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ABSTRACT  
 
The spatial overlap between 56 grey seals equipped with satellite transmitters and 11 fish 
species including cod on the Scotian Shelf (4VsW) was examined. Foraging patches of males 
and females overlapped considerably. Seals remained within their foraging patches for an 
average of 6.1±0,53 days. Patches were located on average at 97.3±4.6 km from Sable Island. 
Foraging patch area was larger during the 1990s (493.5±151.3 km²) than during the 2000s 
(225.4±41.3 km²). The probability of a foraging patch occurring varied with a combination of fish 
abundance and distance from Sable Island. Overall, the probability of occurrence of a foraging 
patch decreased with distance from Sable Island. Species selected at close proximity to Sable 
Island differed than those that overlap with the foraging patches of seals further offshore. In 
July, female grey seals showed some selectivity for medium size cod, and small silver hake, 
while no selectivity for cod was observed among males. During March, males showed selectivity 
for medium (pre-2000) and for large (decade=2000’s) cod. While the foraging patches of males 
overlapped with large haddock and large cod at close proximity to Sable Island, this association 
declined gradually with distance from the Island 
 
 

RÉSUMÉ 
 

Le chevauchement spatial entre 56 phoques gris équipés d'émetteurs satellites et 11 espèces 
de poissons dont la morue a été examiné sur le plateau néo-écossais (4VsW). Les aires de 
recherche de nourriture des mâles et des femelles se chevauchent considérablement. En 
moyenne, les phoques restent dans leurs aires d’alimentation 6,1 ± 0,53 jours. Ces aires 
d’alimentation étaient situées à 97,3 ± 4,6 km de l'Île de Sable. Les aires de recherche de 
nourriture étaient plus grandes pendant les années 1990 (493,5 ± 151.3 km²) que durant les 
années 2000 (225,4 ± 41,3 km²). La probabilité d'observer une aire de recherche variait en 
fonction de l'abondance du poisson et de la distance de l'île de Sable. Dans l'ensemble, la 
probabilité d'occurrence d'une aire de recherche de nourriture diminuait avec la distance de l'Île 
de Sable. Les espèces sélectionnées à proximité de l'Île de Sable différaient de celles qui 
chevauchaient les aires de recherche des phoques au large. En juillet, les phoques gris 
femelles montraient une certaine sélectivité pour la morue de taille moyenne, et le merlu 
argenté petits, tandis que pas de sélectivité pour le cod n’a été observée chez les mâles. En 
mars, les mâles ont montré une sélectivité pour les morues de taille moyenne (pré-2000) et de 
grande taille (2000's). Bien que les aires de recherches de nourriture des mâles chevauchent 
les concentrations d’aiglefin et de morue grande taille à proximité de l'île de Sable, cette 
association diminuait progressivement avec la distance de l'île 
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INTRODUCTION 
 
Predation is a pervasive feature of marine ecosystems (Bax 1998). Losses to predation may 
exceed losses to fisheries, yet it is often assumed that fisheries alone are responsible for 
variation in fish survival (Morissette et al. 2006). Predation impacts on a population may be 
direct, in the form of consumption of prey species or indirect through forcing prey species to 
develop costly anti-predator strategies to minimize predation mortality (Creel and Christianson 
2008, Wirsing et al. 2008).  
 
Several Atlantic Canada groundfish stocks collapsed near the end of the 1980s, due largely to 
overfishing, but in spite of continued restrictions, many of these stocks have shown limited or no 
signs of recovery, among these is the cod stock in NAFO fishing zone 4VsW. Predation by grey 
seals has been suggested as an important reason for this lack of recovery. Attempts to examine 
this have indicated that grey seal might account for a significant component of natural mortality 
(Mohn and Bowen 1996, Fu et al. 2001, Trzcinski et al. 2006), but this has been questioned 
(Bowen et al. 2009, Bundy et al.  2009).   
 
Evaluating the magnitude of the consumption of cod by grey seals and its contribution to 
mortality of cod, requires information on population size, energetic requirements, diet 
composition, size classes and energy density of the prey, as well as the distribution of marine 
mammal feeding effort (Harwood and Croxall 1988, Harwood 1992). 
 
Over the last decade, our information on populations, distribution, energy requirements and 
understanding of diet have improved immensely. However, our understanding of diet in an 
operational sense remains uncertain. Several approaches have been developed including 
analyses of digestive tract contents, fatty acid and stable isotope analyses (Iverson et al. 2004, 
Hammill et al. 2005). Additional approaches have attempted to associate seal diet, with prey 
availability, to improve our understanding of the functional relationships involved in prey 
selection (Smout and Lundstrøm 2007, Lindstrøm et al. 1998). However, all of these 
approaches have different biases associated with them, complicating attempts to understand 
true diet composition. Hence, although important, diet information is difficult to obtain owing to 
challenges in obtaining samples (stomachs), difficulties in sampling in offshore areas (digestive 
tracts), inability to separate age and sex effects (faecal analyses) considerable laboratory 
expense (digestive tracts), uncertainty in correction factors (faecal analyses), uncertainty in the 
time-frame or spatial region being sampled and the need for extensive prey libraries (fatty acid, 
stable isotope ratios), and variability in calibration or enrichment factors (fatty acid, stable 
isotope ratios). 
 
