
are more stationary and/or have more specialized
diets. On the other hand, the seal model in our analy-
sis assumes no exchange between herds and therefore
that no recolonization takes place once the Gulf herd
reaches zero abundance. This assumption is more
tenuous, given the large number of grey seals in adja-
cent ecosystems and the slowing of growth on Sable
Island, suggesting that seals from Sable Island may be
seeking less crowded whelping grounds. However,
the data needed to characterize grey seal colonization
are unavailable.

Several sources of fishery-independent data that
were available for herring were excluded from the
model. Catch-at-age from experimental gillnets was
initially included but was challenging to tractably
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model given the time-varying, dome-shaped selectiv-
ity patterns evident in those data and which con-
flicted with other data. We similarly attempted to in-
clude acoustic and RV survey catch-at-age for the
Fall subpopulation, although these data conflicted
mutually and with CPUE. Given these conflicts, we
retained the longer-term commercial catch-at-age
data instead of the experimental gillnet, Fall acoustic,
and RV survey data. The downside to this approach is
that fishery-dependent CPUE is known to be hyper-
stable, i.e. catch rates may remain high as abundance
declines since commercial fisheries do not randomly
sample the population but instead target high den-
sities. Model population estimates may therefore be
biased, particularly for the Fall subpopulations, for
which commercial fisheries provide the only source of
abundance data.

We aimed for the herring component of the model
to match the accepted assessment model for herring
as closely as possible, although our inclusion of data
for 1971—1977 and our exclusion of some survey data
suggest that notable differences between the 2 mo-
dels are likely. Indeed, the model estimated smaller
overall biomass than the assessment model through-
out the time series. Additionally, the model estimated
an increasing trend in herring M for ages 2—6, with
terminal values greater than 0.70 yr‘l, whereas the
assessment model estimated a fairly stable trend in M
for the spring subpopulation and decreasing trends in
the fall subpopulations, terminating at 0.05 yr~'. It is
not surprising that M estimates for young fish could
diverge between the 2 models, as juvenile M is corre-
lated with recruitment and is therefore difficult to reli-
ably estimate. Given that M of 0.05 yr~! is anoma-
lously low for small fish that are eaten by numerous
predators (e.g. Benoit & Rail 2016), we considered the
multispecies model estimates to be more plausible.
Furthermore, we note that the increasing trend for
other M in juvenile herring since the early 1980s esti-
mated by the multispecies model is consistent with
the increase in predators in the ecosystem that feed
on herring of these sizes, notably northern gannets
Morus bassanus, cormorants (Phalacrocorax auratus
and P. carbo), and bluefin tuna Thunnus thynnus
(Benoit & Rail 2016). We also note that, while the
assessment model includes several sources of fishery-
independent data that we excluded from our model, it
fits these data poorly (DFO 2022).

A shortcoming of multispecies models is that the
appropriate degree of complexity (e.g. number of
species or interactions) is unknown a priori. Yodzis
(1998) demonstrated that ignoring feeding links ac-
counting for more than 10% of consumption by or for

a species in a Benguela ecosystem food web model
led to unreliable model estimates. In our model, seal
predation accounts for about 80% of cod mortality,
and there is no evidence that other suspected cod
predators are important drivers of the remaining mor-
tality. Studies of pinniped diets in Atlantic Canada
found no evidence of piscivory in the sGSL among
harp seals Phoca groenlandica and hooded seals Cys-
tophora cristata and found harbour seals to be a minor
predator of sGSL cod (Hammill & Stenson 2000).
Expanding the model to include harbour seals would
be difficult, as these seals are not regularly surveyed
in Atlantic Canada and their abundance is unknown
(e.g. Mosnier et al. 2023). Juvenile white sharks Car-
charodon carcharias use the sGSL and are piscivo-
rous, but the population is generally considered de-
pleted. Atlantic bluefin tuna use the sGSL (Block et al.
2019), but cod are a minor prey (Pleizier et al. 2012,
Varela et al. 2020).

We chose herring to represent pelagic fish in the
hypothesized triangular food web for sGSL cod, as
age-structured herring data were available; however,
indirect effects of seal reductions on cod survival
could also be expressed through mackerel, the other
common pelagic species in the system (Swain & Sin-
clair 2000). We tested cod stock—recruitment models
that included mackerel spawning biomass as a covar-
iate using estimates from DFO (2023), but found a
negligible effect compared to the effect of herring.

