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1.  INTRODUCTION

Areas of high productivity are not uniformly distrib-
uted in most environments, and predators tend to
concentrate in areas where environmental factors are
favourable, such as patches of high food availability
(Hunt et al. 1999). The ideal free distribution model
predicts, however, that patches of high food availabil-
ity decline in profitability as the number of individual
competitors for this shared resource increase in a
patch (Fretwell & Lucas 1969). Indeed, spatial segre-
gation is one of the mechanisms species may use to
minimize competition, thereby allowing the coexis-
tence of species with similar resource requirements
within a region (Navarro et al. 2009, Quillfeldt et al.
2013, Clay et al. 2016). When food resources are
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ABSTRACT: Prey aggregations are not uniformly dis-
tributed, driving predator species to aggregate in spe-
cific areas of high food availability. On the east coast
of Newfoundland, capelin Mallotus villosus, a small
forage fish, migrate inshore to spawn during the sum-
mer, providing an abundant food source for marine
predators. During this period, non-breeding great
shearwaters Ardenna gravis (GRSH) and sooty shear-
waters A. grisea (SOSH), both long-distance migratory
sea birds, aggregate in coastal Newfoundland, but it
is unclear what drives their distributional patterns
within this region. Using at-sea surveys, we investi-
gated whether the density and distributional patterns
of GRSH or SOSH were influenced by sea surface
temperature, depth and fish (prey) density as well as
the number of the other seabird species or other
shearwater species (i.e. GRSH or SOSH). The pres-
ence and number of GRSH and SOSH were positive -
ly influenced by the density of the other sympatric
shearwater species but were not influenced by the
densities of other seabird species. These findings sug-
gest that the benefits of foraging in close association
may outweigh costs. Fish density was less important
in explaining the presence and number of GRSH and
SOSH than depth, as both species were mainly found
together in shallow areas (<50 m) along the coast.
As fish density was primarily distributed in shallow
areas, reflecting predictable locations of and migra-
tory routes to capelin spawning sites, depth (or dis-
tance from shore) and the distribution of other shear-
waters may provide important cues to locate regions
of high prey availability in coastal Newfoundland.
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An aggregation of non-breeding great and sooty shear -
waters close to shore in coastal Newfoundland, Canada.
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abundant, however, foraging in association with
other species may be beneficial for a number of rea-
sons, such as enhanced prey accessibility (Hoffman et
al. 1981, Clua & Grosvalet 2001, Goyert et al. 2014).

To understand the mechanisms driving seabird dis-
tributions at sea, researchers commonly use distribu-
tional data from at-sea surveys or tracking devices in
combination with measures of ocean productivity
(e.g. chl a) as well as physical factors that are both
static (e.g. bathymetry, distance to colony) and dyna -
mic (e.g. sea surface temperature [SST], salinity; Ain-
ley et al. 2005, Nur et al. 2011). Researchers often
rely on biophysical factors as proxies of prey habitat
to explain predator distributional patterns (e.g.
Ainley et al. 2005, Amorim et al. 2009), but some
studies use direct measures of prey distribution and
density (e.g. Ainley et al. 2009, Goyert et al. 2018).
Although proxies of prey habitat can sometimes ef-
fectively predict predator species distribution when
prey distribution is unknown (e.g. Torres et al. 2008),
the mechanisms that underscore these associations
are often unclear. Predators that consume similar
prey types and sizes may also negatively or positively
influence the distributional patterns of each other
(e.g. Ainley et al. 2009). For instance, foraging in
close association with other predators can enhance
prey capture rates through prey herding (Evans
1982, Ballance et al. 1997, Clua & Grosvalet 2001,
Hebshi et al. 2008, Goyert et al. 2014) or dispersal of
aggregated prey (Thiebault et al. 2016). Indeed, sur-
face-feeding seabirds may rely on subsurface preda-
tors, such as tuna (Hebshi et al. 2008) or diving sea-
birds (Hoffman et al. 1981), to drive prey to the ocean
surface, thereby enhancing prey accessibility and
capture rates. Seabirds also may cue to the foraging
activities of each other (i.e. local enhancement) to
minimize energy expenditure while searching for
prey (Silverman et al. 2004, Thiebault et al. 2014,
Bairos-Novak et al. 2015). In contrast, species might
reduce access of other predator species to prey either
through indirect interactions, such as reducing
access to prey or prey density within a patch through
exploitation, or direct interactions, such as food steal-
ing, resulting in avoidance and, ultimately, spatial
segregation (Hoffman et al. 1981, Ballance et al.
1997, Maniscalco et al. 2001, Ainley et al. 2003).

