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ABSTRACT: Despite 2 decades of very low fishing levels, numerous NW Atlantic demersal fish
stocks have failed to recover from collapsed states or are presently collapsing. In the southern Gulf
of St. Lawrence, adult natural mortality (M ) appears to be the demographic rate that most limits
population productivity in at least 3 species: Atlantic cod Gadus morhua, white hake Urophycis
tenuis and winter skate Leucoraja ocellata. The causes of elevated M are not well understood,
though there is indirect evidence consistent with an effect of predation by grey seals Halichoerus
grypus. However, direct evidence is lacking due to uncertainty in the seal diet. Consequently,
Monte Carlo simulations were undertaken using data on the spatial overlap between the seals and
the fishes and a seal food-consumption model, to estimate the plausibility that different seal-diet
compositions could explain observed M levels. Under the simulation assumptions, we find that
predation could explain up to 20 to 50% of M in adult white hake and cod even if these species
comprise a small percentage of grey seal diets (< 25%). If seals consume some of these fish only
partially, by selectively feeding on soft tissues, a predation effect becomes more plausible. Predation can also plausibly explain the observed elevated M in adult winter skate, even if they comprise a negligible (< 0.1%) percentage of the grey seal diet. Though the simulations deal with the
factors that shape the potential for predation, a greater understanding of prey selection is required
to conclude whether grey seals are actually adversely impacting these fish populations.
KEY WORDS: Energetics model · Monte Carlo simulation · Generalist predator · Natural mortality ·
Belly-biting · Partial consumption
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INTRODUCTION
The failure of NW Atlantic groundfish stocks to
recover from population collapses that occurred in
the early 1990s, despite severely curtailed fishing,
has generated numerous hypotheses but few conclusions regarding its cause (DFO 2003, Shelton et al.
2006). Potential contributing causes include unreported fishery catches (e.g. Bousquet et al. 2010),
fisheries-induced life-history change (e.g. Rochet
*Email: hugues.benoit@dfo-mpo.gc.ca

1998, Hutchings 2005, Hutchings & Baum 2005, but
see Swain 2011), impaired recruitment at low stock
size (e.g. Myers et al. 1999, Frank & Brickman 2000),
adverse environmental effects (e.g. Dutil & Lambert
2000) and food-web interactions (e.g. Swain & Sinclair 2000, Savenkoff et al. 2007). One such interaction, predation by pinnipeds, has received considerable attention (Mohn & Bowen 1996, Fu et al. 2001,
Chouinard et al. 2005, Trzcinski et al. 2006, Chassot
et al. 2009). The reason for this is likely twofold. First,
© Inter-Research and Fisheries and Oceans Canada 2011 ·
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the link is direct and easy to visualise: abundant seal
species such as harp Phoca groenlandica and grey
seals Halichoerus grypus eat commercially important
fish species, though the degree to which this occurs is
uncertain. Second, the populations of both harp and
grey seals grew rapidly in the latter half of the 20th
century, recently reaching the highest levels on
record (Hammill 2005, DFO 2009). Harvesters increasingly encounter these species around their
fishing gear and have long viewed them as direct
competitors.
Establishing the role of seal predation in the
dynamics of NW Atlantic fish populations has been
hindered by difficulties in obtaining unbiased estimates of prey composition in the predator’s diet.
These diets have traditionally been inferred using
hard parts (mainly otoliths) recovered from seal
digestive tracts or in faeces (e.g. Murie & Lavigne
1985, Hammill et al. 2007). There are numerous potential sources of bias inherent in this method, such
as the differential digestibility of different species
and sizes of prey (e.g. Bowen 2000, Grellier & Hammond 2006). Also, the heads (and otoliths) and other
hard parts of some fish, principally larger ones, may
selectively not be ingested (e.g. Moore 2003, Gudmundson et al. 2006, Hauser et al. 2008), leaving little
or no specific evidence of the predation event. Furthermore, diets inferred from seal stomach contents
reflect feeding that occurred 5 to 8 h prior to sampling, while those from intestines and scats typically
reflect feeding in the preceding 2 to 3 d (Grellier &
Hammond 2006). Because these samples are only
collected in accessible areas, on or near land, diet
estimates do not properly reflect offshore feeding
(see e.g. Fig. 1). Likewise, weather conditions may
hinder sampling during certain months, potentially
leading to a seasonal bias in the inferred diet. Seal
diets have been estimated also using quantitative
fatty acid signature analysis, which in principle should
provide a better integration of spatio-temporal variability in prey consumption (Iverson et al. 2004, Iverson 2009). However, like the more traditional methods, experimental feeding experiments and field
studies have identified problems with this technique
(e.g. Nordstrom et al. 2008, Grahl-Nielsen et al. 2011).
In the absence of a representative diet for seals,
traditional trophic modelling approaches aimed at
understanding the predator’s influence on fish populations, such as mass balance models (e.g. Savenkoff et al. 2007), extended single-species assessment
models (e.g. Fu et al. 2001) and minimum realistic
models (e.g. Punt & Butterworth 1995), are likely to
provide misleading results. Furthermore, because

the direction and magnitude of some of the biases in
seal diets are poorly characterised, formulating a
tractable set of reasonable alternate diet scenarios for
simulation is difficult. However, inferences on sealfish interactions can still be made in the absence of
reliable diet information. An alternative approach
that does not include diet as an input uses the factors
that constrain annual consumption of particular prey
by the predator to consider the potential for a predation effect (e.g. Williams et al. 2004, Matthiopoulos et
al. 2008). These constraints include the bioenergetic
demand of the predator, itself a function of the abundance and sizes of individuals, spatio-temporal overlap with the prey, prey abundance and prey quality
(size and energy content). Because the mean and
error of many of these constraints can be quantified, it is possible to establish whether and under
which conditions (i.e. seal diet composition) predation could plausibly explain an important component
of mortality in fish species of interest.
We applied this constraints-based inverse modelling approach to a study of predation by grey seals on
3 marine fish species with endemic populations in the
southern Gulf of St. Lawrence (sGSL; Fig. 1): Atlantic
cod Gadus morhua, winter skate Leucoraja ocellata
and white hake Urophycis tenuis. These fish species
were selected because all 3 share the common characteristic of an adult natural (non-fishing) mortality
rate (M ) that has risen over the past 3 decades
(Fig. 2), reaching levels that render the populations
at risk of extirpation given current productivity conditions (Swain & Chouinard 2008, Swain et al. 2009a,
Benoît et al. 2011). Grey seals are the focal marine
mammal predator for the present study because they
are the principal seal species feeding in the area
(Hammill & Stenson 2000), and because the abundance of the grey seal populations that feed to some
extent in the sGSL has increased in tandem with
changes in fish M (our Fig. 3; Bowen et al. 2003, 2007,
Hammill 2005). Furthermore, grey seals are known
predators of the 3 fish species of interest, with cod
and white hake jointly comprising ~30% of the
energy in diet samples obtained in the sGSL (Beck
et al. 2007, Hammill et al. 2007). We constructed a
simulation that includes a published bioenergetics
model for grey seals (e.g. Mohn & Bowen 1996, Hammill & Stenson 2000), and fish-seal spatio-temporal
overlap, quantified using satellite-telemetry results
(seals) and bottom-trawl surveys (fish). We then estimated the relative likelihood that different fractions
of the fishes’ M could be explained by seal predation
given different assumptions for the composition of
seal diets.
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tainty in the process. The simulation is
based on a monthly time step.

