Supplement to Rossi et al. (2024) — Mar Ecol Prog Ser 746: 99-119, 2024 — https://doi.org/10.3354/meps14674

Supplement 1. Model notation and equations

Table S1.1. Notation for Grey Seal/Cod/Herring model. * indicates parameters that were directly
estimated, ** indicates model arrays for which some subset of values were directly estimated, ***
indicates parameters that were conditionally estimated, and **** indicates parameters that were
post-fitted (i.e., fitted to model estimates) for use in projections.

Symbol Description Value

Indices

ij Species (i = prey, j = predator) 1=Grey Seal, 2=Cod,
3=Herring

X,y Subpopulation (x = prey, y = predator)

a b Age (yr) (a = prey, b = predator) ai(R)’ algR)H,. AL
A;

t Year 1,2,...,48

g Survey index Table 1

Data and inputs

agR) Age-at-recruitment for species i (yr) 1,2,2

A; Maximum age-class for species 7 (yr) 30,12,11

Iyie Abundance or biomass index

ugi)'x,a‘t Fishery/survey age-composition (i > 2)

uj(’?'t Age-composition of Herring in predator diet (j < 2)

Cj(,;)b,i,t Bioenergetic-derived prey consumption by predator jy at

age b of prey species i at age a (kt)

CJE’I;“P) Age-0 Grey Seal removals (1000s)

C:E,ltﬂ Age-1+ Grey Seal removals (1000s)

Ci(,ch,)t Observed commercial fishery catch (i > 2)

p ;(ci,EE) Proportion of Grey Seals born on pack-ice
gdce) Survival rate of Grey Seals born on pack-ice
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Parameters

N )Sinit)

Dx,l' Dx,2

Y
a(50%) 4 (95%)

Ry

(R)
Si,x,t

Mi,x,a,t

Proportion of time predator j in subpopulation y spends

foraging near prey

Proportion mature-at-age

Fish weight at start of year (kt)

Average weight-at-age of prey ix caught by gear g (kt) (i

>2)

Survey date (expressed as Julian date / 365)
Initial proportion of Grey Seals by age and
sex/subpopulation

Number of seals sampled for reproductive status
Observed number of pregnant seals

Spawn timing (expressed as Julian date / 365)

Initial Grey Seal abundance (‘000s)

Seal juvenile density dependence half-saturation and
shape

Mature female seal reproductive rate

Female seal age-at-50% and 95% maturity

Initial equilibrium Herring recruitment (millions)

Recruitment process errors (i > 2)

Instantaneous natural mortality rate (yr!)

fioryes = 0.024
fioryes = 0.038
fioryes = 0.729
fiotyes = 0493
fiz2y=1=1
{icayer = 0.37
{ioayes =025
{icayes = 0.58
{ioayes = 0.58
{icayes = 0.58
*

*

*

*

*

*

.
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(P)
Tie
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Fkt
Fi,x,t

nj,y,i

hj R

ﬂO' BC} ﬁH

lp1,xr Lp2,x

Cod other natural mortality process errors (¢ > 1)

Herring other natural mortality process errors, ages 2-6 (¢
>1)

Herring other natural mortality process errors, ages 7-11+
(t>1)

Per-capita capacity of predator jy to prey on species i (i >
2,j<3)

Predation capacity process errors (£ > 1)

Age-at-50% and 95% selectivity for fishing gear g (i > 2)

Age at which prey consumption by predator jy is 50%
and 95% of its maximum consumption levels

Shape and scale parameters for predator selectivity of
Herring

Catchability of species ix to gearg (i >2,g> 1)

Catchability process errors (> 1)

Abundance or biomass index variance
Fishery/survey age-composition variance
Age-composition of herring in predator diet variance
Grey seal exploitation rate (yr!)

Fully-selected fishery exploitation rate (yr'; i > 1)
Encounter rate between predator jy and prey i

Time predator jy spends consuming prey i

Parameters for fecundity, density-dependence and
Herring effect in Ricker stock-recruitment function for
Cod

Fecundity and density-dependence parameters of Herring

stock-recruitment function in projections

*

%k

** (see Table 3)

%k
%k
skkok

skkok
dokokok
dkokokok
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State variables

Nixat Abundance (thousands for Grey Seals, millions for Cod *x
and Herring)
Zixat Instantaneous total mortality rate (yr!)
M )t Instantaneous predation mortality rate (yr'!)
i,a,
m< )b ot Fully-selected instantaneous predation mortality imposed
]1,y,0,1,a

on prey i by predator jy at age b (yr!)