Great shearwaters Ardenna gravis (hereafter
GRSH) and sooty shearwaters A. grisea (hereafter
SOSH) are trans-equatorial migrants, and while they
breed in large colonies in different regions of the
South Atlantic, they have a sympatric distribution
during the non-breeding season in the North Atlantic
(Brooke 2004). During non-breeding, both species

appear to have a similar diet, based on stomach con-
tent analysis (e.g. euphausiids, capelin, squid, her-
ring; Brown et al. 1981) as well as stable isotope and
fatty acid signatures (Ronconi et al. 2010, Carvalho &
Davoren 2019). Both species are also present in large
non-breeding aggregations within coastal regions of
the North Atlantic (e.g. Gulf of Maine, Bay of Fundy,
Newfoundland), which are often associated with
high-density prey aggregations (Brown et al. 1981,
Ronconi et al. 2010, Hedd et al. 2012, Davoren 2013a,
Powers et al. 2017). In coastal Newfoundland, capelin
Mallotus villosus is a key forage fish that is the main
prey of many predators (Carscadden et al. 2002,
Burke & Montevecchi 2008, Krumsick & Rose 2012),
including GRSH and SOSH (Carvalho & Davoren
2019). Capelin migrate from offshore wintering areas
to coastal regions to spawn during the summer
(Davoren et al. 2006), resulting in a highly abundant
pulsed source of prey close to shore that is associated
with the arrival of non-breeding GRSH and SOSH
(Davoren 2013a). During the capelin spawning sea-
son, >95% of the fish sampled in trawls (by number)
within the study area is capelin (Davoren et al. 2006),
and multiple marine predators (breeding and non-
breeding species) tend to shift their diet to rely more
on capelin (Piatt 1990, Carscadden et al. 2002, Regu-
lar et al. 2009, Gulka et al. 2017). As capelin cease
feeding while inshore to spawn (Davoren et al. 2006),
their distribution is primarily associated with beach
or shallow water (<40 m) spawning sites (Penton &
Davoren 2012) along with coastal (<50 m) migratory
routes linking nearshore pre-spawning staging areas
to spawning sites (Davoren et al. 2006, Davoren
2013b). As such, commercial fishing effort primarily
targets capelin during this period, but the capelin
catch in the study area (Notre Dame Bay) is minimal
relative to other Newfoundland bays and is concen-
trated in shallow areas (<20 m; DFO 2018).

The objective of this study was to describe the
 distributional patterns of non-breeding GRSH and
SOSH in a coastal area of northeastern Newfound-
land during the capelin spawning season (i.e. high
prey availability) and examine the importance of bio-
physical variables (i.e. SST, depth, chl a, fish prey
and predator densities) that explain these patterns.
Specifically, we test the hypothesis that the distribu-
tional patterns of each shearwater species are prima-
rily influenced by capelin density and distributional
patterns within this non-breeding foraging area.
Given the high abundances of capelin in the study
area, suggesting a low probability of prey limitation,
shared prey types between shearwater species, and
potential energetic benefits of foraging in close asso-
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ciation with similar species, we also hypothesized
that GRSH and SOSH distributional patterns would
explain each other’s distribution and predicted that
the distributions of these 2 species would be highly
as soci ated at sea. Testing these hypotheses will de -
termine biophysical factors explaining the distribu-
tional patterns of GRSH and SOSH during their non-
breeding season, for which little information exists.

2.  MATERIALS AND METHODS

2.1.  Study area

The study was conducted off the northeastern coast
of Newfoundland (49°−50° N, 53°−54° W; Fig. 1). In
the study area, spawning capelin migrate toward the
coast in a deep water (>200 m) trench (~Line 1,
Fig. 1), where they remain in a pre-spawning staging
area close to the coast to complete gonadal develop-
ment throughout July (Davoren et al. 2006). Spawn-
ing capelin then move northward along the coast in
shallow areas (i.e. <50 m) to spawn on beaches and
at shallow water sites (15−40 m; Fig. 1) during mid-
to late July (Davoren et al. 2006, Davoren 2013b). A
biological hotspot, where high abundances of many
marine predator species aggregate, forms over a

cluster of annually persistent shallow water spawn-
ing sites (inshore section of Line 3, Fig. 1; Penton &
Davoren 2012, Davoren 2013a). Within this hotspot,
GRSH and SOSH represent 2 of the most abundant
species present during the summer, with both spe-
cies comprising at least half of all seabird predators
(by number; Davoren 2013a), together with breeding
common murres Uria aalge and northern gannets
Morus bassanus (Davoren 2007, 2013a).

