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Abstract
The Gulf of St. Lawrence (GSL), Canada, is an important feeding and socializing
ground for endangered blue whales (Balaenoptera musculus). This region is frequented by blue
whales throughout the year, predominantly during the months of August and September,
and is one of the few places in the world where they can be found in close proximity to the
coast. Consequently, they are increasingly susceptible to anthropogenic impacts due to
coastal development, recreational boating, shipping traffic, and an expanding whale-watching
industry. Until now, the distribution and habitat use of blue whales in this region was
relatively unknown, limiting the effectiveness of conservation initiatives that depend on
spatiotemporal distribution information. Nine years of non-systematic survey data were used
to investigate blue whale distribution and relative abundance in relation to environmental
variables including sea bed depth and slope, distance to shore, sea surface temperature (SST),
distance to a thermal front, and chlorophyll-a (chl-a) concentration. The relative abundance
of blue whales was modeled with generalized additive models and model selection was based
on generalized cross-validation scores. Blue whales were strongly associated with
bathymetric features, time-lagged chl-a, SST, and proximity to thermal fronts, suggesting that
they prefer features that not only drive biological activity, but also those that aggregate prey.
The final model identified the north shore of the lower St. Lawrence Estuary and the
easternmost tip of the Gaspé Peninsula as important habitat for blue whales. This study
provides valuable information for the development of a conservation management plan for
this species in the GSL and presents a scientific foundation for the implementation of the
‘Recovery Strategy for the Blue Whale, Northwest Atlantic Population, in Canada’ under the
Canadian Species at Risk Act.
Key words: Blue whale, distribution, Gulf of St. Lawrence, habitat model, relative abundance, thermal front

#!
!

Acknowledgements
First and foremost, I wish to thank my supervisor, Dr. Philip Hammond for his
indispensable advice throughout this project. He was always available for guidance and
encouragement, while giving me the freedom to work independently. Without his support,
this thesis would not have been possible. I also owe a great deal of thanks to Dr. Christian
Ramp for the opportunity to collaborate with the Mingan Island Cetacean Study, for his
enthusiasm, and particularly for his assistance, even while overseas and in the field. His
insight and our numerous discussions greatly improved this thesis.
Thanks to Dr. Pierre LaRouche of the Department of Fisheries and Oceans Canada
for providing the sea surface temperature and thermal front data, and for his timely replies to
my many email inquiries. To Dr. Richard Sears and the numerous staff and volunteers of the
Mingan Island Cetacean Study for making collection of the sighting data possible. I am
greatly indebted to the people who undertook the daunting task of assisting me with
Manifold and MATLAB: Clinton Blight, Michael Lu, and Rene Swift. Without your help, my
analysis most definitely would not have been possible. I extend my deepest thanks for your
patience and tolerance. Dr. Mike Lonergan deserves special mention for his statistical
guidance. You have taught me so much and I can only hope that one day my statistical skills
will match yours.
Most importantly, I would like to thank my family and friends for their
encouragement. To my parents for being so supportive, and especially to Amy Boaden,
Marjoleine Roos, Silvia Chiesa, and Marie Jaquot for being wonderful exercise and study
partners and for providing much needed distractions. Lastly, a large amount of gratitude falls
upon Chris Mill for instilling confidence in me from the get-go; his belief in this project has
often surpassed that of my own. You have made this summer everything I hoped it would
be and I am so grateful that you moved across an ocean to spend it with me. I cannot find
the words to thank you enough.
Permission for this project was granted under the Home Office Animals (Scientific
Procedures) Act (1986), the University of St. Andrews Animal Welfare and Ethics
Committee (PCD60/2609), and the Department of Fisheries and Oceans Canada (DFO),
Quebec Region (Scientific Fishing Licenses, QE04-2000-Q304-2008). The ocean color maps
$!
!

were made available by the Bedford Institute of Oceanography, the gridded bathymetry data
by the Canadian Hydrographic Service, and the high-resolution shoreline data by the U.S.
National Geophysical Data Center. My studies were partially funded by a Scotland’s Saltire
Scholarship.

%!
!

List of Tables
Caption

Page

Table 1

Temporal, geographic, and physiographic variables associated with
each survey segment.

12

Table 2

Remotely sensed environmental variables associated with each
survey segment.

15

Table 3

Overview of survey effort during the study period 2000–2008.