Developments in wildlife telemetry have substantially increased our ability to study movements 
and diving behaviour of marine mammals at sea. Furthermore, the increase in numbers of 
deployments has opened the way for more sophisticated analyses to try to understand habitat 
selection and foraging behaviour of marine predators (Breed et al. 2006, Weimerskirch et al. 
2007, Freitas et al. 2008, Harvey et al. 2008). Harvey et al. (2011b) have demonstrated that the 
movement patterns of grey seals in the Cabot Strait area (NAFO zone 4Vn), indicated overlap 
between aggregations of overwintering cod from the southern Gulf of St. Lawrence (NAFO zone 
4T) and male grey seals of Gulf origin in the vicinity of northern Cape Breton Island. In a second 
studies, Harvey et al. (2011a) examined the overlap between grey seals and several prey 
species in 4T during summer. They observed that male grey seals tended to forage further 
offshore than females. They also demonstrated that several species of fish including cod had 
higher densities in areas where grey seals did not appear to be foraging  extensively, and also 
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showed an increasing abundance as distance from haulout sites increased suggesting a 
response by certain prey to minimize predation from seals.  
 
Here we examine the movement patterns of grey seals on the Scotian Shelf (NAFO zone 
4VsW) based on satellite transmitters that have been deployed on grey seals on Sable Island 
and in the Gulf of St. Lawrence over the past 15 years (Goulet et al. 2001, Austin et al. 2006, 
Breed et al. 2006, Harvey et al. 2008) to provide some comparison of behaviour across a large 
region using similar approaches. We compare the distribution and foraging activities of these 
animals to size-specific spatial distributions of fishes obtained from synoptic bottom-trawl survey 
data to gain insights into potential predator-prey interactions. 
 
 

MATERIAL AND METHODS 
 
STUDY AREA AND DATA COLLECTION  
 
The Scotian Shelf comprises the continental shelf off Nova Scotia of about 200 km width 
bounded by the Laurentian Channel in the northeast and the Northeast channel and the Gulf of 
Maine in the southwest. With an average depth of 90 m, this shelf has an irregular bathymetry, 
consisting of a number of basins and channels that separate shallow offshore banks. Sable 
Island is located approximately 300 km southeast of the Nova Scotia coast on the eastern part 
of the shelf (Fig 1). Between 1993 and 2008, grey seals were captured at Sable Island as well 
as within the Gulf during either May-June (post-moult), or September-October from 1993 to 
2008. In the Gulf, seals tagged were anesthetised (Baker et al. 1990) and an incisor tooth was 
extracted to determinate their age (Bernt et al. 1996). The brands or tags of seals from Sable 
Island allowed age determination. Animals were classified as juveniles (<6 years) and adults (≥6 
years old) (Hammill and Gosselin 1995). Argos satellite transmitters (tag models deployed 
include: SDR -Wildlife Computers, Redman, WA, USA; ST-18, Telonics, Mesa AZ, USA or 
SRDL 7, Sea Mammal Research Unit, St. Andrews, UK) were glued to seals using 5-minute 
epoxy. All animal handling procedures followed the guidelines of the Canadian Council on 
Animal Care (1993). 
 
Standard groundfish bottom trawl surveys have been conducted in the 4VsW and 4X NAFO 
areas by the Department of Fisheries and Oceans during July, 1970 to present and during 
March 1979-1984, 1986-2009. The northern portion of the area was not completely surveyed in 
March 1996 and 2009, mainly due to heavy ice coverage. There were also no March surveys for 
1998 and 2004. The fish data presented here and used for our analysis were obtained from 
these surveys. The surveys used a stratified random survey design (Smith and Page 1996). The 
sample unit for the survey was defined as the area over the bottom covered by a trawl 12.5 m 
wide towed at 3.5 knots for a distance of 1.75 nautical miles. These sample units or sets were 
selected before the cruise and randomly located in each stratum. At each survey station, fish 
abundance was sampled. The area covered by those fish surveys was considered as the stuy 
area for our analyses (Fig. 1). 
 
SPATIAL OVERLAP BETWEEN FISH AND SEALS 
 
We fitted a two-state switching CRW model described in Breed et al. (2009), to the grey seal 
data using WinBUGS 5 (available online) and R (R Development Core Team 2008). This 
allowed us to correct for erroneous satellite locations and to normalize the number of locations 
obtained for each individual per day. We used a first difference correlated random walk model 
with a 480 min time-step (3 locations by day) to determine whether a seal was foraging or 
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travelling as described by (Breed et al. 2009). Locations for which the state-space model had 
inferred uncertain behaviour, which represented less than 10% of the dataset, were excluded 
from our analyses. Any area of at least three consecutive foraging locations was identified as a 
foraging patch. The time within each foraging patch was estimated and measured the area of 
foraging patches using a minimum convex polygon method (Breed et al. 2009) and kept only 
those that were located (>50%) within 4Vs and 4W NAFO areas in July and March.  
 
Eleven fish species sampled by the survey were selected because they were known to be 
important prey (eg. herring) or are considered to be minor prey (eg. haddock) of grey seals. Fish 
were separated into 2 or 3 length classes when possible (Table 1). We used the Geostatistical 
Analyst extension of ArcGIS v9.3 (Environmental System Research Institute, Inc (ESRI), 380 
New York Street Redlands, CA 92373-8100) to produce prediction maps of fish density for each 
group of fish, combining the data from decades 1990 (as an average for fish data obtained 
between 1990 and 1999) and 2000 (for fish obtained between 2000 and 2009) as well as for 
each year separately for which a foraging patch was identified. We repeated these analyses for 
each survey dataset. We used the “ordinary kriging” method to model spatial structure based on 
an omni-directional, spherical semivariogram model. When more than one value was available 
at the same location, catch rates were averaged. The area of less than 100 m deep along the 
Nova Scotia as well as around Sable Island was excluded from the analysis since surveys did  
not sample these areas.  
 