2.2.  At-sea surveys

At-sea surveys were repeatedly conducted on
 commercial fishing vessels during late July to early
August of 2007, 2009 to 2012, and 2014 to 2016
(Table 1). The survey timing coincided with the capel -
in spawning season, when capelin were highly abun-
dant in the study area. The survey consisted of
9 transect lines (hereafter line) across the shelf (east−
west) and 1 line along the coast (south−north; Fig. 1).
All lines were not conducted annually due to limited
ship time, resulting in 200 to 450 km surveyed each
year. Some adjacent lines (i.e. Lines 3−4, 6−7) had
similar seabird densities within years (Davoren 2007,
2013a); thus, during years of reduced effort, one of
these lines was randomly surveyed along with lines
where seabird densities were historically higher (i.e.
coastal line, Line 1, Line 4; Fig. 1, Table 1). During
the surveys, strip transect methods were used
(Method I, Tasker et al. 1984), whereby 2 observers
continuously recorded the number of each seabird
species flying and sitting separately within a 300 m
strip off the port side of a 10 m vessel moving at a
constant speed (range: 9−11 km h−1). Based on earlier
surveys (2000− 2003) in the study area (Davoren
2007), we determined that the probability of detect-
ing birds at sea decreased at distances beyond 300 m,
similar to other studies (Barbraud & Thiebot 2009).
Therefore, we counted birds within the 300 m strip
only to ensure consistency among observers across
years. We recorded the number of each species di -
rectly into a laptop (Birds & Beasty Counter software,
version 1.0, 1998; D. Senciall, Fisheries and Oceans
Canada) along with behavioural descriptions (on
water or flying). Some bird species fly faster than
vessels during surveys, increasing their en counter
rates (Spear et al. 1992); therefore, we only consid-
ered the number of shearwaters on the water to avoid
overestimating the number of birds in the area. The
software appended a latitude, longitude and time to
each count entered. Capelin density was quantified
simultaneously using a BioSonics DTX 6000 scientific
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Fig. 1. Study area on the northeastern coast of Newfound-
land, highlighting survey lines (coastal line and Lines 1−9)
and known capelin spawning sites at beaches (open stars)
and in shallow water (black stars). Depth contours (50, 150 

and 250 m) are indicated
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echosounding system, whereby the transducer was
towed along the starboard side at a depth of ~1 m
below the surface, as described in Davoren et al.
(2006). In brief, the sounder was operated through a
70 kHz split beam transducer (5.5° full narrow beam
width, 15° full wide beam width) calibrated with a
tungsten carbide sphere and mounted in a towed
body. The sounder was operated at 1 ping s−1 and
pulse duration of 0.4 ms. Raw high-resolution hydro -
acoustic data (volume backscattering coefficient, sv)
were continuously acquired above a threshold of −90
dB. Echoview software (version 4, SonarData, Myriax
Software) was used to omit acoustic signals within
0.5 m of the seabed if they could not be distinguished
from the seafloor (e.g. side-lobing; Simmonds & Mac -
Lennan 2005). To quantify acoustic biomass (area
backscattering coefficient, sa, m2 m−2; MacLennan et
al. 2002), we integrated acoustic signals using a min-
imum sv threshold of −80 dB in 100 m segments along
the survey. Using a published target strength−length
relationship for capelin (Rose 1998) along with the
mean length of capelin collected in the study area
each year, sa was converted into the number of indi-
viduals per square meter of capelin present in each
100 m segment during each survey. Total seabird

counts and capelin density were calculated for each
100 m segment along each line.

To examine the variables underlying the distribu-
tion of each shearwater species in the study area, we
obtained bathymetry (depth, m), SST (°C) and chl a
concentration (mg m−3). Bathymetry data (100 m res-
olution) were obtained from the Canadian Hydro-
graphic Service, while satellite-derived SST and
chl a data (MODIS Aqua; 4 km2 resolution) were
downloaded from the Goddard Earth Sciences Data
and Information Services Center at the NASA Web
site (https:// disc.gsfc.nasa.gov). The spatial resolu-
tion available for SST and chl a was 4 km2, and all
data were compiled into each 4 km2 bin within the
study area using ArcGIS Desktop 10.3 ESRI® (Spa-
tial Join tool). This spatial scale has been used in pre-
vious studies in the study area (Davoren et al. 2003,
Davoren 2013a), as it represents the range at which
seabirds on the water could visually detect the forag-
ing activities of other birds (~4.5 km; Haney et al.
1992). The mean SST and chl a during the period that
surveys were conducted (July 19−August 13) in each
year were used. When the environmental data (SST
and chl a) were missing in a particular 4 km2 bin, the
value from an adjacent 4 km2 bin was used. Fish den-

Year          Dates                 Lines         Total distance GRSH               SOSH                    GRSH:SOSH 
                                        surveyed     surveyed (km)   Overlap with   Bird density,   Overlap with   Bird density,         ratio
                                                                                           SOSH (%)       birds km−2       GRSH (%)       birds km−2

2007      Jul 24−26;     CL; L1, 3−7, 9         403.6                    73                    20.3                    78                    37.7                 0.68
              Jul 29−31                                                                                     (0.5−107.8)                               (0.5−288.9)

2009         Jul 31;            CL; L1−9             453.1                    68                    21.3                    73                    42.4                 0.57
            Aug 7, 9−10                                                                                   (0.7−440.1)                               (0.7−734.9)

2010   Jul 31−Aug 3;  CL; L1−2, 4−8         388.7                    90                    10.5                    60                   168.5                0.05
                 Aug 7                                                                                        (2.22−22.9)                               (1.1−625.0)

2011   Jul 27, 29−30;  CL; L1−4, 6−8         361.7                    94                     4.5                     52                    62.6                 0.05
               Aug 2−3                                                                                       (0.9−13.8)                                (0.5−333.3)

2012   Jul 29−Aug 2   CL; L1−4, 6−8         355.5                    59                    34.6                    76                    35.0                 1.45
                                                                                                                   (0.5−217.4)                               (0.4−133.8)

2014   Jul 27−28, 31;  CL; L1−4, 7−8         259.4                    57                    79.3                    77                    72.3                 1.62
                 Aug 4                                                                                        (1.1−895.7)                                 (0.5−425)