Simulation components
Seal abundance
NW Atlantic grey seals occur yearround in the sGSL. For management
purposes, the population is divided into
3 herds or colonies that feed to some
extent in the sGSL, and each is defined
by their breeding area: the Gulf herd
that breeds on small islands or pack ice
in the sGSL, the Sable Island herd, and
a Coastal Nova Scotia herd that breeds
on small islands along the eastern and
Fig. 1. Map of the southern Gulf of St. Lawrence and neighbouring eastern
Scotian Shelf. The 200 m isobath is shown (– – –). Also shown are the locations southwestern shores of Nova Scotia
where grey seal stomach (h) and intestine (d, s) content samples have been (Fig. 1). Abundance in all 3 herds has
taken either during spring and summer (h, s) or late autumn and winter (d) increased substantially since the midsince 1994 (Hammill et al. 2007, M. Hammill unpubl. data). The location of the
1960s, particularly at Sable Island (our
sample mentioned in ‘Methods’ (winter 2008 diet sample) is shown (Q). The
legend to the right of the map shows the probable foraging area represented Fig. 3; Bowen et al. 2003, 2007, Hammill
by each gut-content sample. The concentric circles reflect percentiles of net 2005). Based on traditional tagging and
potential distance travelled by seals during the period represented by a diet satellite telemetry of Gulf and Sable
sample, based on an analysis of movements from satellite-tagged seals and Island individuals, these herds use the
gut-residency times for prey (H. Benoît unpubl.). C.B.I. = Cape Breton Island
(Nova Scotia), N. Strait = Northumberland Strait, P.E.I. = Prince Edward Island sGSL to different degrees (our Fig. 4;
Stobo et al. 1990, Goulet et al. 2001,
Breed et al. 2006).
METHODS
Grey seal abundance, Nseal, in each herd in 2005
and associated estimation error were obtained from
Our goal was not to model interannual patterns in
an updated fit of the deterministic age-structured
consumption of fish by grey seals, but rather to estabmodel of Mohn & Bowen (1996) (see Hammill et al.
lish whether seal predation could be an important
1998, Hammill 2005, Bowen et al. 2007). For each itercomponent of recent elevated M in the 3 fish species.
ation of our simulation, the beginning-of-the-year
The focal year for the study was 2005, since this is
abundance of grey seals in each herd was drawn from
the most recent year for which there are estimates
a normal distribution (Table 1) and divided among
of many model input parameters (e.g. abundance,
ages (0 to 39 yr) using the average age structure from
mortality). Abundance and size composition of both
the population model. Within-year natural mortality
grey seals and fish in that year are representative of
of seals (instantaneous annual rate, Mstage) was incorporated as a deterministic effect: MSable&Coastal pups =
recent trends (i.e. there is no evidence that 2005 was
0.103, MGulf pups = 0.146, and Mages1+ = 0.051 (Trzcinski
an outlier).
et al. 2006). The number of seals alive in month numThe simulation model used is comprised of 3 main
ber m is Nseal,age × exp(–Mstage × m/12).
parts, which are described in more detail below: a
consumption model for grey seals (a function of
abundance, demography and estimated bioenergetic
Seal energetics
demands); parameters describing the abundance,
demography and energy content of the 3 fish species;
The basic model of grey seal consumption used in
and estimates of seal-fish spatial and temporal overthe simulations is identical in structure and in the
lap. Monte Carlo sampling from the assumed error
value of most parameters to the model used in other
distributions of the various parameters that describe
recent studies (e.g. Mohn & Bowen 1996, Hammill &
the predation process was used to generate a set of
Stenson 2000, Trzcinski et al. 2006). This model is
simulation realisations that characterise the uncer-
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Fig. 2. Gadus morhua, Leucoraja ocellata and Urophycis
tenuis. Age- or stage-dependent trends in mortality. (a) Agedependent trends in cod natural mortality (mean ± 2 SE; redrawn from Swain et al. 2009b). Natural mortality was estimated via sequential population analysis for blocks of years
(horizontal lines), assuming a fixed rate from 1971 to 1979
and estimating a common rate across ages for 1980 to 1986
(see Swain et al. 2009b for details). (b) Stage-dependent estimates of winter skate natural mortality (mean ± 95 percentile range) in approximately decadal blocks of years (horizontal lines) from a Bayesian state-space model (Swain et
al. 2009a). (c) Index of juvenile survival (. . . .: numbers at
age 3 yr in Year t divided by the spawning stock biomass in
Year t − 3), and age 5−7 yr total mortality (s: mean ± 2 SE)
and fishing mortality (– – –) for white hake estimated in the
present study (Benoît & Swain 2011)
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Fig. 3. Halichoerus grypus. Abundance of grey seals (mean
± 2 SE) in the 3 NW Atlantic herds

(1)

where s, a and m index sex, age and month, respectively; α is the intercept and β is the scaling exponent
β
(Kleiber 1975)
for the Kleiber equation αW s,a,m
describing the allometric relationship between seal
body mass (W ) and metabolism; GP is a growth premium that accounts for the additional energy required by rapidly growing young seals; AF is the
‘activity factor’ that accounts for increased metabolism due to activity in the field; and ME is the
metabolisable energy (i.e. assimilation efficiency or
the proportion of GEI available to the seal for maintenance and growth) (Table 1).
Summer sex-specific seal mass-at-age Ws,a (in kg)
was estimated using a Gompertz growth model
(Mohn & Bowen 1996) fit to individual seal masses
collected in the Gulf:
Ws,a = γ1s · exp[−γ2s · exp(−γ3s · a)]