Mi(g,)a,t Other (non-predation) natural mortality rate (yr!)
5;(,531 Selectivity of species i at age a by predator j
Sé?x,a . Selectivity of prey ix at age a to fishing gear g
Bi(,i?t Spawner biomass (i > 2)
,-(Ei,a , Biomass of prey ix at age a available to predator j (i > 2, j
<3)
Vgixat Number of fish vulnerable to fishing gear g (millions)
Gyt Grey Seal pup production (thousands)
Xt Grey Seal post-weaning pup abundance (thousands)
Dyt Density-dependent Grey Seal pup survival rate
Ey: Grey seal foraging effort in the SGSL (seal-yrs)
Pjy.b Relative prey consumption by predator jy at age b
Aj(,’;]”)b,i'xﬂ’t Per-capita catch by predator jy at age b of prey ix at age a
(millions)
Ciybiat Per-capita catch by predator jy at age b of prey i at age a
(kt)
Miqt Proportion mature-at-age for species 7 in year ¢
Yat Grey Seal reproductive rate-at-age in year ¢
;‘2:)1 Initial Herring survivorship
Iy Predicted abundance/biomass index
7® Predicted fishery/survey age-composition

g.ixat
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ﬁj(?t Predicted age-composition of Herring consumed by

predator j
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Table S1.2. Population dynamics equations for Grey Seal/Cod/Herring model.

Equation

Formula

Grey seal demographic rates
(S1) Proportion of females
mature-at-age, i = 1, a <4
(S2) Proportion of females
mature-at-age, i =1,4<a <11
(S3) Proportion of females
mature-at-age, i =1,a>12
(S4) Annual reproductive rate-at-
age

Selectivity

(S5) Fishery and survey

selectivity (1> 1)

(S6) Seal selectivity of cod

(S7) Herring selectivity by seal

(S8) Herring selectivity by cod

Prey consumption
(S9) Relative prey consumption-

at-age (i < 2)

(S10) Per-capita predation

capacity (Historical) (¢ > 2; 7 <2;i

>J)

(S11) Per-capita predation
capacity (Projection) (¢ > 2;j < 2;
i>])

Mortality rates

m;— 1,a,t =0

—1In(19)(a — a®*®) >_1

mi=1’a,t = (1 + eXp l a(95%) _ a(SO%)

m;= 1,a,t =1

ya,t =ym;= 1,a,t

—1In(19) (a — s39% )
® _ Sg,ixt
Sglxat_<1+exp 95% __ 50%
g,ix,t glxt

(P) (0, a<4

S =1i=2,a _{1, a>5
—1In(19) (a@ — b5\ "

®
S =1,i= 3a_<1+expl h95% — ph50%
5P e L gk exp (_ E)

=2,i=3,a l"(k)gk 2]

95% 50%

—In(19) (b - pSO%)] -
Py

Pjyb = <1 + exp

(pjylt - (p]ylt 1exp( ,(ipg)

)lj.y,i—l

77j,y,i (Zx Bi,x,t
Ayl
1+ Zl (nj,y,lhj,y,l(Zx Bl,x,t) )

Pjyit =
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(S12) Seal exploitation

(S13) Predation mortality per
predator

(S14) Total predation mortality

(S15) Other natural mortality (¢ >
2,i=2)

(S16) Other natural mortality (z >
2,i=3,a<7)

(S17) Other natural mortality (z >
2,i=3,a28)

(S18) Total mortality rate

Initial abundance

(S19) Initial grey seal abundance
(S20) Herring survivorship, (a=1)

(S21) Herring survivorship,
(a<ll)
(S22) Herring survivorship,
(a=11)

(S23) Herring abundance

State dynamics

(S24) Shelf seal pup production
(x €{1,2})

(S25) Gulf seal pup production
(x €{3,4})

(S26) Post-weaning pup
abundance

(S27) Post-harvest pup abundance

_ (11
Fi,x,a,t - Fx,t
P _ c(®
m; v biat — Sj,i,a fiy @iyt Piyb

P)
. Niybt ™y hiat

0 0 M,
Mi(=;,x=1,a,t = Mz(,l?a,t—l exp(et( C))

0) _ g(0) (M,h1)
Mi=3,x,a,t - M3,x,a,t—1 €xp (Et )
0) _ s(0) (M,h2)
Mi=3,x,a,t - M3,x,a,t—1 €xp (Et )
_ c® P) (0)
Zi:xvart - Sg=1,i,x,a,tFi.x;f + Mi,a,t + Mi,x,a,t
init)  (init
Ni=1,x,a,t=1 = N;glm )P,(Clgl )
(init) __
Sx,a=1 =1
init init -
SJSEI ) = 59821—)1 exp(_M3,x,a—1,1 - 51(,3),x,a_1,1F3,x,1)
(init) P
S(init) . Sx,a-1 exp(_MS,x,a—l,l - 51,3,x,a_1,1F3,x,1)
x,a -

(1 — exp(—M3,x,a,1 - 51(,F3),x,a,1F3rx'1))