2015         Jul 31;          CL; L1, 3−4           212.1                    43                     3.2                     45                    25.9                 0.11
              Aug 2, 15                                                                                      (1.0−13.3)                                 (0.9−94.4)

2016      Aug 8−10,     CL; L1, 3−4, 6         209.1                    64                    77.4                    69                    49.1                 1.86
                    12                                                                                           (1.1−506.1)                               (0.8−326.7)

Total/mean ± SD                                        2643.2                   66              31.2 ± 90.3              68             54.8 ± 107.4          0.64

Table 1. Date range, lines surveyed and total distance covered within each annual survey conducted during the summer
(July−August) on the northeastern Newfoundland coast and the percentage of 4 km2 bins in which sooty shearwaters (SOSH)
were present (i.e. overlapped) with great shearwaters (GRSH; and vice versa), average density (minimum and maximum in
parentheses) of shearwaters on the water in 4 km2 bins when birds were present, and ratio of GRSH to SOSH observed during 

each survey. Note the survey lines are the same as in Fig. 1. CL: coastal line; L: line
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sity (ind. m−2) was averaged over all 100 m survey
segments in each 4 km2 bin, as was depth, while the
total number of each shearwater species on the water
in each 4 km2 bin was used. For distributional maps
(Figs. S1 & S2 in the Supplement at www. int-res. com/
articles/ suppl/  m627 p001_ supp. pdf) and in Table 1,
bird densities were calculated as the total number of
each shearwater species on the water in each 4 km2

bin divided by the total area surveyed within that
bin (i.e. no. of 100 m survey segments multiplied by
0.03 km).

2.3.  Statistical analysis

All statistical analyses were performed using R
(version 3.4.0, R Core Team 2017). Environmental
data were examined for differences among years us-
ing non-parametric Wilcoxon tests. The number of
birds in the 4 km2 bins contained a large number of
zeros (>70% of bins yr−1); thus, we used a zero-
altered (hurdle) negative binomial model (pscl pack-
age; Zeileis et al. 2008) to determine the important
predictor variables underlying the distribution of
each shearwater species, similar to Nishizawa et al.
(2015) and Goyert et al. (2018). The hurdle model is
composed of 2 parts: a binomial-based part, which
identifies the factors explaining presence (i.e. number
of birds greater than zero) versus absence (i.e. num-
ber of birds equal to zero), and a count-based part,
which identifies the factors explaining the number of
birds where the birds were present (Zuur et al. 2009).
For these models, the total number (count) of GRSH
or SOSH within each 4 km2 bin was used as the re-
sponse variable. Each 4 km2 bin had a different
survey effort (i.e. number of 100 m survey segments);
therefore, we added the survey effort as an offset
within the model. The predictor (explanatory) vari-
ables used in both the presence−absence and count-
based models consisted of biotic factors (i.e. fish den-
sity, chl a) and abiotic factors (i.e. SST, depth). Fish
density was log transformed to allow a normal distri-
bution. We also included the number of the other
shearwater species on the water as a predictor vari-
able to test our second hypothesis and identify
whether GRSH and SOSH were highly associated at
sea (Goyert 2014). Although Manx shearwaters Puffi-
nus puffinus were occasionally observed during sur-
veys, we consider only GRSH and SOSH here. The
total counts of seabird species other than shearwaters
on the water, primarily breeding common murres and
northern gannets (Davoren 2007, 2013a), were also
included as a predictor variable in the models. All

predictor variables were z-scored (standardized) to
allow comparison among these variables with differ-
ent scales and to determine which predictors had the
most influence on presence and/or counts of each
shearwaters species in each model (Zuur et al. 2007).

Prior to running models, we examined correlations
(Spearman) between the covariates and found that
depth was highly correlated with chl a (r > 0.7).
Therefore, we excluded chl a from further analyses
and only included depth during model selection. As
capelin cease feeding prior to spawning (Davoren et
al. 2006) and spawning sites of capelin are located
in shallow areas (<40 m; Penton & Davoren 2012),
depth would likely be more indicative of distribu-
tional patterns of both shearwaters (Davoren 2013a)
and capelin (Davoren et al. 2006) than chl a. We ini-
tially ran the full model (i.e. all predictor variables
included) for each shearwater species with year as a
discrete random variable (Table S1 in the Supple-
ment) and found that year explained much of the
variance in the GRSH dataset (count: 75.7%; bino-
mial: 33.9%) but not in the SOSH dataset (count:
<0.01%; binomial: 6.6%). Owing to this interannual
variability (especially for GRSH), we were interested
to examine how the predictor variables explaining
the presence and number of GRSH and SOSH dif-
fered among years; thus, we ran separate models by
year, as other similar studies have done (e.g. Ainley
et al. 2009, Goyert et al. 2018). The by-year models
were initially run with an interaction between the
number of the other Shearwater × Prey density, but
the interaction was not statistically significant; there-
fore, the interaction was omitted from the by-year
analysis but was left in the full model (with year as a
discrete random variable; see Table S1). Within each
year, we used Akaike’s information criterion cor-
rected for small sample size (AICc) to select the best
(ΔAICc = 0) and competitive models (ΔAICc < 2). The
model-averaged parameter estimates for each pre-
dictor variable along with its relative importance
were then calculated across all competitive models
(MuMIn package; Barton 2018). The relative impor-
tance (RI) of each predictor variable was calculated
by summing the Akaike weights of all competitive
models in which that variable was present (Burnham
& Anderson 2002).