(2)

where γ1, γ2 and γ3 are model parameters (Table 1).
Variability in Ws,a was introduced by sampling from
probability distributions for each of the parameters of
Eq. (2) (Table 1). The Ws,a were adjusted for seasonal
changes in mass due to growth, lactation and reduced feeding during moulting and breeding following Beck et al. (2003) to produce values of mass as a
function of age in years and months, Ws,a,m (Fig. 5).
Uncertainty in basal metabolism estimates was simulated by drawing values of the Kleiber equation parameters from a multivariate normal distribution with
an assumed coefficient of variation (CV) of 25% for
each parameter and a negative correlation between
the parameters, typical of linear regression (Table 1).
Average daily energy requirements of free-living
and captive seals vary between 1.7 and 3 times the
basal metabolic rate, with most studies estimating a
value around 2 (Innes et al. 1987, Worthy 1987a,b,
1990, Castellini et al. 1992, Sparling & Fedak 2004).
To account for this uncertainty, values for AF were
sampled from a pert distribution, a modified beta distribution that acts like a smoothed triangular distribution (e.g. Overholtz & Link 2007), here with a range
of 1.7 to 3.0 and a mode at 2.0.
The GP adjusts the GEI for the elevated metabolic
rate of juveniles relative to adults (Lavigne et al.
1986, Innes et al. 1987). In the simulation, age-
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Fig. 4. Halichoerus grypus. Summary
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seals in the southern Gulf of St.
Lawrence and neighbouring areas,
by herd (rows) and for 2 example seasons, winter and summer (columns).
The incrementing grey shading represents increasing grey seal density
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panel. The percentage of transmitting
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corner of each panel
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specific values of GP were drawn from uniform distributions with ranges based on results from published
studies (Table 1). Simulated values for ME were
based on results of experiments (Ronald et al. 1984)
(Table 1). The simulations included periods of fasting
as observed for wild grey seals: 21 d during lactation/breeding for females ages 5+ yr (occurring
between late December and February), 24 d for adult
males (ages 9+ yr) during breeding, and 2 wk during
moulting (May for females, June for males).

Fish abundance, natural mortality and body size
A standardised annual bottom-trawl survey conducted each September since 1971 in the sGSL
provides information on the abundance and demographic structure (size and, for some species, age) of
a large number of marine fish species (Hurlbut &
Clay 1990, Benoît 2006, Benoît & Swain 2008). These
data were used to estimate the abundance and M of
cod, white hake and winter skate, though the manner
in which this was done differed somewhat between
species.
The principal assessment model for sGSL cod is
a sequential population analysis (SPA). SPA reconstructs total abundance-at-age using fishery landings-at-age and assumptions concerning M, and is
calibrated to survey catches-at-age. We define M as
the instantaneous rate of natural mortality whereby
exp(−M ) is the proportion of fish surviving the year
in the absence of fishing. By fixing values of M for the

66°W 65° 64° 63° 62° 61° 60° 59°

years prior to 1980, Swain et al. (2009b) estimated M
in 7 or 8 yr blocks for the period 1980 to 2008. For the
2001−2008 period, values of M were estimated for 3
cod age groups: ages 2−4, 5−10 and 11+ yr.
Trends in survival of cod to age 2 yr (not shown
here) are uncorrelated with seal population growth,
rather being strongly related to spawning stock biomass and an inferred impact of predation by pelagic
fishes (Swain & Sinclair 2000, Swain et al. 2000,
2009b). Likewise, trends in M of cod aged 2 to 4 yr
are also inconsistent with a predominant seal effect,
peaking in about 1990 and declining since then
(Fig. 2a). In contrast, trends in M for ages 5−10 and
11+ yr cod have generally been increasing, particularly for the latter age group. As a result, cod ages
5 yr and older were included in the simulations.
Because estimates of cod abundance-at-age (Ncod,a)
and M from the SPA are correlated within age
groups, a multivariate normal distribution was used
to generate values during the simulations (Table 1).
Estimates of relative abundance of sGSL white hake
from the survey were converted to absolute abundances using a length-dependent relationship for survey efficiency (i.e. catchability) derived for demersal
roundfishes (Harley & Myers 2001). These abundance
values were assumed to follow a normal distribution
(Table 1). Benoît & Swain (2011) estimated trends in
the total mortality Z (Z = M + fishing mortality) of
white hake ages 5 to 7 yr using a modified catch-curve
analysis (Sinclair 2001). Trends in M were obtained
given assumptions for catchability and observed fishery catches (Benoît et al. 2011), indicating that M has
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Innes et al. (1987),
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M. O. Hammill unpubl. analysis
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References

Nseal, Gulf ~N (51 311, 2696), Nseal, Sable ~N (244 787, 6462),
Nseal, Coastal NS ~N (12 172, 568)

~N (0.830, 0.048)

GP0~unif (1.80, 2.00), GP1~unif (1.50, 1.70)
GP2~unif (1.25, 1.45), GP3~unif (1.10, 1.30)
GP4~unif (1.05, 1.20), GP5~unif (1.03, 1.13), GP6+ = 1.00

~pert with median = 2.0 and range = [1.7, 3.0]

γ1m ~N (230.60, 6.93), γ1f ~N (183.70, 3.57)
γ2m ~N (1.521, 0.074), γ2f ~N (1.242, 0.048)
γ3m ~N (0.250, 0.022), γ3f ~N (0.190, 0.014)

α = 293.75⎤
5393.1
μ = ⎡⎢
Σ = ⎡⎢
⎣β = 0.75 ⎥⎦
⎣ −12.393

~N (μ, Σ), where:

Probability distribution function

Table 1. Gadus morhua, Urophycis tenuis, Leucoraja ocellata and Halichoerus grypus. Summary of the probability distribution functions for the parameters of the
simulations of seal consumption and fish mortality. The notation ~ indicates ‘distributed according to’. Five theoretical distributions were used: normal [~N(mean, SD)],
lognormal [~logN(mean, SD)], multivariate normal [~N (μ, Σ), where μ is a vector of means and Σ is the covariance matrix], uniform [~unif(minimum, maximum)] and
pert. To simplify the presentation, rather than show the covariance matrix Σ for cod abundance (N) and natural mortality (M ), we present the correlation between these
2 variables (ρNa–Ma) and their respective variances (σ 2Na and σ 2Ma ). Gulf = Gulf of St. Lawrence, Sable = Sable Island, Coastal NS = Coastal Nova Scotia, whk = white
hake, ws = winter skate. Proportion consumed: wh = whole, bb = belly bitten, hl = headless
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Present study
Proportion of Coastal NS seal herd
attributed to Sable herd