5 .(init)
Ni=3,x,a,t=1 - Rxsx,a

Gx,t = OSZ N1,4,a,tya,t
a
G = 095 (Grepl sie? + Gre[1 - 7))

Voo = (G2 — €5
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(S28) Shelf seal recruitment pPx2
(={12},a=1,1>2) Nixae = 0.9 | 5= Drs

Dx,l + [ x=1 Yx,t—l]
(S29) Gulf seal recruitment pPx2
(x={34},a=1,t>22) Nixae = 0-9% e Dy 4’5'1 Dx2

Dx,l + [ x=3 Yx,t—l]
(S30) Age 1+ Shelf seal removals es) (1+)

C; z z 7 N1xat(1 eXp(_Zl,x.a,t))
x=1 1,x,a,t

(S31) Age 1+ Gulf seal removals (1+)

C(1+G) z z 7 leat(l exp(—Zl,x,a,t))
x=3 1,x,a,t

(S32) Cod/herring recruitment Nizze = Nizaen exp( I(P;)t)
(Historical) (z > 2; i > 2)
S33) Cod/herri itment
(533) Cod/herring recruitmen Niyoe = BoB21c—2 €Xp <_ﬁch,1,t—2 — Bu z B3,x,t—2)
(Projection) (i = 2) x
(S34) Recruitment (Projection) (i Nixoe=We1Bsxea/ (1 + W, B85, t—2)
=3)
(S35) Abundance, aER) <a<A; Nixat=Niga-1e-1xp(—Zixq-1-1)

(S36) Spawner biomass on Jan 1 l(i)t z NixatMig tW( )

t,a,t

(i=2)
(S37) Spawner biomass at time of Byt z N xacMia th(z)t (=CixZixat)
spawning (i > 2)
S38 | foraging effort
(S38) Seal foraging effo E, = ff=1'yz Ni—1yat

a
S39) Per-capita pre *)
( ) P prey é‘(N) ' _ mj,y,b,i,a,t N, (1 _ EXp(—Z' ))
consumption (numbers) j,y,bi,x,a,t Zi,x,a,t L,x,a,t i,x,a,t

S40) Per-capita pre A _ A(N)
( ) pita prey Ciybiat = z C] v,b,i,x,a, tWix,at

(S41) Abundance vulnerable to Vyixat = Nixa, tg; l)x ot exp(—dg'i'x Zix, a’t)

consumption (weight)

fishery/survey (i > 2)
(S42) Fishery catch (i > 2) c® — z

i,x,t

7. - Vl,i,x,a,twl(’]:,)x,a,t(l - exp(_Zi,x,a,t))
a‘ixat
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Predicted observations

(S43) Shelf seal pup production R z .
.. g=1i=1t = z xt
indices x=1
(S44) Gulf seal pup production . L
. g g=2,i=1t = z x,t
indices x=3

: o . . .
(S45) Biomass indices (i > 2, g > Iyie = gixe z Vyixa, thg,i,)x,a,t
1) *
(S46) Fishery/survey age- ) Vgixat

o gixat — Sy
composition (i = 2) a’gixat

) . : V)

(S47) Age-composition of herring N Yy 2b 2 Ciybi=3x, atNjyb,e

in predator diet jat A(N)
p Za Zy Zb Zx Cj,y,b,i=3,x,a,th,y.b.t
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Table S1.3. Objective function components for Grey Seal/Cod/Herring model.

Model variable
Likelihood

Abundance or

biomass indices

Fishery/survey

age-composition

Age-composition
of herring in

predator diets

Per-capita

consumption

Grey seal

pregnancy rates

Priors

Distribution

11’1 Ig,i,t ~N(ll’l ig,i,t )

}Z;@inf P (N (

Aj=3 p
}= ® "~
3

In z Ci=1y,b,i,at ~N(ln Ci=1,y,b,it » 1)
a

~ ; 2
In E Ci=2,y,b,i,at N(lncj=2,y’b,i,t,0.1 )
a

Notes

-7 for grey seals was fixed at

herd- and year-specific values

- 7Mfor cod was conditionally

estimated by gear

- 7Mfor herring was fixed at 0.1
for CPUE indices and 0.2 for all

other indices

-1 was conditionally estimated

_a(min) and a(max)

0.0 g0 are the

minimum and maximum ages

respectively of sampled fish

-P(N(u, 7)) is the logistic-normal

distribution

-7® was conditionally

estimated

-Fori< j


https://doi.org/10.3354/meps14674

Supplement to Rossi et al. (2024) — Mar Ecol Prog Ser 746: 99-119, 2024 — https://doi.org/10.3354/meps14674

Recruitment

deviations

Consumption

deviations

Catchability

deviations

Cod other natural
mortality

deviations

Herring other
natural mortality

deviations

Herring selectivity

e® <N(0,1)

th

£®), ,~N(0,0.25%)

£/, ,~N(0,0.05%)

e ~N(0,0.05%)

eMI~N(0,0.052)

eMMUN(0,0.052)

eMP2).UN(0,0.052)

s30%  ~N(5,32)

g,i=3,x,t

(s S xt)~N(1.5,2%)

g,i=3xt gl 3,x,t

-High variance to account for
potentially large interannual

changes in recruitment

-Variance chosen to allow for
large decadal-scale shifts in
consumption while preventing
excessive interannual variation.
Seal (j=1) was less prone to
chasing noise so higher variance

was allowed.