STATISTICAL ANALYSES 
 
We used t-tests as well as general linear models to assess the difference in residence time, 
area of foraging patch and distance from Sable Island between sex, decades and seasons (July 
and March) 
 
Overlap between seals and fish was evaluated by fitting Resource Selection Functions (RSFs) 
based on a use/availability design (Manly et al. 2002, Johnson 1980). Fish densities within 
foraging patches were compared using logistic regression to the characteristics of foraging 
patches randomly located throughout the study region. We then randomly selected foraging 
patches (using rotation and translation) 50 times within the survey area (Wilson et al. 1998, 
Dussault et al. 2005). Random permutations of the foraging patch were retained if ≥50% of 
range area overlapped the study area to avoid an underestimation of the study area boundary 
(Wilson et al. 1998, Dussault et al. 2005). ArcGIS 9.3 was then used to calculate the abundance 
of each fish group within a foraging patch and and the random permutation patches. Each 
foraging patch was related to the density of the fish in the same year. When there was no 
survey in the year of the foraging patch, we used the average fish density calculated for that 
decade. 
 
As grey seals are central place foragers, the area available to them is limited to the area 
surrounding their haulout site. We applied a distance-based model to incorporate potential 
spatial clustering of habitats surrounding the central place and to account for potential bias in 
the selection estimates (Rosenberg and McKelvey 1999, Carrete and Donázar 2005, Beest et 
al. 2010). We used the distance between the middle of a foraging patch and Sable Island as an 
explanatory variable in the models tested.  
 
Logistic regressions using generalized estimating equations (GEE) to control for repeated 
observations on the same individual were used to relate the probability of occurrence of a 
foraging zone to fish abundance. We performed these analyses for each sex, season (July, 
March) and decade (1990s and 2000s) separately. 
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The most predictive model was selected based on the quasi-likelihood information criterion 
(QIC) developed by Pan (2001) and QIC weights (w) (Burnham and Anderson 2002). Models 
with ΔQIC≤2 were considered to be equivalent. When models were equivalent, the model with 
the fewest parameters was selected (Burnham and Anderson 2002). We considered n, the 
sample size, as the number of seals. To avoid model over-parameterization, only models in 
which the number of variables did not exceed n/5 were explored. We tested all models of each 
fish group, distance and the interaction between fish group and distance.  
 
RSF scores were then calculated : 
1 RSF scores=exp[β0+β1x1+ β2x2 ... ], 
 
where β0 is the intercept of the RSF model and β1 and β2 are the coefficients of independent 
variables x1 and x2, respectively. RSF scores should reflect the relative probability of occurrence 
of a foraging patch of seals within the study area (Johnson  1980). The confidence interval limit 
of the Wald’s statistic was used to determine if  differed from 0. When >0, the probability of 
use by a seal is higher than in reference category and lower if <0. All analyses were performed 
using SAS (Littell et al. 2002). Results are presented as means ± SE. 
 
 

RESULTS 
 
GREY SEAL DISTRIBUTION 
 
A total of 207 grey seals were tagged at Sable Island and within the Gulf of St Lawrence 
between 1993 and 2008. Data were obtained from 56 (Sable Island=23; Gulf=53) individuals 
during both July and March. Forty individuals (6 females juvenile, 20 females adults, 6 males 
juveniles, 8 male adults) were tracked during both months and spent time within more then 50% 
of the area encompassed by the groundfish survey.  A total of 368 foraging patches were 
identified in the Scotian Shelf area during both months. These could be broken down into 81 
foraging patches (10 females juvenile, 18 females adults, 27 males juveniles, 26 male adults) in 
July and 74 foraging patches (11 females juvenile, 38 females adults, 9 males juveniles, 16 
male adults) created by 35 seals (7 females juvenile, 5 females adults, 11 males juveniles, 12 
male adults) during March.  
 
Overall, foraging patches were mostly located over shallow banks that surrounded Sable Island 
(Fig. 2a). Foraging patches of males and females overlap considerably. Seals remained in their 
foraging patches for 6.1±0,53 d, which were on average located 97.3±4.6 km from Sable Island. 
The foraging patches encompassed an area of 288.4±48.1 km². Distance from Sable Island 
(F3,31=17.9, P<0.01) as well as residency time within foraging patches (F3,31=17.9, P<0.01) did 
not vary with decades but foraging patch area was larger during the 1990s (493.5±151.3 km²) 
than during the 2000s (225.4±41.3 km²) (t147=2.40, P<0.01). In July, females had larger foraging 
patches (243.6± vs 131.3±17.6 km²; t77=2.16, P=0.03) and they foraged closer to Sable Island 
than males (65.2±7.2 vs 91.1±5.9 km;  t77=-2.70, P<0.01). Both sexes however, stayed for a 
similar time period within their foraging patches (6.5±1.1 (female) vs 5.5±0.7 (male) d;t77=0.79, 
P=0.43). In March, the residence time in a foraging patch (7.3±1.3 vs 4.7±0.7 d; t68=1.36, 
P=0.18), area (476.7±133.1 vs 316.4±110.7 km²;t68=0.11, P=0.91) as well as distance 
(114.0±9.1 vs 112.1±14.8 km) of foraging patches from Sable Island (t68=0.78, P=0.44) did not 
vary between sexes. Overall, adults had larger foraging patches (151.4±30.7 km² vs 394.4± 
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80.4 km²; t147=-2.5, P=0.01) that were located farther from Sable Island than juveniles (86.9±6.7 
vs 105.5±6.2; t147=-2.04, P=0.04). 
 