PCoastal

Seals: bootstrap samples of distribution (see ‘Methods: Spatio-temporal
overlap among all species‘ for details)
Fish: bootstrap samples of distribution for summer months (see ‘Methods:
Spatio-temporal overlap among all species‘ for details) and deterministic
distribution in other months
~unif (0.3, 1.00)
Osp, m

Seals: Breed et al. (2006),
Harvey et al. (2008)
Fish: Hurlbut et al. (2010),
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H. Benoît unpubl. results

Steimle & Terranova (1985),
Lawson et al. (1998)
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(1999), present study
Gildberg (2004)

Head as a proportion of total body
mass
Monthly (m) spatial distribution of
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risen to a very high level of around
1.9 in recent years (Fig. 2c). For the
simulations, the values of M estimated for 2005 were assumed to apply to white hake ages 3 to 7 yr
(Table 1). In contrast, survival of juveniles (up to age 3 yr) appears to
have increased (Fig. 2c), consistent
with the reduction in predation
mortality caused by the reduction in
the abundance of large-sized piscivorous fish (Benoît & Swain 2008).
This reduction appears to exceed
the potential effects of predation
by expanding grey seal populations.
Consumption of juvenile white hake
was therefore not included in the
simulations.
Swain et al. (2009a) used a Bayesian stage-structured model to estimate trends in M for juvenile (individuals < 42 cm) and adult southern
Gulf winter skate in approximately
decadal blocks. Inputs to their
model included catchabilty-adjusted
abundance and estimates of fishery
catches. Estimated juvenile winter
skate M decreased dramatically
from the 1970s to the period covering the 1980s to mid-2000s (Fig. 2b),
a trend that is inconsistent with
a strong effect of seal predation.
Juveniles were therefore not included in the simulations. In contrast, adult M increased over the
series (Fig. 2b), consistent with a
hypothesised impact of seal predation. The posterior distribution of
adult winter skate M estimated for
the period 1990 to 2006 (Swain et
al. 2009a) and the 2005 catchabilityadjusted survey abundance was
used in our simulations (Table 1).
Numbers-at-age of cod and white
hake were converted to numbersat-length (cm) and vice versa in the
simulations using survey-derived
age–length matrices. For winter
skate, the 2005 survey lengthfrequency distribution was used.
The length-specific biomass of each
species was calculated using survey-derived length-mass relation-
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Fig. 5. Halichoerus grypus. Seasonal and interannual patterns
in female (grey line) and male (black line) grey seal mass
used in the simulation model

ships. Cod and white hake have a pronounced
seasonal cycle in mass-at-length (Schwalme &
Chouinard 1999, H. Benoît unpubl. results). The relationships were therefore estimated by yearly quarter
using data from multi-species seasonal surveys conducted from 1986 to 1991 (Clay 1991) and coddirected sampling during the 1990s and 2000s (e.g.
Schwalme & Chouinard 1999), with values adjusted
to 2005 values based on observations from the
September surveys. The seasonal cycle in winter
skate mass-at-length is less pronounced; therefore a
single length–mass relationship was used (H. Benoît
unpubl. results). Variability in length–mass relationships was incorporated in the simulation using a
bootstrap of observed values.

Partial consumption of fish prey
Seals do not always consume their prey whole.
Belly-biting, whereby seals consume only the viscera
of their prey, has been reported by fish harvesters
and has been documented for harp seals feeding on
free-swimming large cod in Newfoundland, Canada
(Lilly & Murphy 2004). Others have documented
seals consuming all but the heads of fishes (e.g. Roffe
& Mate 1984, Moore 2003, Hauser et al. 2008). For
large prey, these behaviours are consistent with optimal foraging theory, whereby seals may maximise
their net rate of energy acquisition by differentially
feeding on the most energy-rich or easiest-to-process
portions of individual prey items, leaving a prey partially consumed when it is more profitable to search
for another intact prey item (e.g. Sih 1980, Gende et
al. 2001).

Although there are no data on the importance of
partial consumption by seals in the wild, the fact that
it is has been reported elsewhere suggested that it
might be an important mode of feeding. Therefore,
we simulated 2 independent selective feeding scenarios, belly-biting and head-rejection, for cod and
white hake (see section ‘Methods: Simulation scenarios and output metrics’ below). Because seals obtain
less energy when prey are only partially consumed, a
greater number of prey must be eaten to meet metabolic demands. Selective feeding of winter skate was
not simulated because there have been no reports
of incomplete consumption of skates by seals and
because, we find that there is a high probability that
seal predation could explain skate M even if consumption is complete (see ‘Results: Probability of
explaining M as a function of seal diet consumption‘).
Estimates of viscera mass and headless-body mass as
a function of fish body length were required for cod
and white hake to simulate partial consumption. The
data required to estimate seasonal relationships
between cod body length and viscera mass have
been collected since 1991 (Schwalme & Chouinard
1999, Fisheries and Oceans Canada unpubl. data).
Similar data for white hake were unavailable so we
used the relationships for cod, adjusted proportionately for differences in the mean mass-at-length
between the 2 species. Intra-season variability in the
relationships was again estimated using bootstrapping of the observed values. To account for the consumption of the flesh surrounding the viscera, the
estimated mass was multiplied somewhat arbitrarily
by 1.3. Data on the mass of southern Gulf cod and
white hake heads were unavailable. We used Gildberg’s (2004) estimate for cod heads: 21 ± 2% (SE) of
total body mass.