(q) was estimated between

1991-2018 for Spring (x=1)
herring and between 1987-2018
for Fall (x>1) herring to match
herring assessment (DFO 2018)

-Variance chosen to match

herring assessment (DFO 2018)

-£™ was fixed at 0 until 1978

and was estimated thereafter

-Applied to all uniquely
estimated Herring selectivity

parameters
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Herring pre-1978  qg—3=3x:~N(1,1)
biomass index

catchability
Grey seal initial N éinit)~ N(5,52)
abundance

Grey seal density ~ Dp—, ;~N(25,252)

dependence Dy—z,~N(5,102)

Dh,2 ~N(1'32)
Grey seal female  (50%) <N (5,42)

age-at-maturity (a(95%) - a(50%))~N(2,22)
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Supplement 2. Estimating Grey Seal and Atlantic Cod prey consumption-at-age from bioenergetics

We used bioenergetic models to estimate age-specific, per-capita prey consumption by
Northwest Atlantic Grey Seals (hereafter “seals”) and southern Gulf of St. Lawrence (sGSL)
Atlantic Cod (hereafter “cod”). We estimated seal consumption of cod and sGSL Atlantic
Herring (hereafter “herring”), and cod consumption of herring, based on total consumption
estimates, the spatiotemporal overlap between predator and prey species, and the proportional

contribution of prey to predator diets.

Grey seals

Benoit et al. (2011a) estimated the daily gross energy intake (GEI) of individual seals based on a
number of factors, including body mass, metabolism, assimilation efficiency and age-specific
growth premiums. We converted daily GEI to monthly GEI, then divided by the average energy
of prey (Trzcinski et al. 2006) to estimate the amount of biomass needed to maintain growth
(Figure S2.1).

The proportion of each month seals spend foraging near cod and herring was estimated
from the movements of satellite-tracked seals (Breed et al. 2006, Harvey et al. 2008, Benoit and
Rail 2016). Cod and herring were assumed to occupy the same areas each month (specifically,
the sGSL year-round, plus NAFO Subdivision 4Vn from November to April).

The relative contribution of prey to the seal diet is highly uncertain due to spatiotemporal
gaps in diet sampling as well heterogeneities in foraging behaviour across seasons, areas and
individuals. The seal diet has previously been inferred from prey hard parts found in the
digestive tracts of grey seals collected (i) in coastal areas of the sGSL between late spring and
August (Hammill et al. 2007), (ii) from the west coast of Cape Breton Island between September
and January, and (iii) in the Cabot Strait near St Paul Island, mostly between October and
December (Hammill et al. 2014). Seals were sampled on or near shore and the inferred diets
likely reflect feeding that occurred near (~30 km) the sampling site (Benoit et al. 2011b). We
assume that the observed inshore diet also reflects the offshore diet, given the considerable
spatial overlap among these species (Benoit and Rail 2016).

For seal consumption of herring, we assumed that the Cape Breton samples represented
the fall (Sept-Nov) seal diet, the Cabot Strait samples represented the winter seal diet (Dec-Mar),
and the sGSL samples represented the seal diet from April to August (Figure S2.2). For seal
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consumption of cod, the Cabot Strait samples represented the seal diet while cod are migrating
and overwintering (Oct-May) while the sGSL samples represented the summer (June-Sept) seal
diet. The winter Cabot Strait samples were assumed to represent feeding on migrating cod, given
that migrating cod occur at densities similar to that on the overwintering ground. This is reflected
by the intense fisheries that used to target these migrating fish.

Seal consumption of individual prey species was calculated as the product of total prey
consumption, monthly foraging behaviour, and diet composition, each of which were assumed to
be year-invariant. Gulf herd seals consumed significantly more prey in the sGSL than Shelf herd

seals (Figure S2.3).