In survey-based species distributions, spatial auto-
correlation can violate the assumption of independ-
ence between samples (Dormann 2007), where sam-
ples closer in space will be more similar relative to
samples farther apart. By combining survey data into
4 km2 bins, we reduced the spatial correlation among
nearby observations during the survey. In addition,
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we calculated Moran’s I (ape package; Paradis et al.
2004) for surveys in each year to test for spatial cor -
relation (Dormann 2007, Nishizawa et al. 2015). Al -
though values were mostly statistically significant
(p < 0.05), indexes were lower than 0.1, indicating a
lower spatial correlation within each year’s dataset
for GRSH and SOSH.

3.  RESULTS

In total, 2643 km were surveyed during the sum-
mer (July−August) in coastal Newfoundland, with
7743 GRSH and 12 114 SOSH counted on the water
(Table 1). Other common species present on the
water during the surveys in relatively high numbers
were breeding species, including common murres
(13 512) and northern gannets (657), as reported dur-
ing previous studies in the study area (Davoren 2007,
2013a). The ratios of GRSH to SOSH and densities
of the 2 shearwaters species varied widely among
years. Higher densities of GRSH relative to SOSH
were observed during 2012, 2014 and 2016, whereas
the opposite was the case during 2010, 2011 and 2015
(Table 1). The percentage of 4 km2 bins that SOSH
were present with GRSH (and vice versa) varied
between 43 and 94% (Table 1).

3.1.  Environmental data

Environmental conditions varied significantly
among years (Table 2). Indeed, the annual average
SST ranged from 9.94 to 16.69°C and differed signif-
icantly among years (χ2 = 690.98, p < 0.0001). The
warmest years surveyed were 2012 and 2014,

whereas the coldest years were 2011 and 2015
(Table 2). The annual average fish density also var-
ied significantly among years (χ2 = 41.19, p < 0.001),
with higher densities in 2016 and lower densities in
2010 and 2011 (Table 2).

3.2.  Shearwater presence and numbers

For GRSH, the number of other shearwater species
(i.e. SOSH; other shw in Table 3) on the water was
included in the model as a predictor variable in all
binomial (presence−absence) and count (numbers)
components of the hurdle models in all years with
high importance (RI = 1.0), although this predictor
variable was not statistically significant in a few
years (count: 2009, 2011, 2015; binomial: 2014;
Table 3). Although these trends were similar for
SOSH, the number of the other shearwater species
(i.e. GRSH) on the water was statistically significant
for SOSH in fewer years (count: 2015, 2016; binomial:
2007, 2009, 2012; Table 3). In all cases, there was a
positive relationship between the presence and num-
ber of one shearwater species with the other, and this
predictor variable often explained more of the varia-
tion in presence and/or number than other predictors
(i.e. higher parameter estimates; Table 3). Addition-
ally, both species showed high overlap (45−78%)
within 4 km2 bins during each survey (Table 1), or
aggregations were in close proximity (i.e. adjacent
4 km2 bins; Figs. S1 & S2). In contrast, the number of
other species on the water (other sp in Table 3) had
low importance for GRSH and SOSH but was statisti-
cally significant with high relative importance (RI =
1.0) in 1 year for GRSH (count: none; binomial: 2014;
Table 3) and 2 years for SOSH (count: 2016; binomial:
2014; Table 3).

The relative importance of SST was typically low
for GRSH (mostly RI < 0.4) and was only present in
models and statistically significant with high relative
importance (RI = 1) in 2 years (count: 2010, 2011;
binomial: 2011; Table 3). In general, when present
in the model, there was typically a negative rela-
tionship between SST and GRSH numbers, where
higher GRSH numbers occurred at lower tempera-
tures (Table 3). In contrast, the relationship between
SST and SOSH numbers was typically positive, with
higher SOSH numbers associated with higher tem-
peratures (Table 3); however, SST was only statisti-
cally significant with moderate relative importance
(RI = 0.58−0.86) in 3 years (count: 2014, 2015, 2016;
binomial: none; Table 3). In contrast, depth was
present and statistically significant in more models
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Year            SST (°C)             Fish density (ind. m−2 × 103)