Fish energy content
Species-specific values for fish energy density (ED;
kJ g−1 body mass) were obtained from the literature
(Table 1). A value for little skate Leucoraja erinacea
was used for winter skate. Values for all 3 species,
when consumed whole, were assumed to follow normal distributions with a CV of 15% (based on results
for cod in Lawson et al. 1998). ED values for cod
viscera were derived using the seasonal relationships
between viscera and total mass (section ‘Methods:
Simulation components — Partial consumption of fish
prey’ above) and assuming that the rejected portion
had the ED values of cod fillets (Ingenbleek 2006).
Because the relationship between viscera and total

Benoît et al.: Seal predation and elevated fish mortality

mass is allometric, the resulting viscera ED values
were log-normally distributed (Table 1). In the
absence of specific data, these values were also used
for belly-bitten white hake. ED values for headless
cod and white hake were assumed to be 5% higher
than whole fish to account for the fact that the
rejected fraction (the head) is less energy-dense.
Seasonal variation in fish ED was not incorporated in
the simulation because the magnitude of change is
relatively small (≤3%) (Beck et al. 2007).

Spatio-temporal overlap among all species
Bottom-trawl surveys of the sGSL and neighbouring areas have been conducted in most months and
were used to characterise the monthly spatial distribution of the 3 fish species. (Note that these additional
surveys were used to assess distribution and were
not used in the estimation of demographic parameters in section ‘Methods — Simulation components:
Fish abundance, natural mortality and body size’
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above). These surveys include seasonal surveys undertaken in 1986−1987 (southeastern Gulf of St. Lawrence) and 1989−1992 (southwestern Gulf), January
surveys conducted annually from 1994 to 1997 in the
Cabot Strait, annual summer surveys of the Northumberland Strait from 2004 to 2006, and recent
data (2004 to 2006) from surveys of the entire sGSL
conducted in August and in September (Clay 1991,
Darbyson & Benoît 2003, Swain et al. 2006, Hurlbut
et al. 2010, Savoie & Surette 2010).
The spatial distribution of each species was summarised using survey strata as the spatial unit of
interest (Fig. 6). These strata are based on bathymetry, which also largely defines fish distribution. Individual strata comprise on average ~4% of the study
area, which is probably the finest reasonable scale
(1000s km2) at which to characterise distribution in
our study. For each of the months from November to
June, fish distribution was characterised as occupancy (i.e. equal density of fish among occupied
strata) because there were no recent surveys in those
months to inform a more refined depiction of distrib-

Occupancy in autumn,
winter and spring

Fish density in late summer

66° W 65° 64° 63° 62° 61° 60° 59°

66° W 65° 64° 63° 62° 61° 60° 59°
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Fig. 6. Gadus morhua, Urophycis tenuis and Leucoraja ocellata. Summary of the geographic distribution of the 3 fish
species as used in the simulation. Left panels: occupancy of
each fish species at the stratum
scale during winter (dark grey
shading) and spring and autumn (light grey shading); strata
occupied from autumn to spring
are also shown (shaded black).
Right panels: distribution of
density for each fish species
based on summer bottom-trawl
surveys;
incrementing
grey
shading represents increasing
density based on the 10th (lightest grey), 25th, 50th, 75th and
90th (black) percentiles for nonzero density for each species
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ution (Fig. 6). Strata in which ≥ 10% of survey tows
caught a given species were considered occupied by
that species. The distribution of the fish species observed in August and September surveys in 2004−
2006 was used to characterise the distribution among
strata for July−August and September−October respectively. Because detailed recent information on
distribution was available for those months, fish distribution was characterised based on observed densities
in each stratum. Furthermore, bootstrapping of survey sets within strata was used to simulate the observation error associated with fish distribution during
the summer and early autumn.
The seasonal distribution of the fishes can be summarised as follows (our Fig. 6; for more details see
Clay 1991 and Darbyson & Benoît 2003). sGSL cod
overwinter in the deeper waters of Sydney Bight and
along the southeastern slope of the Laurentian Channel (Fig. 1). In about April, cod migrate into the sGSL
following the northwestern coast of Cape Breton
Island as well as along the slope of the channel. They
historically distributed themselves broadly throughout the sGSL from the late spring to mid-autumn,
though concentrations in the centre of the Magdalen
shallows have decreased substantially since the mid1990s. The return migration to overwintering grounds
now occurs in November (Comeau et al. 2002). White
hake overlap substantially with cod during the winter. Spring migration occurs later in May, with some
hake moving to coastal areas in the southernmost
portion of the sGSL and others remaining in the
Laurentian Channel (Clay 1991). The autumn migration to overwintering grounds appears to occur in
late November and early December. Finally, winter
skate appear to be broadly distributed over the Magdalen shallows during the winter (Darbyson & Benoît
2003). In late May and early June they migrate to the
shallow areas of the sGSL, with important concentrations in the coastal waters of Prince Edward Island
and New Brunswick (Swain et al. 2006). The autumn
migration is nearly complete by mid-November.
Satellite tags deployed between 1993 and 2010 on
131 grey seals from the Sable Island herd (mainly
young-of-the-year and individuals 8+ yr old) and 56
from the Gulf herd (including 27 juveniles) provide
information on seasonal distribution and movements
(Goulet et al. 2001, Breed et al. 2006, Harvey et al.
2008). The average seal was tracked for about 7 mo,
and for any given month there were data for 7 to
107 tagged Sable herd seals and 5 to 44 tagged Gulf
herd individuals. A state-space model described by
Jonsen et al. (2005) was used to handle observation
errors in raw Argos satellite-derived positions and

to normalise the number of positions reported per
day per seal to 3 (Breed et al. 2006, Harvey et al.
2008).
The seasonal distribution of grey seals can be
briefly described as follows (Fig. 4). Grey seals are on
their breeding grounds during December to February, after which they disperse to feed. During moulting, animals spend more time ashore, dispersing
once moulting is complete. Gulf animals may disperse to the Scotian Shelf, or other areas in the Gulf
and estuary of the St. Lawrence, and Sable animals
may disperse throughout the Scotian Shelf or move
into the Gulf (Stobo et al. 1990, Lavigueur & Hammill
1993, Goulet et al. 2001, Austin et al. 2006, Breed et
al. 2006, Harvey et al. 2008).
Previous analyses of the tracking data have
revealed sex- and stage-dependent differences in
grey seal movements (Breed et al. 2006, Harvey et al.
2008). The respective monthly distribution of juvenile, adult male and adult female grey seals from
each of the Sable and Gulf herds (henceforth, seal
groups) was summarised as the proportion of normalised positions occurring each month in each
bottom-trawl survey stratum. These monthly distributions were assumed to be representative of the populations of each seal group for 2005. In creating these
summaries, data for a particular seal in a given
month were only retained if that seal was tracked for
at least 10 d. Because there were few tagged seals in
the spring, data from the months adjoining a month
of interest were pooled. Variability in seal distributions was estimated by bootstrapping the satellite
tracking data, treating individual seals within seal
groups as sampling units.
There has been no satellite tracking of Coastal
Nova Scotia grey seals, though some of them likely
spend some time foraging where sGSL fish occur. We
assumed that the movement patterns of these seals
likely reflect those observed in the other 2 herds,
though they are perhaps more like Sable Island seals.
A portion, PCoastal, of the Coastal Nova Scotia herd
was assumed to have a monthly distribution identical
to Sable Island grey seals, while the remainder, 1 −
PCoastal, adopted the distribution of Gulf seals. PCoastal
was somewhat arbitrarily defined to vary uniformly
over the interval 0.3 to 1.0 (Table 1).