We fitted the model to data up to 2018. Cod showed
minor signs of improvement in 2020 and 2021 RV sur-
veys, increasing in biomass in consecutive years;
however, by the 2023 RV survey, cod biomass had
again declined to near record-low biomass (DFO pers.
comm.). The accepted cod assessment model fitted to
data up to 2023 predicts that cod will be reduced
below the extinction proxy of 1 kt by 2044 with 0.50
probability and by 2065 with 0.95 probability (DFO
2024). A 2021 survey of grey seal pup production
observed fewer pups on Sable Island than the pre-
vious survey in 2017, suggesting a slowing of growth
in that herd. However, a record number of pups
(nearly 17 000) were observed in the Gulf in the 2021
survey. Revised estimates of grey seal foraging effort
near sGSL cod from the grey seal assessment model
fitted to 2021 (Hammill et al. 2023) are 20% higher
than the multispecies model in the 1990s and 9%
higher than the multispecies model in recent years.
Fishery and survey data collected for herring since
2018 suggest continuing trends of poor productivity
(DFO 2022).

Evaluating the logistics of grey seal predator con-
trol was outside the scope of this analysis; however,
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large-scale reductions of the grey seal population
may be infeasible. The difficulty of hunting and re-
covering grey seals renders many potential commer-
cial hunts unprofitable, so scaling up commercial har-
vests would likely require government subsidies.
Indeed, recent commercial quotas have gone unfilled
and most hunting licenses are inactive. Additionally,
the status of Brion Island, which is a provincial
sanctuary and largest grey seal colony in the Gulf of
St Lawrence, and Sable Island National Park, pre-
cludes hunting at these locations where predator-
control programmes would likely be most effective.
Similar barriers exist for managing the growing grey
seal colonies in US waters. The US Marine Mammal
Protection Act generally prohibits the use of hunting
in managing seal populations in US waters, although
the lethal removal of California sea lions Zalophus
californianus predating upon Pacific salmon and
steelhead (Oncorhynchus spp.) below the Bonneville
Dam has recently been authorized (NOAA 2019).
More generally, current reference points under the
precautionary approach for grey seals result in a nar-
row scope for removals that might facilitate rebuild-
ing in sGSL cod (Rossi et al. 2021).

When ecosystems have been altered and one spe-
cies of interest is at risk of extinction due at least
partly to a newly abundant predator and/or competi-
tor, natural resource managers are confronted with a
choice between active control of the predator/com-
petitor, passive controls such as reducing anthropo-
genic impacts, or ‘letting nature run its course' (Less-
ard et al. 2005). There may also be calls for further
research to better understand predation impacts and
indirect impacts of active controls before making de-
cisions. In the case of cod in the sGSL, there are few
options for passive controls, as directed fishing has
already been curtailed and unreported catch is likely
minor. Letting nature run its course will likely lead to
the extirpation of cod from this ecosystem (Swain &
Chouinard 2008, Neuenhoff et al. 2019; this study).
Our study demonstrates that there are opportunity
costs associated with further research, as was recom-
mended as part of a large review of grey seal preda-
tion impacts in Atlantic Canada (DFO 2011, Hammill
& Swain 2011), In the time it has taken to collect
additional data on seal diets, establish predation links
to cod, and analyse the indirect effects of a seal cull
via pelagics, the cod population has declined to criti-
cally low levels with little potential for recovery.
Although calling for a better understanding of eco-
system dynamics may appear to be a safe or neutral
option, a risk therefore exists that the conflict under
investigation may rapidly intensify to the point where

the problem becomes intractable and beyond the
means of resource managers to address. In other eco-
systems where cod mortality and seal abundance are
both elevated (O'Boyle & Sinclair 2012, Rossi et al.
2019), such as the Scotian Shelf and Georges Bank,
significantly less is known about seal foraging behav-
iours and diets (e.g. Rossi et al. 2024), so developing
multispecies models to analyse potential responses
seal population management in these ecosystems
would be more difficult than for the sGSL. Decisions
between active, passive, or no ecosystem controls for
these ecosystems will therefore need to be made with-
out a full understanding of the possible effects.
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