Atlantic Cod

Benoit and Rail (2016) estimated monthly, size-specific prey consumption by cod (C l,m) from
mean stomach content mass and gastric evacuation rates. We converted size-specific
consumption to age-specific consumption using an age-length key and diet composition

estimates, i.e.,
Ca,t,m: § pa,l,tCl,mdl,t (1)
l

where ¢, ¢, 1s the per-capita consumption-at-age for cod, p, ; + is the proportion of age-a cod at
length / in year ¢ and d; ; is the proportional contribution of herring to the of length-/ cod diet.
Monthly consumption rates were converted to annual rates, accounting for mortality each month

(Figure S2.4), i.e.,

Cat:z Catmexp(_zamm) (2)
: m " ™12

where Z,, ., is the annual instantaneous cod mortality rate (Swain et al. 2015).
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Figure S2.1. Grey seal body mass (top row, estimated from Gompertz growth model), daily
metabolism (second row, assuming Kleiber allometric relationship between body mass and
metabolism), growth premium for younger seals (third row), daily gross energy intake (fourth row,
product of metabolism, growth premium, and conversion factors) and monthly prey consumption
(bottom row, quotient of gross energy intake and average energy of prey).
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Figure S2.4. Herring consumption by individual sGSL Cod aged 2-12+ yr, 1978-2017.
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Supplement 3: Sensitivity analysis of consumption prior

In the multispecies model, we calculated the per-capita consumption by predator j in
subpopulation y at age b of prey i in year ¢ ((j 5 5 ;) and applied a lognormal prior to this
quantity to constrain prey consumption within biologically plausible ranges:

In¢jype ~N(In Gy 510, 025)
Prior means ¢ were calculated from the bioenergetic requirements of predators (grey seals and
cod), predator diet composition data, and the spatiotemporal overlap between predator and prey
species (Appendix A). Prior standard deviation (o) was set to 2.0 for seal predation and 0.1 for
cod predation. In this appendix, we summarize the sensitivity of the multispecies model to

alternative choices of prior standard deviation.

Seal predation

We tested alternative values of g j—; = 0.5, 1.0 and 2.5 for seal predation on cod and
herring. Each of the alternative models fit the observed data approximately as well as the base
model (g j=; = 2.0); increasing o did not visually improve fits to abundance or biomass indices
(Figure S3.1). Median consumption-at-age estimates were similar across values of o j—, though
estimates were more variable under less constraining priors (Figures S3.2-S3.4). Estimates of
biomass and key population processes for all species were very similar across different values of
0 j=1 (Figure S3.5). Compared to the base model, setting o j—; to 0.5 and 1.0 increased the
average rate of natural mortality arising from sources other than fishing and predation (M (?)) for

cod aged 5 years and older by 19.5% and 14.6% respectively, while setting o j—; to 2.5 reduced
M© by 7.9% (Figure S3.5).

Cod predation

We tested alternative values of g j—, = 0.05, 0.20, and 1.00 for cod predation on herring.
Each of the alternative models fit the observed data approximately as well as the base model
(0¢,j=2 = 0.1; Figure S3.6). Increasing prior standard deviation resulted in less intense predation
in the mid-1980s and the mid- to late-1990s, which was offset by higher levels of other natural

mortality and reduced cod biomass (Figure S3.7). The more modest consumption estimated by
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models with higher o ;—,, particularly o j—,=1.00, was inconsistent with previous studies of cod

predation on herring (Benoit and Rail 2016).

References

Benoit HP, Rail J-F (2016) Principal predators and consumption of juvenile and adult Atlantic
Herring (Clupea harengus) in the southern Gulf of St. Lawrence. DFO Can Sci Advis Sec
Res Doc 2016/065. Fisheries and Oceans Canada, Ottawa.


https://doi.org/10.3354/meps14674

Supplement to Rossi et al. (2024) — Mar Ecol Prog Ser 746: 99-119, 2024 — https://doi.org/10.3354/meps14674

° Seal o
4 H  Shelf o
3 P o Observed
o
Est, sd=0.5
2 M’ﬁ Est, sd=1.0
-+ Est, sd=2.0
1 ,
‘c_ﬂeﬁcd:o + =+ Est, sd=25
0 C?D
-1 !
T T T T T
3 n -
() 6 % ) ©
» 250
5 4 N / QQ
Sang’ N
— 1 4 o (o) Q)\'?,
] ©
% 06('\ ooo
O 3 4 \0“/\(-%
0 0~ Cod ® 3
o) 24 RV )
8 5 T T T T T T T T T T
x
(] 2 - 0000
© . ° o o
c 4 ° o &,
= ) o .
n ~o§i°° o -3 1 i
& 34 \G R
TN O K
£ 5 -4 - % %2
o \ A
el 2 =)} o o
-S Cod _5 4 Cod
o 14 Ms ° LL
8 5 T T T T T T T T T T
c < -1.0 o °
3 6%, o
c 207 ¥ X 15 /7 o o
3 / %y o ’ i [ 6.0
o) 17 \0 o o o o e o I 0
2.5 20 - o ® g0}
< o Y P 2.0 00 g0 b
‘QQQ-?\_/“ 5 ; o “.%/,5
-3.0 ® o 25 £
Herring o Herring o°
35 - CPUE Spring -3.0 CPUE Fall-N
T T T T T T T T T T
_'10 I ° o _05 -] ° QO
-1.5 10, ° 1.0 1 O o o
’ o o M/R o !.\o o/ ‘C\b %Wo [
20 ° ,. 0 ‘_po’ - -1.5 % '*o/ \fo
\ .-'D C{)\ ) = o \
W P WP ) -2.0 o) \
& \/ o o o
-2.5 — ./ o ] \‘
o o o -2.5 \0
_3.0 4 Herring ° _30 4 Herring ob
CPUE Fall-M CPUE Fall-S
T T T T T 3.5 T T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
Year