OVERLAP SEALS AND COD 
 
Overall, the probability of having a foraging patch decreased with increasing distance from 
Sable Island. However, this varied differently among fish groups.  
 
July 
 
The number of forging patches utilized by females in the study area prior to the year 2000 was 
too low (n=1) for any statistical analysis of the spatial overlap between seals and fish.  
 
During the 2000s, the best ranking models indicated that females were more likely to have a 
foraging patch associated with small silver hake and medium cod was greater at 50 km than at 
more than 100 km from the Island. However, this probability decreased with the abundance of 
small and large white hake(Fig. 3a). Small redfish were included in the best model, but their 
selectivity did not vary with availablity within the 4VsW NAFO area covered by the study area 
(Table 3).  
 
Males, in the 1990s, showed a positive selection for small haddock as well as for small silver 
hake at 50 km. Selection for both fish groups became negative with increasing distance from 
Sable Island (Fig. 3b). The probability of having a foraging patch also did not vary with the 
abundance of small thorny skates (Table 3). 
 
During the 2000s, males had a foraging patch in areas of high concentration of small haddock 
at distances of less than 100 km from the Island. Moreover, this probability decreased more 
rapidly at >100 km than at 50 km from Sable Island. Males also avoided large white hake at 50 
km. This aversion became gradually less important with increasing distance from Sable Island 
while a neutral selection for this fish group was observed at 200 km. 
 
March 
 
During the 1990s, females selected for the small haddock group at distances of 50 km,  but 
showed an aversion for small haddock at 100 km and greater distances from Sable Island (Fig. 
4a). No pattern of selection was observed for large thorny skates (Table 3). 
 
In 2000s, foraging patches of females were negatively associated with large haddock at 50 km 
but this association gradually became positive with increasing distance from Sable Island (Fig. 
4b). Overall females also avoided areas associated with large concentrations of small silver 
hake but selection for this fish group was higher at 50 km than at greater distances. Small as 
well as large white hake, small witch flounder and small redfish, where were also included in the 
best predictive models, were avoided by seals. Selection for those species did not vary with 
distance from Sable Island (Table 3). 
 
Before 2000, the probability of having a foraging patch of males decreased with an increase in 
large americain plaice abundance. This aversion however became less important with 
increasing distance from Sable Island. Foraging patches of males were also positively 
associated with medium cod at 50 km. This association was negative at other distances 
(Fig. 4c). Small american plaice, sand lance, small witch flounders, large white hake and large 
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thorny skates were also included in the best predictive models but these fish groups did not 
have a significant effect on the probability of having a foraging patch of males in the study area.   
 
In the 2000s, foraging patches of males were associated with large haddock and large cod at 50 
km. This association however became gradually negative with increasing distance from Sable 
Island.  
 
 

DISCUSSION 
 
Grey seals prefer shallow areas of less than 50 m depth (Harvey et al. 2008). Their limited 
offshore movement may be linked to physiological limitations on their diving capacity (Halsey et 
al. 2006) and need to haulout. In winter, seals foraged further offshore than in July. As also 
demonstrated by previous studies (Breed et al. 2006, Harvey et al. 2008, Harvey et al. 2011b), 
we observed a spatial segregation between sexes around Sable Island while offshore foraging 
areas were more frequently used by males than by females. The average distance of foraging 
patches areas from Sable Island did not vary between sexes in March. This result was 
surprising since the most striking spatial segregation between sexes has been observed in this 
period while males dispersed widely along the shelf between Sable Island and Cape Cod and 
females concentrated more around Sable Island (Breed et al. 2006). However, the distance at 
which males foraged from Sable Island in winter was more variable than those of females 
(180±209 vs 82±65 km, from Breed et al. 2009). According to Breed et al. (2006), most males 
appeared to concentrate in 4X in this time of the year. Although we observed foraging patches 
of males in this area during March, we limited our study to the 4VsW NAFO area only. This may 
explain the absence of statistical differences in distance between foraging patches. Males and 
females have different foraging strategy patterns. Fermales gain body mass during spring 
suggesting they have a higher foraging effort than males at this time of the year. Later during 
summer both males and females apparently increase their foraging effort (Beck et al. 2003a, b). 
The competition for food ressources in summer may force sexes to segregate and males to use 
habitats further offshore (see Breed et al. 2006). 
 
As seen in the southern Gulf in summer (Harvey et al. 2011a), we observed that the probability 
of a foraging patch occurring varied with a combination of fish abundance and distance from 
Sable Island. Overall, the probability of occurrence of a foraging patch decreased with distance 
from Sable Island. Interestingly, species selected at close proximity to Sable Island differed from 
those that overlap with the foraging patches of seals further offshore. While the foraging 
patches of males overlapped with large haddock and large cod at 50 km from Sable Island, this 
association declined gradually with distance from Sable Island. Central place foraging strategy 
states that searching and foraging efforts should decrease as distance from the central place 
increases, but animals that forage at a greater distance from the central place should increase 
their energy gain in the patch encountered in the furthest habitats (Orians and Pearson 1979). 
Gadoid and demersal species fish have lower energy density than small pelagic fish species. 
Aggregations of those fish species at close distances to colonies or haulout sites allows marine 
predators to reach prey patches at low energetic costs (Guinet et al. 2001, Weimerskirch et al. 
2005, Baylis et al. 2008, Winter et al. 2009). However, when foraging at great distance from 
Sable Island seals may compensate for the increase in travelling costs by foraging on more 
energetic fish species. Here, we limited our analyses to the best predictive models in the habitat 
selection analyses. In these models no pelagic fishes were selected.  
 