2007         13.27 ± 1.23e                        0.31 ± 2.56ab

2009         13.77 ± 0.49de                       0.26 ± 1.89ab

2010         13.82 ± 0.51d                        0.19 ± 0.94b

2011           9.94 ± 0 .55g                       0.16 ± 0.65b

2012         15.81 ± 0.91b                        0.15 ± 0.72ab

2014         16.69 ± 1.89a                        1.90 ± 11.03ab

2015         11.93 ± 1.73f                         0.23 ± 1.72ab

2016         14.38 ± 0.83c                        2.88 ± 18.08a

Table 2. Mean ± SD of sea surface temperature (SST; °C)
and fish density (ind. m−2 × 103) in each survey year on the
northeastern coast of Newfoundland during the survey pe-
riod (Jul 17−Aug 12). Significantly different values (p < 0.05)
among years are indicated by different letters, while values
that are not significantly different (p > 0.05) are indicated by 

the same letters
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Model       Parameter                2007                               2009                              2010                               2011                              2012
                                      Estimate     RI       n      Estimate     RI       n      Estimate     RI       n      Estimate     RI       n      Estimate     RI       n

GRSH
Count        Intercept         −2.13                             −4.19                             −0.63                           −16.20                             −1.73                   
                 SST                 −0.05      0.22      1           2.28      0.21      3       −13.96***  1.00     11        −3.39*    1.00      2         −0.18      0.21      2
                 Depth              −0.99**   1.00      3                                                 0.07      0.30      3         −7.72*    1.00      2         −0.31      0.36      4
                 Logfish              0.01      0.21      1           0.87**  0.87      9           0.19      0.56      6                                                  1.14*    0.83      7
                 Other shw         2.08**   1.00      3           0.55      1.00     11          0.76***  1.00     11          0.18      1.00      2           4.39**   1.00      9
                 Other sp                                                                                      −0.03      0.34      4         −0.45      0.44      1         −1.29*    0.83      7

Binomial   Intercept           7.93                               2.52                             −6.48                           −19.49                             −2.82                   
                 SST                                                          0.52      0.34      4                                               −6.60*    1.00      2                                     
                 Depth                                                      0.43*    0.91     10        −0.22      0.20      3         −4.68**   1.00      2         −0.70*    0.92      8
                 Logfish                                                    0.1        0.26      3           0.02      0.06      1                                               −0.23      0.42      4
                 Other shw      97.38**   1.00      3         52.56***  1.00     11        11.28*    1.00     11          4.12*    1.00      2         17.32*    1.00      9
                 Other sp                                                  0.1        0.07      1                                                                                                                  
                                                                                                                                                                                                                               
SOSH
Count        Intercept         −2.11                             −3.05                             −0.46                             −1.63                             −0.82                   
                 SST                   0.28      0.36      2           3.81      1.00      7           7.23      1.00      6                                                  0.05      0.10      2
                 Depth              −1.01      0.56      2         −0.80**   1.00      7         −0.02      0.11      1         −1.62**  0.88     15          0.22      0.28      5
                 Logfish                                                    0.80*    1.00      7           0.22      0.47      3           0.12      0.21      4                                     
                 Other shw         2.5        1.00      4           0.41      1.00      7           4.48      0.85      5           5.01      0.46      8           0.28      0.70     10
                 Other sp                                                                                                                                                                     0.06      0.21      4

Binomial   Intercept           1.28                               1.22                             13.36                             −1.72                             −2.16                   
                 SST                                                          0.94      0.52      4                                                                                      −0.94                   
                 Depth              −1.87**   1.00      4         −0.39      0.74      5           0.11      0.26      2         −3.35*    1.00     18        −1.45*    1.00     16
                 Logfish                                                  −0.9        0.25      2                                                  0.63      0.86     14          0.11      0.20      3
                 Other shw      60.49**   1.00      4         49.84**   1.00      7       160.23      1.00      6         43.02      0.82     14        27.39*    1.00     16
                 Other sp            2.03      1.00      4           0.40      0.20      2                                                  1.00      0.60     12          0.98*    0.90     14

Model       Parameter                2014                               2015                              2016
                                      Estimate     RI       n      Estimate     RI       n      Estimate     RI       n

GRSH
Count        Intercept         −2.99                             −3.49                             −2.76                   
                 SST                 −0.12      0.25      1         −0.17      0.25      6           0.08      0.08      1
                 Depth              −2.25**   1.00      4         −0.10      0.26      6         −0.03      0.09      1
                 Logfish              0.60      0.75      3         −0.04      0.07      2           1.68**   1.00      8
                 Other shw         1.08*    1.00      4           0.36      0.29      7           3.75***  1.00      8
                 Other sp                                                −0.02      0.07      2           0.11      0.72      6

Binomial   Intercept         −3.11                             −4.04                             20.92                   
                 SST                                                          0.02                                                          
                 Depth              −0.06      0.18      1           0.40*    0.78     17                                    
                 Logfish            −0.09      0.20      1         −0.57      0.58     13        −0.36      0.37      3
                 Other shw         7.49      1.00      4           7.71*    1.00     23      193.97*    1.00      8
                 Other sp            1.72*    1.00      4           0.71*    0.97     22          0.18      0.18      2
                                                                                                                                                   
SOSH
Count        Intercept         −6.00                               3.01                           −14.61                   
                 SST                   0.53*    0.58      4         −0.61*    0.86      4           2.73**  0.67      2
                 Depth              −2.48*    0.81      5           1.97***  1.00      5         −9.18      1.00      4
                 Logfish            −0.48      0.28      2           0.81**   1.00      5         −2.57**   1.00      4
                 Other shw         0.86      0.66      5         27.41***  1.00      5           2.95***  1.00      4
                 Other sp                                                                                      −0.73***  1.00      4