Predation given seal–fish overlap
Within a stratum occupied by seals, we assumed
that consumption of each fish species was proportional to their respective biomasses in that stratum.
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Each scenario comprised 5000 iterations of the
simulation. From the resulting set of model realisations, we calculate 3 properties of interest. The first
is the average monthly potential consumption of
each fish species by seals (i.e. mean consumption in
the absence of alternate prey). This is a measure of
the scope for a predation effect based solely on the
constraints of grey seal energy demands, fish
energy content and overlap between seals and individual fish species. The second property of interest
is the probability that seal predation can explain
certain fractions of fish M given different assumptions for seal diets, conditional on the various
assumptions of the simulation structure and parameters. For a given fish species, this was calculated
as the proportion of realisations in which the simulated consumption resulted in a mortality that was
equal to or exceeded a given proportion of the randomly drawn M for that species. Separate probabilities were calculated for the 2 age groups of cod
because they had different M values. The third
property of interest was the mean seal diet composition (%) implied by different proportions of fish species M, at different levels of partial consumption of
fish. This was calculated specifically for those seals
that overlap with a given fish species, and also at
the seal herd level. The estimated diet of overlapping seals in the simulation provides an indication
of the degree to which total consumption is constrained by spatial overlap.

Summer diet sampling
Winter diet sampling
Survey

100
10

Percent

Though we acknowledge the multitude of possible
multi-species functional responses relating prey
availability to seal consumption (e.g. Koen-Alonso
2007), this was the simplest assumption to make in
the absence of strong data on grey seal prey preference, the abundance of other prey in each cell, and
possible prey switching. However, while this functional response results in proportional consumption
at the local stratum scale, differential patterns in the
spatial distribution of all animals considered in the
simulation and bioenergetic limits on seal consumption mean that the functional response is non-linear
at the population scale. It is ultimately at this
population scale that assumptions about functional
responses are important for population dynamics
modelling and where the assumption of a Type I
multi-species functional response may be most
tenuous (e.g. Mackinson et al. 2003, Koen-Alonso &
Yodzis 2005, Matthiopoulos et al. 2008).
Fish of different sizes were also consumed in proportion of availability in the simulations. This was
assumed because current estimates of prey size composition in grey seal diets in the sGSL are considered unreliable. Diet samples collected during the
summer and the autumn reflect feeding mainly in
shallow waters (Fig. 1), where the smaller individuals
of the species of interest are most prevalent and
larger individuals are rarer or absent (Macpherson &
Duarte 1991, Swain 1993). This could explain the
high proportion of smaller individuals in sampled
seal diets (our Fig. 7; Hammill et al. 2007). In contrast,
winter sampling in an area where both small and
large cod congregate (Fig. 1, location denoted by
a star) suggests that seals may select larger fish
(Fig. 7).
For simplicity, the biomass of each fish species
remaining at the end of each month following seal
consumption was distributed proportionately among
the strata those fish occupy in the following month.
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Simulation scenarios and output metrics
Separate scenarios were simulated to account for
the possible partial consumption of cod and white
hake, either by belly-biting or head-rejection. In
each case, we simulated different proportions of fish
eaten partially, ranging from 0 to 1 and incremented
by 0.1 between simulations. Though some, but not
all, consumed cod and hake are eaten partially in
nature, the true proportions are not known, so we
simulated proportions over the full range for illustration purposes.
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Fig. 7. Gadus morhua and Halichoerus grypus. Frequency
distribution of southern Gulf of St. Lawrence cod lengths in
the 2005 population, and in grey seal diet samples collected
during spring−summer and in the winter of 2008 (location
denoted by a star in Fig. 1). The population frequency distribution is based on catchability-adjusted estimates from the
annual September survey. Note that the percentage axis is
on a log-scale

RESULTS
Total potential consumption
For the 3 fish species, the highest potential
consumption occurred during the summer months
(Fig. 8). This result may in part be because we
allowed fish density to vary among occupied strata in
those months based on the results of summer bottomtrawl surveys, and if seal densities were greatest in
strata where fish densities were high. In 2005, an
average of around 2600 tonnes (t) mo−1 (31 044 t yr−1)
of whole age 5+ yr cod could potentially have been
eaten by seals, based on the estimated overlap in the
spatial distributions of seals and fish. In comparison, the point estimate of cod loss due to M that year
was about 28 126 t (Table 2). In all but the summer
months, cod overlapped overwhelmingly with grey
seals from the Gulf herd (Fig. 8). Potential consumption of adult white hake by seals was estimated to
average 2350 t mo−1 in 2005 (~28 300 t for the year)
(Fig. 8), while estimated losses due to M for the year
were 3471 t (Table 2). For winter skate, Gulf herd
seals contribute almost exclusively to an average
potential consumption of 6100 t mo−1, which is more
than an order of magnitude larger than the estimated
annual loss to M.
A global sensitivity analysis of the contribution of
input parameter variability to total variability in seal
consumption was undertaken using a general linear
model (Saltelli et al. 2000). Approximately 28% of
variability in consumption was due to variability in
seal abundance and overlap with fish, 40% due to
variability in the bioenergetics model, with the remainder due to variability in the various other inputs.