One surprising result from this study was the insignificance of sandlance, herring and redfish in 
our analyses. Both species are important prey in grey seal diets from Sable Island and other 
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areas (Bowen et al. 2011, Hammill 2011, Stenson and Hammill 2011). Visual inspection showed 
considerable overlap between grey seals, particularly some females and some concentrations 
of sandlance and herring. However, these species were absent from other areas where foraging 
was identified. Differences in foraging strategy between individuals may then have led to the 
neutral selection for these species in our statistical analysis.  
 
Overall, the pattern of selection observed according to species was coherent with our 
understanding of diet composiiton. The spatial distributions of foraging patches of grey seals 
were negatively related to haddock, american plaice, redfish and white hake. All of these 
species have been demonstrated to be under-represented in grey seal diets according to their 
availability (Bowen and Harrisson 2006). Contrary to what was seen in the diet analysis, seals 
appeared to overlap with concentrations of medium and large cod at 50 km from Sable Island. 
This association is demonstrated by males in March in 1990s and 2000s respectively as well as 
by females (medium cod) during summer in the 2000s. Males have also been observed to 
overlap with large cod in winter period in 4Vn area (Harvey et al. 2011b). The analysis of 
stomach contents in an area where cod are aggregated and seals overlap with these 
aggregations demonstrated that large cod can make an important contribution to the diet of 
males grey seals in winter (Stenson and Hammill 2011). Analyses from  the southern Gulf also 
demonstrated that males selected for offshore areas where large cod occurred suggesting that 
large cod may be an important prey species there during in summer as well (Harvey et al. 
2011a). However, some of these may have been digested by the time that seals would be 
sampled leading to a bias in diet composition estimated using stomach contents. The positive 
relationship between the probability of occurrence of foraging patches of seals and medium as 
well as large cod over the Scotian shelf suggests that the interaction between these two species 
is more important than formerly considered. However, sampling should be undertaken to 
determine if seals are feeding on cod in these areas, or on some other prey found in association 
with cod. 
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Table 1. Fish species and size classes used in this study. 
 

Group fish Size class 
(cm) 

size 

<30 small American plaice(Hippoglossoides 
platessoides) >30 large 

<25 small 

25-35 medium Cod (Gadus morhua) 
>35 large 

<20 small 

20-30 medium Haddock (Melanogrammus 
aeglefinus) 

>30 large 

<30 small 
Herring (Clupea harengus) 

>30 large 

<30 small 
Pollock (Pollachius genus) 

>30 large 

Sandlance (Ammodytes sp.) all  

<20 small 

20-30 medium Redfish (Sebastes sp.) 
>30 large 

≤45 small 
Smooth skate (Anacanthobatis sp.) 

>45 large 

≤45 small 
Thorny skate (Amblyraja radiata) 

>45 large 

≤35 small 
White hake (Urophycis tenuis) 

>35 large 

≤30 small Winter flounder 
(Pseudopleuronectes americanus) >30 large 

≤30 small Witch flounder (Glyptocephalus  
cynoglossus) >30 large 
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Table 2. Logistic regression results: effect on fish species on the probability of the occurrence of foraging path of grey seals according to fish data 
obtained from RV trawl sruvey conducted on a) July and b) March in 4VsW NAFO areas in 1990s and 2000s for both females and males. All 
models including second order interaction terms between fish group and distance were tested. Only the 5 best will be shown here. Best models 
are shown in bold and equivalent models (QICu≤ 2) in italics. I=Intercept of the model. K (number of estimated parameters including the intercept 
) is 4 for all models presents here.  
 

1990-1999   2000-2009 
model QIC QIC ω  model QIC QIC ω 
a) July         

female  

     I+ dist + whak>35 + dist*whak>35 220,9 0,0 0,1

     I + dist + had>35  + dist*had>35  221,1 0,2 0,1

     I + dist + shak<35  + dist*shak<35  221,6 0,7 0,1

      I+ dist + wtfl<30 + dist*wtfl<30 221,8 0,9 0,1

     I + dist + red<20  + dist*red<20  221,9 0,9 0,1

     I + dist + cod 25-35  + dist*cod 25-35  222,6 1,7 0,1

     I + dist + whak<35  + dist*whak<35  222,9 2,0 0,1

male  

I + dist + tsk<45 + dist*tsk<45 100,0 0,0 0,3  I + dist + had<25  + dist*had<25  396,2 0,0 0,3

I + dist + had<25  + dist*had<25  100,8 0,8 0,2  I + dist + whak>35 + dist*whak>35 396,3 0,0 0,3

I + dist + shak<35  + dist*shak<35  103,0 3,0 0,1  I + dist + shak>35    dist*shak>35  398,6 2,3 0,1

I + dist + had>35  + dist*had>35  103,2 3,2 0,1  I + dist + ampl<30 + dist*ampl<30 399,4 3,2 0,1

I + dist + wtfl<30 + dist*wtfl<30 104,7 4,7 0,0  I + dist + her<30 + dist*her<30 400,1 3,9 0,0
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Table 2 (end). 