Binomial   Intercept         −4.23                               0.61                             −0.77                   
                 SST                                                          0.08      0.18      1                                     
                 Depth                                                    −2.16**   1.00      5                                     
                 Logfish                                                    0.07      0.16      1           0.28      0.45      2
                 Other shw         5.46      1.00      7         52.27      1.00      5         40.72      1.00      4
                 Other sp            2.32*    1.00      7           0.06      0.16      1

Table 3. Parameter estimates from the zero-altered models (count and binomial) for the distribution of great shearwaters (GRSH) and
sooty shearwaters (SOSH) in coastal Newfoundland during July to August 2007, 2009 to 2012, and 2014 to 2016, with relative impor-
tance (RI; sum of Akaike weights) and number of competitive models present (n). Predictor variables include sea surface temperature
(SST, °C), depth (m), fish density (logfish, ind. m−2), number of the other shearwater species (i.e. SOSH or GRSH; other shw) and number
of all other seabird species, excluding shearwaters (other sp). Bold: predictor variables that significantly influenced bird numbers and
presence (*p < 0.05, **p < 0.01, ***p < 0.0001) and were present in all competitive models (RI = 1.00). If parameter estimates for a 

predictor variable are not given, the predictor variable was not included in any competitive models
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with high relative importance (RI = 1.0) in more
years for GRSH (count: 2009, 2011, 2014; binomial:
2011) and SOSH (count: 2009, 2015; binomial: 2007,
2011, 2012, 2015; Table 3). Shallow areas typically
had higher numbers and presence of both shearwa-
ter species. Finally, the relative importance of fish
density (logfish) was typically low (mostly RI < 0.4),
but fish density was present in models and stat -
istically significant with high relative importance
in 1 year for GRSH (count: 2016; binomial: none;
Table 3) and 3 years for SOSH (count: 2009, 2015,
2016; binomial: none; Table 3), where higher num-
bers of GRSH and SOSH on the water were associ-
ated with high fish density.

4.  DISCUSSION

The presence and number of GRSH and SOSH
were positively influenced by the number of the
other sympatric shearwater species, especially for
GRSH, but were not influenced by other seabird spe-
cies, primarily common murres and northern gan-
nets. Together with the high spatial overlap of GRSH
and SOSH at sea, these findings suggest that species-
specific foraging habitat preferences are similar and
that the benefits of foraging in close association may
outweigh costs. This was predicted, as these 2 shear-
water species have a similar diet during non-breed-
ing (Brown et al. 1981, Ronconi et al. 2010, Carvalho
2018) and the high abundance of spawning capelin
in coastal Newfoundland suggests that prey limita-
tion in the area is unlikely. SST had minimal and var-
ied influence on shearwater numbers and presence
among years, possibly because SST varied little in
the study area (i.e. 2−6°C yr−1) when averaged over
the survey period within each year. Although fish
density was more important than SST in explaining
the presence and number of both shearwater species,
depth was the most important of these 3 variables,
with both species being primarily found together in
shallow (<50 m) areas close to the coast (Figs. S1 &
S2). Although fish density also was primarily distrib-
uted in shallow areas, reflecting the locations of
capelin spawning sites and migratory routes to
spawning sites in the area, high-density areas of
shearwaters and fish did not overlap to a large extent
at the spatial scale of analysis (4 km2). Overall, find-
ings suggest that depth (or distance from shore) and
the distribution of other shearwaters may provide
important cues for GRSH and SOSH to locate regions
of high prey availability along the coast during their
non-breeding season in coastal Newfoundland.

The high overlap of both shearwater species and
the high variation explained by the other shearwa-
ter species (i.e. GRSH or SOSH) all suggest that the
costs of foraging in close association when spawning
capelin are highly abundant inshore are outweighed
by the benefits. Benefits of foraging together may
in clude increased prey accessibility and lower
energy expenditure while searching for prey. As
SOSH dive up to 70 m (Weimerskirch & Sagar 1996,
Shaffer et al. 2009), while GRSH dive up to 19 m
(Ron coni et al. 2010), SOSH may chase prey closer
to the surface to benefit GRSH, which may explain
GRSH distributional patterns being more influenced
by SOSH than vice versa. Additionally, the use of
local enhancement, or cueing to the foraging activi-
ties of seabirds, can increase net energy gain by
reducing the time spent searching for prey, as it
is presumably easier to detect feeding birds than
aggregations of undetected prey (Grünbaum & Veit
2003, Thiebault et al. 2014). As GRSH and SOSH
appear to feed on similar prey types during the non-
breeding season in coastal New foundland (Brown
et al. 1981, Carvalho & Davo ren 2019) and other
regions of the North Atlan tic (Ronconi et al. 2010),
these species may cue to the foraging activities of
each other to locate prey. Indeed, local enhance-
ment has been suggested for seabird species when
other marine predators have been identified as im -
portant predictors of their at-sea distribution (e.g.
Davoren et al. 2003, Goyert 2014, Goyert et al.
2018). An experiment conducted in the study area
re vealed that some species of seabirds (i.e. common
murres, northern gannets) cue to de coys (i.e. plastic
bird models; Bairos-Novak et al. 2015) but do so to
a lesser extent during high capelin biomass (i.e.
spawning) relative to low capelin biomass (i.e. pre-
spawning). It also is possible that the high spatial
overlap of GRSH and SOSH at sea may simply re -
flect similar species-specific foraging habitat prefer-
ences, whereby they aggregate together within
larger areas of high capelin density.