Probability of explaining fish M as a function of
seal diet composition
Even in the absence of partial consumption by seals,
there was a 0.5 probability of explaining ~70% of M
in cod aged 5 to 10 yr and a very high probability
(≥0.95) of explaining ~20% of M (Fig. 9a). To explain
70% of M required that the diet of grey seals that
overlapped spatially with these cod be dominated by
them (~60% in the diet) (Fig. 10). This however translates to about 15% of sGSL cod ages 5 to 10 yr in the
average diet of Gulf seals (Fig. 10) and 3% in the diet
of Sable Island seals (not shown).
A predation effect was slightly more likely for cod
aged 11+ yr in the absence of partial consumption, with probabilities of 0.5 and 0.95 of explaining

Potential consumption by grey seals (1000 t)
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Fig. 8. Gadus morhua, Urophycis tenuis, Leucoraja ocellata
and Halichoerus grypus. Average monthly potential consumption of southern Gulf of St. Lawrence cod, white hake
and winter skate by grey seals. Symbol size indicates the
relative contribution of the Sable Island and Gulf herds
to potential consumption, as indicated in the key. Note
that symbols have been slightly offset horizontally for clarity

Table 2. Gadus morhua, Urophycis tenuis and Leucoraja
ocellata. Average 2005 beginning-of-the-year fish biomass
and total biomass loss implied by the estimated (empirically
derived) natural mortality
Species
Atlantic cod, ages 5+ yr
White hake, ages 5−7 yr
Winter skate adults

Biomass (t)

Biomass loss (t)

53883
4078
816

28126
3471
369

~80 and 50% of M, respectively (Fig. 9c). To explain
80% of their M, age 11+ yr cod must comprise ~3.3%
of the diet of overlapping grey seals, and < 0.8% of
the mean diet of the Gulf herd (Fig. 10).
Consumption of whole age 3+ yr white hake by
grey seals could explain ~40 and 15% of M with
respective probabilities of 0.5 and 0.95. The 0.5 probability would be achieved if white hake comprise
around 8% of the diet of overlapping seals and 2.5%
and < 0.5% of the respective mean diets of the Gulf
and Sable Island herds (Fig. 10; results not shown for
the Sable Island herd diet). Predation of white hake is
heavily constrained by considerable spatial overlap
with adult cod and our assumption of a proportional
functional response, as is evident from the large
potential consumption of hake noted previously
(Fig. 8). White hake consumed whole would need to
comprise about 12 and 4% of the diets of overlapping
and Gulf herd grey seals, respectively (Fig. 10) to
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Fig. 9. Gadus morhua, Urophycis tenuis and Halichoerus grypus. Contours of
the probability from the simulation that grey seal predation can explain different
proportions of fish natural
mortality, M, (ordinate) as a
function of different proportions of fish consumed only
partially (abscissa), for (a,b)
age 5−10 yr cod, (c,d) age
11−15 yr cod or (e,f) white
hake, consumed partially by
either (a,c,e) belly-biting or
(b,d,f) head-rejection. The
isoprobability contours are
drawn using incrementing
grey shading as indicated in
(f), e.g. probability = 0.25
(lightest grey) to probability
= 0.95 (black)
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Proportion of fish consumed partially by grey seals

explain all of the M in excess of the level estimated
for years prior to 1985 (Fig. 2c).
For white hake and both cod age groups (5−10 and
11+ yr), the probability that grey seal predation
explains M increases as the seals include more partially consumed fish in their diet (Fig. 9). The increases are most pronounced when partial consumption takes the form of belly-biting, because fewer kJ
are obtained from each killed fish. The probability
that a given proportion of M is explained by grey
seals increases by 50% if 10−25% of white hake and
25−50% of cod are consumed by belly-biting. At
these levels, these fish also comprise 15 to 30% less
of the total energy required by grey seals, compared
to the scenario where seals always consume whole
fish (Fig. 10). Increasing the proportion of fish that

are consumed partially by head-rejection has considerably less impact on the probability of explaining M
(Fig. 9). Compared to a situation where fish are all
consumed whole, if seals consume 50% of cod and
white hake by head-rejection, the proportion of M
that can be explained at a given probability level
increases by ~10%.
Given the very high potential for consumption of
adult winter skate by grey seals (Fig. 8), all of winter
skate M was explained by predation in every simulation undertaken (results not shown). To explain all of
their M, adult winter skate must comprise no more
than 0.6% of the diet of the grey seals that overlap
spatially with them, and no more than 0.2% and
< 0.05% of the respective mean diets of the Gulf and
Sable Island herds (Fig. 11).
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Proportion of fish consumed partially by grey seals
Fig. 10. Gadus morhua, Urophycis tenuis and Halichoerus grypus. Contours of the grey seal diet composition (% of total diet)
required to explain different proportions of fish natural mortality M (ordinate) as a function of different proportions of fish consumed only partially (abscissa), for age 5−10 yr cod (upper panels), age 11−15 yr cod (middle panels) or white hake (lower panels). The composition of the diet of seals overlapping with the fish species/age group in question is shown for the scenarios involving belly-biting (left column) and head-rejection (centre column) of prey. The composition of the average diet of a Gulf
grey seal in the head-rejection scenario is shown in the right column

DISCUSSION
To date, modelling studies of the effect of seals on
NW Atlantic cod populations (e.g. Trzcinski et al.
2006, Chassot et al. 2009) or the ecosystems in which
they reside (e.g. Bundy & Fanning 2005, Savenkoff et
al. 2007) have been parameterised using the species
and size composition of fish observed in the available
seal diet samples. While these studies have concluded that seals (harp or grey seals, depending on
the ecosystem) have impeded the recovery of collapsed populations to a degree, the extent of this
effect is estimated to be small and for many stocks
a substantial proportion of the natural mortality of

large fish remains unexplained. However, these
results are largely driven by the estimated seal diets,
which we suggest may underestimate the consumption of larger fish. Nevertheless, indirect evidence
points to an effect of grey seals on sGSL marine fish
stocks. Changes in the species composition of the
sGSL marine fish community are consistent with an
effect of grey seal predation, and basic consumption
modelling suggests that removals of fish by grey
seals may have replaced the extraction formerly
imposed by fisheries, which are now closed or
severely scaled back compared to the 1970s and
1980s (Benoît & Swain 2008, Savenkoff et al. 2008).
Although numerous other hypotheses have been
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Proportion of winter skate M
explained by seal predation
Fig. 11. Leucoraja ocellata and Halichoerus grypus. Percentage of winter skate in the grey seal diet required to explain
different proportions of winter skate natural mortality, M.
Shown is the required diet composition for the average
Sable Island (dashed line) or Gulf (s) grey seal, and for Gulf
grey seals overlapping spatially and seasonally with winter
skate (solid line)