1990-1999   2000-2009 

Model QIC QIC ω  Model QIC QIC ω 
b) March         

Female 

I + dist + tsk<45 + dist*tsk<45 100,0 0,0 0,3  I + dist + whak>35 + dist*whak>35 218,2 0,0 0,2

I + dist+ had<25 + dist*had<25  100,8 0,8 0,2  I + dist + had>35 + dist*had>35  218,7 0,5 0,1

I + dist + shak>35 + dist*shak>35  103,0 3,0 0,1  I + dist + wtfl<30 + dist*wtfl<30 219,4 1,2 0,1

I + dist + had>35 + dist*had>35  103,2 3,2 0,1  I + dist + red<20 + dist*red<20  219,5 1,2 0,1

I + dist + wtfl<30 + dist*wtfl<30 104,7 4,7 0,0  I + dist + shak<35 + dist*shak<35  219,5 1,3 0,1

     I + dist + whak<35 + dist*whak<35  219,8 1,6 0,1

Male 

I + dist + ampl>30 + dist*ampl>30  90,9 0,0 0,2  I + dist + had>35 + dist*had>35  128,3 0,0 0,5

I + dist + ampl<30 + dist*ampl<30 91,0 0,2 0,1  I + dist + cod>35 + dist*cod>35 130,3 2,0 0,2

I + dist + whak>35 + dist*whak>35 91,6 0,7 0,1  I + dist + shak>35 + dist*shak>35  132,7 4,4 0,1

I + dist + cod 25-35 + dist*cod 25-35  91,7 0,9 0,1  I + dist + her1 + dist*her1 133,6 5,3 0,0

I + dist + tsk>45 + dist*tsk>45 91,9 1,1 0,1  I + dist + whak<35  + dist*whak<35  134,4 6,1 0,0

I + dist + wtfl>30 + dist*wtfl>30 92,5 1,6 0,1      

I + dist + wtfl<30 + dist*wtfl<30 92,7 1,9 0,1      

I + dist + slance + dist*slance 92,8 2,0 0,1           
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Table 3. Most parsimounious models (see Table 2) of fish selection by females and males grey seals in 
4VsW NFO areas in a) July and b) in March for both in 1990s and 2000s.  

  IC 

  
Covariate β SE 

lower upper
Z P 

a) July 

female after 2000      

I+ dist + whak>35 + dist*whak>35    

 I 0,34 0,82 -1,27 1,95 0,42 0,68 

 dist -0,04 0,01 -0,05 -0,02 -4,97 <0,01 

 whak<35 -2,56 1,12 -4,76 -0,37 -2,29 0,02 

 dist*whak<35 0,01 0,01 0,00 0,02 2,48 0,01 

        

I + dist + had>35  + dist*had>35      

 I -1,56 0,51 -2,55 -0,57 -3,09 <0,01 

 dist -0,03 0,01 -0,04 -0,02 -4,47 <0,01 

 had>35 0,02 0,01 0,00 0,04 2,04 0,04 

 dist*had>35 0,00 0,00 0,00 0,00 -1,67 0,09 

        

I + dist + shak<35  + dist*shak<35     

 I -2,01 0,56 -3,10 -0,92 -3,61 <0,01 

 dist -0,02 0,01 -0,03 -0,01 -3,50 <0,01 

 shak<35 0,01 0,00 0,01 0,02 3,39 <0,01 

 dist*shak<35 0,00 0,00 0,00 0,00 -3,26 <0,01 

        

I + dist + red<20  + dist*red<20      

 I -1,37 0,58 -2,50 -0,24 -2,38 0,02 

 dist -0,03 0,01 -0,04 -0,02 -4,59 <0,01 

 red<20 0,00 0,01 -0,02 0,02 0,24 0,81 

 dist*red<20 0,00 0,00 0,00 0,00 0,60 0,55 

        

I + dist + cod 25-35  + dist*cod 25-35     

 I -1,77 0,52 -2,79 -0,75 -3,39 <0,01 

 dist -0,02 0,01 -0,04 -0,01 -4,00 <0,01 

 cod 25-35 0,67 0,23 0,22 1,13 2,88 <0,01 

 dist*cod 25-35 -0,01 0,00 -0,02 0,00 -2,50 0,01 
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Table 3 (cont’d). 

I + dist + whak<35  + dist*whak<35     

 I 0,60 0,83 -1,03 2,24 0,72 0,47 

 dist -0,04 0,01 -0,06 -0,02 -4,73 <0,01 

 whak>35 -3,46 1,27 -5,93 -0,98 -2,73 0,01 

 dist*whak>35 0,02 0,01 0,01 0,03 2,88 <0,01 

        

male before 2000      

I + dist + tsk<45 + dist*tsk<45     

 I -1,76 0,76 -3,24 -0,27 -2,32 0,02 

 dist -0,02 0,01 -0,04 -0,01 -4,12 <0,01 

 Tsk<45 -0,07 0,15 -0,37 0,23 -0,47 0,64 

 dist*tsk<45 0,00 0,00 0,00 0,00 1,70 0,09 

        

I + dist + had<25  + dist*had<25      

 I -3,51 0,57 -4,62 -2,40 -6,18 <0,01 

 dist 0,00 0,00 -0,01 0,01 -0,33 0,74 

 had<25 0,10 0,02 0,05 0,14 4,09 <0,01 

 dist*had<25 0,00 0,00 0,00 0,00 -3,59 <0,01 

        