Figure S3.1. Model fits (posterior modes; lines) under four values of 0. j—, to observed

abundance or biomass indices (circles). The index represents pup production in numbers for

grey seals and vulnerable biomass for cod and herring.
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Figure S3.4. Model-estimated prey consumption per seal for the oldest seal age-class (30+)

using alternative values of 0. j—1 (columns).
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Figure $3.5. Estimated time-series of key model quantities using alternative values of o j—4.
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Figure §3.6. Model fits (posterior modes; lines) under four values of 0. j—, to observed

abundance or biomass indices (circles). The index represents pup production in numbers for

grey seals and vulnerable biomass for cod and herring.
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Figure S3.7. Estimated time-series of key model quantities using alternative values of o j—,.


https://doi.org/10.3354/meps14674

Supplement to Rossi et al. (2024) — Mar Ecol Prog Ser 746.: 99-119, 2024 — https://doi.org/10.3354/meps14674

Supplement 4: Stock-recruitment in Herring projections

In our analysis, we fit a Model of Intermediate Complexity for Ecosystem assessments
(MICE) to observed data for Grey Seals, Atlantic Cod, and Atlantic Herring, then projected the
model forward in time based on the optimized model parameters as well as stock-recruitment and
functional response curves fitted to model outputs. In this appendix, we detail the (post-)fitting of
stock-recruitment models to MICE estimates and summarize MICE projections using these post-

fitted models.

MICE estimates of herring recruitment and spawning biomass

The Spring, Fall-Middle, and Fall-South subpopulations exhibited generally positive
relationships between spawning biomass and resulting recruitment, while there was no
discernable pattern for Fall-North (Figure S4.1). Density-dependence was somewhat apparent for
Spring herring, as the largest stock sizes generated only moderate recruitment (Figure S4.1). In
contrast, large stock sizes for Fall-Middle and Fall-South generated large recruitment (Figure

S4.1).

Fitting spawner-recruitment relationships to MICE estimates

The shape of the stock-recruitment relationship for herring in the southern Gulf of St.
Lawrence is unknown. Herring egg mortality often arises from suffocation at high densities
(Haegele & Schweigert 1985), which suggests that a dome-shaped function such as the Ricker
may be preferable; however, overcompensation is not always evident in herring stock-
recruitment analyses (Zheng 1996). Both Ricker and Beverton-Holt functions were previously fit
to recruitment and spawning biomass estimates for herring in the southern Gulf of St. Lawrence,
but neither curve was clearly preferable in that analysis (DFO 2005). Given the a priori
uncertainty around the shape of the stock-recruitment and given the lack of clear evidence for
overcompensation in our MICE estimates, we tested both Ricker (1) and Beverton-Holt (2)

functions in our analysis, i.e.,
5 R R
Rx,t = lIJ(g,x)sx,i:—z exp(_qﬁ(,x)sx,t—z) (C 1)

) BH BH
Ree =908, o /(1+ w55, ) (C2)
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where R, ; and S, ; to represent herring recruitment and spawning biomass, respectively, for
subpopulation x in year ¢, W,  represents density-independent fecundity and ¥  represents the
strength of density-dependence. We use the notation R, ; and S, , for simplicity in this appendix;
in MICE notation, these variables correspond to Ni=3 x g=2 ¢ and Bj—3 .

MICE-estimated recruitments were assumed to be lognormally-distributed around stock-

recruitment function predictions, i.e.,

log(Ry:) ~N(log(Ry),02)
The standard deviation parameters (0.2) were estimated. Each stock-recruitment model was fitted
to each posterior MICE sample.

Ricker and Beverton-Holt models fits to the MICE estimates of spawning biomass and
recruitment for the Fall subpopulations were nearly identical (Figure S4.2). Residual variance
was particularly high for the Fall-North population, which was not surprising given the lack of a
clear spawner-recruitment relationship in the MICE estimates. The North subpopulation had the

highest productivity at low density and the strongest density-dependent effect (Table S4.1).