At the spatial scale of our analysis (4 km2), fish
density was not an important variable explaining
the density and distributional patterns of either
shearwater species to a great extent. Relative to
fish density, distributional patterns of each shear-
water species appeared to be mainly influenced
by depth, suggesting that birds may be cueing to
other environmental features, such as proximity to
the coast, which was correlated with depth. Simi-
larly, seabird distribution has been explained by
depth in other studies, with some species using
shallow coastal areas (e.g. SOSH in the Pacific,
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Ainley et al. 2009) and others using slope areas
(e.g. Yen et al. 2004, Nur et al. 2011). In our study
area, depth is important for predicting cape lin
 distribution (Davo ren et al. 2006). Indeed, capelin
aggregate near annually persistent spawning
beaches and shallow water spawning sites (<40 m;
Penton & Davoren 2012) prior to and during
spawning (Davoren et al. 2006), supporting that
shallow areas have predictably higher capelin
density. In ad dition, ephe meral schools of maturing
capelin predictably move northward along the
coast in shallow regions (<50 m), where tempera-
ture is typically above the lower threshold for
capelin spawning (i.e. 2°C; Davoren et al. 2006),
presumably to locate suitable spawning habitat
(Davoren 2013b). Owing to the spatial predictabil-
ity of capelin aggregations, on both a fine scale
(spawning sites) and mesoscale (migratory routes),
shearwaters may use memory to return to these
specific and general areas, similar to other marine
predators in the study area (Davo ren et al. 2003,
Montevecchi et al. 2009, Gulka & Davoren 2019).
If shearwater species use other features, such as
distance to shore (a proxy of depth in our study
area), to return to areas where capelin schools are
predictably abundant and accessible throughout
the water column, this might explain shearwater
density and distributional patterns being more
influenced by depth than fish density.

As the spatial scale at which predator−prey associ-
ations are examined influences the strength of corre-
lations observed and reported (Schneider & Piatt
1986), the minimal influence of fish density on shear-
water distributional and density patterns may also be
related to the spatial scale (i.e. 4 km2) of our study.
Indeed, distributional maps in this study (Figs. S1 &
S2) illustrate that 4 km2 bins with high densities of
shearwaters were often found near cells with high
densities of fish, suggesting that the spatial correla-
tion between prey and predators would increase with
the scale studied, as observed in other studies (e.g.
Rose & Leggett 1990, Fauchald et al. 2000). Addition-
ally, non-linear relationships between predator and
prey densities are often reported in the literature
(e.g. Piatt 1990), and prey densities above a particu-
lar threshold may be needed for shearwaters to
aggregate.

Other studies have found that SST can predict
seabird aggregations (Hyrenbach et al. 2006,
Nishizawa et al. 2015), especially in frontal zones
(Abrams 1985, Begg & Reid 1997), which was not
the case in this study. In our study area, the aver-
age SST does not vary substantially during the

period surveyed, and fronts driving prey distribu-
tion did not appear to be present, as documented
in other areas (Hoefer 2000, Bost et al. 2009,
Scales et al. 2014, Cox et al. 2016). In contrast,
capelin aggregate mostly near the seabed in a
layer of >0°C water within deep (>200 m) trenches
during their inshore spawning migration on the
Newfoundland Shelf (Mowbray 2002) and then
occupy depths with >0°C water while inshore dur-
ing the spawning season (Davoren et al. 2006),
suggesting that capelin distribution would be more
correlated with bottom temperature than with SST.
Indeed, bottom temperature >2°C is a key habitat
feature of suitable spawning habitat for capelin
(Penton & Davoren 2012, Crook et al. 2017). As the
thermocline occurs between 30 and 50 m in our
study area (Davoren et al. 2006, Penton & Davoren
2008), SST likely would not be a good proxy of
bottom temperature and, thus, capelin habitat.

Overall, the spatial association of both shearwater
species during their non-breeding period in coastal
Newfoundland indicates that these species use simi-
lar foraging habitats, likely due to the high abun-
dance of their main prey species (capelin) in coastal
areas (<50 m). High spatial overlap of these 2 spe-
cies also suggests that there are minimal costs of
foraging in close association, possibly due to en -
hanced prey accessibility or minimized search effort
to locate prey aggregations. Using proxies of depth,
such as distance to shore, to return to regions where
capelin aggregations are predictably concentrated
during the summer, either spawning or migratory
routes, may explain the limited influence of fish
density relative to depth (i.e. coastal areas <50 m)
on shearwater density and distributional patterns.
Future experimental studies will be needed, how-
ever, to examine the costs and benefits of foraging
in close association by these 2 similar shearwater
species.
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