I + dist + shak<35  + dist*shak<35     

 I -3,08 0,40 -3,86 -2,30 -7,77 <0,01 

 dist 0,00 0,00 -0,01 0,00 -1,09 0,28 

 shak<35 0,01 0,01 0,00 0,03 2,20 0,03 

 dist*shak<35 0,00 0,00 0,00 0,00 -2,03 0,04 

        

Male after 2000       

I + dist + had<25  + dist*had<25      

 I -2,66 0,26 -3,17 -2,15 #### <0,01 

 Dist -0,01 0,00 -0,02 0,00 -3,78 <0,01 

 had<25 0,19 0,09 0,02 0,36 2,14 0,03 

 dist*had<25 0,00 0,00 -0,01 0,00 -2,82 0,00 

        

I + dist + whak>35 + dist*whak>35    

 I -1,25 0,44 -2,11 -0,40 -2,87 <0,01 

 Dist -0,02 0,00 -0,03 -0,01 -6,07 <0,01 

 whak>35 -3,27 1,24 -5,69 -0,85 -2,65 0,01 

 dist*whak>35 0,02 0,01 0,00 0,03 2,49 0,01 
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Table 3 (cont’d). 

b) March       

Female before 2000      

I + dist + tsk<45 + dist*tsk<45     

 I  -1,76 0,76 -3,24 -0,27 -2,32 0,02 

 dist -0,02 0,01 -0,04 -0,01 -4,12 <0,01 

 tsk1 -0,07 0,15 -0,37 0,23 -0,47 0,64 

 dist*tsk1 0,001 0,001 -0.01 0,01 1,7 0,08 

        

I + dist+ had<25 + dist*had<25     

 I -3,51 0,57 -4,62 -2,4 -6,18 <0,01 

 dist -0 0,04 -0,01 0,01 -0,33 0,74 

 had1 0,1 0,02 0,05 0,14 4,09 <0,01 

 dist*had1 0 0,00 -0 -0 -3,59 <0,01 

        

Female after 2000      

I + dist + whak>35 + dist*whak>35    

 I -3,55 0,42 -4,37 -2,73 -8,46 <0,01 

 dist 0,00 0,00 -0,01 0,00 -0,70 0,48 

 whak>35 -0,13 0,17 -0,47 0,20 -0,78 0,44 

 dist*whak>35 0,00 0,00 0,00 0,00 -1,00 0,32 

        

I + dist + had>35 + dist*had>35      

 rcept -3,04 0,40 -3,83 -2,25 -7,57 <0,01 

 dist -0,01 0,00 -0,01 0,00 -1,79 0,07 

 had>35 -0,07 0,03 -0,13 -0,01 -2,26 0,02 

 dist*had>35 0,00 0,00 0,00 0,00 2,42 0,02 

        

I + dist + wtfl<30 + dist*wtfl<30     

 I -3,86 0,65 -5,13 -2,60 -5,99 <0,01 

 dist 0,00 0,00 -0,01 0,01 -0,17 0,87 

 wtfl<30 0,02 0,02 -0,03 0,06 0,67 0,51 

 dist*wtfl<30 0,00 0,00 0,00 0,00 -0,67 0,50 

        

I + dist + red<20 + dist*red<20      

 I -3,75 0,44 -4,61 -2,90 -8,62 <0,01 

 dist 0,00 0,00 -0,01 0,00 -0,42 0,67 

 red1 0,00 0,00 0,00 0,00 0,39 0,70 

 dist*red1 0,00 0,00 0,00 0,00 -0,20 0,84 
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Table 3 (cont’d). 

I + dist + shak<35 + dist*shak<35     

 I -3,47 0,39 -4,23 -2,70 -8,91 <0,01 

 Dist 0,00 0,00 -0,01 0,00 -1,06 0,29 

 shak1 -0,01 0,00 -0,01 0,00 -2,30 0,02 

 dist*shak1 0,00 0,00 0,00 0,00 2,09 0,03 

        

I + dist + whak<35 + dist*whak<35     

 I -3,32 0,50 -4,29 -2,35 -6,69 <0,01 

 dist 0,00 0,00 -0,01 0,00 -0,98 0,33 

 whak<35 -0,22 0,13 -0,47 0,03 -1,69 0,09 

 dist*whak<35 0,00 0,00 0,00 0,00 0,84 0,40 

        

male before 2000      

I + dist + ampl>30 + dist*ampl>30     

 I -1,34 0,65 -2,62 -0,06 -2,05 0,04 

 dist -0,02 0,01 -0,03 0,00 -2,43 0,02 

 ampl>30 -0,36 0,14 -0,62 -0,09 -2,60 0,01 

 dist*ampl>30 0,00 0,00 0,00 0,00 2,25 0,02 

        

I + dist + ampl<30 + dist*ampl<30    

 I -1,63 0,82 -3,24 -0,03 -1,99 0,05 

 dist -0,01 0,01 -0,02 0,01 -1,22 0,22 

 ampl<30 -0,03 0,13 -0,28 0,22 -0,21 0,83 

 dist*ampl<30 0,00 0,00 0,00 0,00 -0,87 0,38 

        

 I -2,06 0,77 -3,58 -0,55 -2,68 0,01 

 dist -0,01 0,01 -0,03 0,01 -1,31 0,19 

 wtfl>30 0,13 1,63 -3,06 3,32 0,08 0,94 

 dist*wtfl>30 -0,02 0,02 -0,06 0,02 -0,78 0,43 

        

I + dist + whak>35 + dist*whak>35    

 I -2,39 0,86 -4,08 -0,70 -2,77 0,01 

 dist -0,01 0,01 -0,03 0,01 -1,16 0,25 

 whak>35 1,65 1,77 -1,81 5,12 0,93 0,35 

 dist*whak>35 -0,04 0,03 -0,11 0,02 -1,31 0,19 
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Table 3 (cont’d). 