Extirpation risk projections under Beverton-Holt recruitment

Projections of the MICE assuming Beverton-Holt stock-recruitment dynamics for herring
were nearly identical to the Ricker projections presented in the main article. The herring
recruitment rate was insensitive to the choice of spawner-recruitment function, resulting in very
similar levels of herring spawning biomass (Figure S4.3). Consequently, the choice of spawner-

recruitment function had virtually no impact on the projected recovery of cod (Figure S4.4).
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Table S4.1. Post-fitted herring stock-recruitment parameter estimates. W, , represents fecundity
for subpopulation x, W, , represents the effect of density dependence for subpopulation x, and

02 is the residual standard deviation for subpopulation x.

Parameter Posterior quantiles

2.5% 50% 97.5% 2.5% 50% 97.5%

Ricker Beverton-Holt

Wox=1 12.48 14.42 16.24 14.04 18.24 23.55
Wox=2 7.24 10.63 15.61 7.31 11.97 30.25
Wox=3 9.28 9.8 10.34 9.28 9.8 10.34
Wox=4 6.22 6.98 8.93 6.22 6.98 9.21
W x=1 7.99E-03 9.59E-03 1.11E-02 | 1.45E-02 2.31E-02  3.39E-02
W1 x=2 1.05E-08 4.55E-03 9.79E-03 | 1.40E-08 7.71E-03  4.25E-02
Wi =3 6.08E-19 1.50E-12 2.91E-09 | 1.59E-18 5.95E-12  9.50E-10
Wi x=a 3.75E-11 3.45E-10 1.69E-03 | 9.98E-12 2.34E-10  2.20E-03
0Z, 0.477 0.564 0.723 0.476 0.564 0.724
i, 0.741 1.07 1.411 0.741 1.07 1.411
0Z_, 0.457 0.504 0.55 0.457 0.504 0.55
0z, 0.473 0.649 0.972 0.471 0.649 0.972
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seals targeted for removal (p) and the length of the seal harvest period (n; number of years).
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Supplement 5. Model fits and diagnostics

Table S5.1. Posterior distribution summaries and parameter-specific diagnostics. tESS and bESS represent tail and bulk effective sample sizes,

respectively. For the grey seal component of the model, D and 6 represent the half-saturation point and shape of the grey seal juvenile density-

dependence relationship, P,y is the reproductive rate among mature females, Qsoy, and Agep are parameters of the reproductive rate-

at-age.

Parameter Mean

Grey seal population dynamics

InN ™0 1.968
InN ™o 2.500
InD; ; 3.138
InD; , 1.731
InD, ; -0.403
InD, , 0.866
logity 2.038
Ina(50%) 1.575
In(a®5%)-q(50%)) 0.558

Grey seal relative consumption-at-age

pro% -0.497

SD

0.033

0.086
0.130
0.074
0.137
0.155
0.059
0.009
0.081

0.987

2.5%

1.901

2.359
2917
1.572
-0.688
0.562
1.921
1.557
0.398

-2.604

25%

1.945

2.438
3.052
1.684
-0.490
0.762
1.999
1.569
0.505

-1.087

50%

1.968

2.491
3.125
1.735
-0.395
0.872
2.036
1.575
0.557

-0.415

75%

1.990

2.554
3.216
1.783
-0.306
0.972
2.077
1.582
0.614

0.196

97.5%

2.029

2.704
3.435
1.864
-0.158
1.149
2.157
1.593
0.715

1.226

tESS

1186

602
1161
625
923
588
1309
2271
1596

1257

bESS

970

693
957
751
807
646
1003
1044
952

1281

Rhat

1.001

1.004
1.001
1.002
1.003
1.004
1.003
0.999
1.000

1.002
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Table S5.2. Chain-specific diagnostics for the fitted MICE.

Chain # | Warmup runtime  Sampling runtime E-BFMI

(seconds) (seconds)
1 34944 28153 0.9303339
2 33851 30613 0.9877990

3 33730 28142 0.9922443
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Table S5.3. Post-fitted cod stock-recruitment parameter estimates. B represents fecundity while

B¢ and By represent the effect of cod and herring biomass, respectively, on cod recruitment.

Parameter Posterior quantiles

2.5% 50% 97.5%
Bo 4.62 6.80 10.06
Bc 1.30E-03  1.93E-03  2.67E-03
Bu 2.57E-03  3.41E-03  4.25E-03
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Table S5.4. Post-fitted functional response parameter estimates. 1, h, and A represent the

encounter rate, handling time, and shape of the functional response, respectively.