proposed to explain elevated M of adult cod, predation by grey seals remains the hypothesis with the
greatest support (Bowen et al. 2009, Swain 2011,
Swain et al. 2011). Finally, unusually high adult M is
a common feature among all Canadian cod stocks
located to the south of the Laurentian Channel, the
area with the greatest overlap with NW Atlantic grey
seals. Conversely, M does not appear to currently be
as elevated to the north of the Channel, where grey
seals are less abundant.
Our approach shows that the conditions exist for
grey seal predation to comprise a significant component of M among large cod, hake and skate, given
the assumptions of our model. We find that while the
consumption of cod aged 5 to 10 yr in the simulation
was particularly constrained by spatial overlap and
seal bioenergetics, an important portion of their M
(~20%) could be explained with high certainty (0.95
probability) even in the absence of belly-biting. Furthermore, this result was obtained even if these cod
formed only 5% of the average diet of Gulf seals. In
the simulation, there was also strong potential for
seal predation to explain the elevated M of white
hake, provided grey seals had some preference for
them relative to ages 5−10 yr cod. In contrast, there
was abundant scope for grey seals to consume winter
skate in the simulations, regardless of the abundance
of other species. Jointly, the results of our modelling
suggest that, to the extent that the simulation assumptions are correct, predation by grey seals can
account for the elevated adult mortality of the 3 fish

163

species concerned. Jointly, the sGSL populations of
these 3 fish species need to comprise only about 20%
of Gulf and 3.5% of Sable Island grey seal diets to
explain most of their M.
Attributing a large component of fish M to seal predation becomes more likely if seals consume some of
their prey only partially, particularly if seals only
consume the viscera of fish. Partial consumption of
fish, particularly belly-biting, is believed by fish harvesters to be common, though quantitatively documenting its frequency has been difficult except for
seals that forage near shore (e.g. Lilly & Murphy
2004, Hauser et al. 2008), in and around fishing gear
(e.g. Moore 2003), or in captivity (e.g. Phillips &
Harvey 2009). Animal-borne cameras (e.g. Marshall
1998, Bowen et al. 2002) might provide new insights
into the size-frequency and the prevalence of incomplete consumption of large demersal fishes eaten by
grey seals, but the key will be in obtaining a representative sample. Further captive-feeding trials with
choices of live prey might also be beneficial.
There are specific conditions under which partial
consumption of prey is an optimal predation strategy
(e.g. Cook & Cockrell 1978, Sih 1980, Penry 1993). A
predator consuming an individual prey item must be
able to selectively feed on portions of differing net
energetic value (i.e. energy gained relative to processing cost). There must also be a net energetic
benefit of leaving an unfinished prey item to find and
capture a subsequent prey. An optimal foraging
model of partial consumption predicts that as prey
density decreases, increasing the costs of prey acquisition, predators should consume increasing proportions of individual prey items (Sih 1980). The model
predictions and the conditions under which partial
consumption is an optimal strategy were borne out in
a study of bears feeding on salmon (Gende et al.
2001). The conditions for partial consumption may
also exist for cod and white hake in the southern
Gulf. First, energy density is not uniform within their
bodies: depending on the season, the viscera of adult
cod comprise on average between 11 and 16% of total body mass but between 30 and 43% of total body
energy content. Second, positive abundance–occupancy relationships mean that local fish density can
remain high even as abundance decreases (e.g.
Swain & Sinclair 1994). It may therefore still be profitable for seals that target aggregations to only partially consume individual prey despite declining fish
abundance. Larger fish may be more likely to be partially eaten because their energy-dense parts should
be easier to target and their bones more costly to process in terms of handling time, compared to smaller
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fish. Nevertheless, the presence of alternative and
potentially more profitable prey in areas occupied by
cod could negate such expectations.
If predation by grey seals contributes significantly
to adult cod and white hake M, our simulations suggest that the contribution of these species to average
diet will be relatively small and highly clustered in
the small proportion of seals that overlap spatially
with them. Individual diet specialisation has been
observed in many other species (reviewed by Bolnick
et al. 2003) and may also occur in grey seals (Beck et
al. 2007, Tucker et al. 2007). Estimating a reliable
average diet in the face of diet specialisation and a
diverse prey set requires a large sample that is spatially and seasonally representative. For species such
as winter skate, which would occur only at trace
levels in the diet and are unlikely to be detected by
traditional hard-parts analyses, predation is likely to
go undetected (but see results based on chemical
analyses in Beck et al. 2007).
Though our simulations aimed to capture a number
of sources of uncertainty related to consumption by
seals and to fish losses, potential biases related to the
monthly geographic distributions of all species likely
remained. For the fishes, monthly distributions other
than in summer and early autumn were inferred from
past surveys conducted during periods of higher
abundance and therefore may differ from present
distributional patterns. Furthermore, by assuming
that distribution is uniform over the occupied area in
non-summer months, consumption may have been
underestimated if grey seals concentrate in highdensity areas or overestimated if they aggregate in
low-density areas. For grey seals, transmitters were
deployed in locations where they could be captured
and not necessarily where animals were distributed.
It is therefore unclear to what degree distributional
patterns inferred from the few tagged individuals are
representative of the respective herds.
Two important components of predator behaviour
that determine prey consumption are decisions related to which foraging areas to occupy and decisions
concerning prey selection in the chosen foraging
areas. The simulations only dealt with the former
component, which shapes the potential for predation.
However, the predator’s functional response, when
confronted with a choice of sizes and species of prey ,
can largely influence the resulting diet. This is an
information gap that can be filled by simultaneous
sampling of seal diets and the prey field (e.g. Smout
& Lindstrøm 2007). At present, the simulations therefore cannot verify the hypothesis that grey seal predation is an important contributor to large fish M.

Rather, they can only establish the degree to which
the hypothesis is plausible, given constraints on food
ingestion by seals, overlap between species and species abundances. The simulations are therefore
another approach to increase our understanding of
the ecosystem-level impacts of population increases
in this generalist upper-trophic-level predator. However, the largest challenge ahead will be in better
understanding the diverse indirect interactions in the
food webs (e.g. Punt & Butterworth 1995, Walters &
Kitchell 2001, Wirsing et al. 2008) of which grey seals
are an important component. It is these interactions
in particular that make predicting the outcome of
possible management actions very difficult (Bax
1998, Yodzis 1998, 2001). Quantifying these interactions means obtaining representative diets of all
interacting species, highlighting again the need for
more accurate estimates of grey seal prey composition at the population scale.
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