I + dist + cod 25-35 + dist*cod 25-35     

 I -1,77 0,5216 -2,79 -0,75 -3,39 <0,01

 Dist -0,02 0,0062 -0,04 -0,01 -4 <0,01 

 cod 25-35 0,673 0,2337 0,215 1,131 2,88 0,004

 dist*cod 25-35 -0,01 0,0037 -0,02 -0 -2,5 0,012
        

I + dist + tsk>45 + dist*tsk>45     

 I -1,43 0,67 -2,75 -0,12 -2,13 0,03 

 dist -0,02 0,01 -0,03 0,00 -2,45 0,01 

 tsk2 -3,51 5,78 -14,83 7,82 -0,61 0,54 

 dist*tsk2 0,00 0,05 -0,09 0,10 0,09 0,93 
        

I + dist + wtfl>30 + dist*wtfl>30     

 I -2,58 0,57 -3,71 -1,45 -4,49 <0,01 

 dist -0,01 0,01 -0,02 0,00 -2,52 0,01 

 wtfl2 -0,05 0,09 -0,22 0,12 -0,61 0,54 

 dist*wtfl2 0,00 0,00 0,00 0,00 1,16 0,24 
        

I + dist + wtfl<30 + dist*wtfl<30     

 I -2,35 0,90 -4,12 -0,58 -2,60 0,01 

 dist -0,01 0,01 -0,03 0,01 -1,33 0,18 

 wtfl<30 0,08 0,09 -0,09 0,25 0,92 0,36 

 dist*wtfl<30 0,00 0,00 0,00 0,00 -1,29 0,19 

        

I + dist + slance + dist*slance     

 I -2,43 0,93 -4,25 -0,62 -2,63 0,01 

 dist -0,01 0,01 -0,03 0,00 -1,47 0,14 

 slance 0,72 0,55 -0,36 1,79 1,30 0,19 

 dist*slance -0,01 0,01 -0,03 0,01 -1,32 0,18 
        
male after 2000       

I + dist + had>35 + dist*had>35      

 I  -6,49 1,23 -8,91 -4,07 -5,26 <0,01 

 Dist 0,02 0,01 0,00 0,04 2,07 0,04 

 had>35 0,17 0,06 0,06 0,28 2,95 <0,01 

 dist*had>35 0,00 0,00 0,00 0,00 -2,51 0,01 
        

I + dist + cod>35 + dist*cod>35     

 I  -5,27 0,73 -6,71 -3,84 -7,20 <0,01 
 Distance 0,01 0,01 0,00 0,02 1,84 0,07 

 cod3 0,62 0,21 0,22 1,03 3,03 <0,01 

 cod3*dist 0,00 0,00 -0,01 0,00 -2,17 0,03 
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Figure 1. Scotian shelf and the surrounding area. The blue line represents the area encomppassed by the 
RV groundfish survey conducted in NAFO fishing areas 4X and 4VsW during March and July in the 
1990s and 2000s. The dashed line represents the 200 m isobath.
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Figure 2. All foraging patches of grey seals (a) and foraging patches of seals wihtin the area covered by 
the RV fish surveys in 4VsW NAFO area in both March (blue) and July (green) between 1993 and 2009. 
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 Large white hake 
 
 
 
 
 
 
 
 
b)  small haddock            Small silver hake 

 
 
 
 
 
 
 

c) 
Large haddock       Large white hake 
 
 
 
 
 
 
 
 

Fish density 
 

Figure 3. The relative probability of occurrence of grey seal foraging patch in July as a function of fish 
density in the area covered by the RV groundfish survey over the 4VsW NAFO area according to 
decades and sex (a) females in 2000s, b) males in 1990s, c) males in 2000s). Relative probabilities were 
estimated using the best predictives models (Table 3). The relative probabilities are provided for 
distances from Sable Island (50(blue line), 100 (pink line), 150 (yellow line) and 200 (green line) km from 
Sable Island. 
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a)  Small haddock    
 
 
 
 
 
 
 
b)    Large haddock    Small silver hake 

 
 
 
 
 
 
 
 

c)  Large american plaice       Medium cod 
 
 
 
 
 
 
 
 
 
 

d)     Large haddock         Large cod 
 
 
 
 
 
 
 
 

Fish density 
 
Figure 4. The relative probability of occurrence of grey seal foraging patch in March as a function of fish 
density in the area covered by the RV groundfish survey over the 4VsW NAFO area according to 
decades and sex (a) females in 1990s, b) females in 2000s, c) males in 1990s, d) males in 2000s). 
Relative probabilities were estimated based on best predictives models (Table 3). The relative 
probabilities are provided for distances from Sable Island (50 (blue line), 100 (pink line), 150 (yellow line) 
and 200 (green line) km) to illustrate the gradual changed in fish selection by grey seals with distance 
from Sable Island. 
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