Predator Par. | Prey Posterior quantiles
2.5% 50% 97.5%
Seal, Shelf-M n Cod 1.72E+01 2.61E+02 4.26E+05
Herring 6.07E+00 1.23E+02 1.45E+05
h Cod 3.64E+02 8.92E+03 1.69E+07
Herring 5.51E-09 5.48E+00 1.79E+04
A Cod 2.96E-05 4.96E-02 1.79E-01
Herring 1.40E-09 5.03E-03 1.69E-01
Seal, Shelf-F ] Cod 3.89E-01 8.16E+01 8.59E+08
Herring 6.09E-01 1.38E+02 1.09E+09
h Cod 5.70E-03 2.38E+03 1.14E+09
Herring 3.49E-11 3.19E+02 1.51E+08
A Cod 1.51E-07 4.94E-02 4.06E-01
Herring 8.96E-10 1.37E-02 7.42E-01
Seal, Gulf-M n Cod 3.20E+01 3.23E+02 5.77E+06
Herring 1.30E+01 1.18E+02 2.32E+06
h Cod 4.39E-01 1.47E+02 2.93E+05
Herring 8.37E-01 7.85E+01 2.16E+05
A Cod 1.78E-08 4.86E-02 1.60E-01
Herring 5.72E-07 1.67E-02 1.66E-01
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Seal, Gulf-F n Cod 9.85E+00 1.27E+02 1.74E+07
Herring 1.80E+01 2.51E+02 2.75E+07

h Cod 6.50E-04 9.90E+01 2.67E+05

Herring 9.53E-01 4.36E+02 7.04E+07

A Cod 1.53E-07 3.92E-02 1.72E-01

Herring 2.77E-11 5.79E-03 1.84E-01

Cod n Herring 3.43E-15 3.18E-08 1.05E+00
h Herring 6.57E-15 3.52E-09 5.52E+00

A Herring 2.48E-01 2.70E+00 5.62E+00
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Figure S5.1. Model fits (grey points) to observed grey seal pregnancy rates (circles) for years
with more than 15 observations.


https://doi.org/10.3354/meps14674

Supplement to Rossi et al. (2024) — Mar Ecol Prog Ser 746: 99-119, 2024 — https://doi.org/10.3354/meps14674

Commercial residuals (est-obs), sd=0.635 RV residuals (est-obs), sd=0.347
12+ — 00 =+ 000 -:4:9242:900000000:000¢0 000 e 12+ —
11 — oe- <o o0 ce@eieiaiicaensine an ° 11 o <co- - THC ' LR SRR oo.qO.@
10 H - . . e . 10 - o -0 00007 O -0 . o <00ec+ .00 ()
9 — Ce- e PP . 9 — 00+ -0 +000s Qoo o s e 00 (00
8 — ce---- o 8 — ‘ece-O-000 oo - oo O-0-Coe
7 - Lose 7 — -0+0e00-c0- ° 0-000-0 @O0
6 — oo Osescero0000ea: tocrbev-acsco 00c-00 6 — +00--00%0 I S . c00-0:0:000- O
5 —]| c0 00--0:00-200 :000: o 0:-0 ¢ Occoo 5 — o o 00-000-8ccss -ase 0. - es0-0000°0
4 — o ce.000000 (¢ ..00°0 ‘o 4 — 0::+0- 00000+20 0s-c-e:ce0scsc 0 s 0 <0 =
3_C) .. .0 0:00 . RS o 3 - o 0000 - 000 0:-+{ 00
2 - O : O 0o TO Io. (@. I.o..o. 2 - &os0C (Ix) “@oe (I) o0 i@ Cooolo o
’;; 1980 1990 2000 2010 1980 1990 2000 2010
% MS residuals (est-obs), sd=0.391 LL residuals (est-obs), sd=0.275
<< 12+ — 12+ -
1 4 O1 oQqDw o o 11 4 O1 o 00000 g Q0
107 005 o+ Qw000 109 005 +0 Qe O
2 7 - 0.05 °°Z 5 g 7 - 005 o o(:Oo
7 -0.05 . 00 7 -0.05 o a0 tero
6 — -0.5 00 ©00+0():0s0e -0 6 - -0.5 O¢+< 00 -:000 o
5 — -1 seii0 OO0 0 5 - -1 0000 0000 (OO IO+
4 — Q++0°0000 0-0° 0 4 —
3 .e® )0 0000e- 3
27 I I I C):) To B 27 I I I I
1980 1990 2000 2010 1980 1990 2000 2010

Year

Figure S5.2. Residuals between the observed proportions-at-age in the cod abundance indices
and the model-estimated proportions. Residuals (estimated - observed) are proportional to circle
radii.
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Figure S5.3. Residuals between the observed proportions-at-age in the herring abundance indices and the
model-estimated proportions. Residuals (estimated - observed) are proportional to circle radii. Black
circles denote positive residuals.
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Figure §5.4. Posterior correlation between pairs of parameters. Due to the large number of parameters,
we omit parameters that do not have a correlation coefficient greater than 0.65 or less than -0.65 with at

least one other parameter.
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