18

Table 4

The total number of blue whale segments and sightings used to
generate generalized additive models (GAMs) of blue whale
relative abundance in the St. Lawrence Estuary (SLE) and the
Gaspé Peninsula (GP).

19

Table 5

Best-fitting generalized additive model (GAM) results for the nineyear study period. An (F) denotes a factor variable, an (S) denotes a
smoothed function, and the asterisks (*) denote years that were not
statistically significant at the p=0.05 level.

20

List of Figures
Caption

Page

Figure 1

The two primary study sites, the St. Lawrence Estuary (SLE) and
the Gaspé Peninsula (GP), located on the eastern coast of Canada
in the Gulf of St. Lawrence (GSL).

9

Figure 2

Identified thermal fronts in a daily SST image (September 20,
2005).

14

Figure 3

Survey effort and locations of individual blue whales sighted in the
Gulf of St. Lawrence (GSL) from 2000–2008.

18

Figure 4

Model terms of the best-fitting GAM depicting relationships
between predicted blue whale relative abundance and a) day of
year, b) longitude, c) depth, d) distance to shore, e) weekly
chlorophyll-a (four-week lag), f) weekly sea surface temperature, g)
distance to thermal front. Solid lines represent the smoothed
functions and the shaded areas represent the estimated 95%
confidence intervals. Rug plots depicting sampled values are shown
on the x-axis and the estimated degrees of freedom are indicated in
the parentheses of the y-axis labels. Note the wider confidence
intervals for values with lower sampling.

21

Figure 5

Actual and predicted blue whale sightings in the St. Lawrence
Estuary (SLE; a and b) and Gaspé Peninsula (GP; c and d)
obtained from the best-fitting GAM for the entire study period
2000–2008. Actual survey effort is indicated for comparison.

22

&!
!

Figure 6

Predicted blue whale relative abundance in the St. Lawrence
Estuary (SLE) and Gaspé Peninsula (GP) obtained from the bestfitting GAM. Each grid cell represents an area of 16 km2.
Predictions are missing for the GP region in 2001 because surveys
were not conducted due to financial constraints. Predictions are
absent for the GP in 2003, and the SLE in 2007 and 2008 due to
fewer observed blue whales and the comparatively smaller sample
sizes available for model predictions in these years. Note the
apparent shift in predicted relative abundance from the SLE to the
GP during the latter half of the study period.

23

List of Appendices

Appendix 1

Caption

Page

Diagnostic plots for the best-fitting GAM: a) Normal Q-Q plot,
b) Residuals vs. Linear Predictors, c) Histogram of Residuals,
and d) Response vs. Fitted Values.

40

List of Acronyms
AVHRR
chl-a
DFO
edf
GAM
GCV
GEBCO
GIS
GP
GSHHS
GSL
k
LC
MICS
NASA
NOAA
SeaWiFS
SIED
SLE
SST
WAM
WIM

Advanced Very High Resolution Radiometer
Chlorophyll-a
Department of Fisheries and Oceans Canada
Effective degrees of freedom
Generalized Additive Model
Generalized cross-validation
General Bathymetric Chart of the Oceans
Geographic Information System
Gaspé Peninsula
Global Self-consistent, Hierarchical, High-resolution Shoreline
Gulf of St. Lawrence
Basis dimension parameter
Laurentian Channel
Mingan Island Cetacean Study
National Aeronautics and Space Administration
National Oceanic and Atmospheric Administration
Sea-viewing Wide Field-of-view Sensor
Single Image Edge Detection
St. Lawrence Estuary
Sea Surface Temperature
WIM Automation Module
Windows Image Manager

'!
!

1. Introduction
The distribution and habitat preferences of species with complex life histories and
movements are influenced by a combination of biotic and abiotic factors. Habitat models are
valuable tools for exploring these relationships, particularly for cetacean species where
fundamental ecological knowledge is often lacking (Redfern et al. 2006). They have been
used extensively to link marine mammal distributions to static bathymetric properties (e.g.
depth, slope, and distance to shore) and dynamic oceanographic features (e.g. sea surface
temperature (SST), salinity, and surface chlorophyll-a (chl-a) concentrations (Azzellino et al.
2008, Gregr & Trites 2001, Simmons et al. 2007). This method has also been successful in
improving the development of marine reserves (Hooker et al. 1999) as well as underpinning
the potential impacts of anthropogenic activities on cetacean distributions (e.g. Azzellino et
al. 2008, Canadas & Hammond 2008, Canadas et al. 2005).
Remotely sensed chl-a images can be used to locate phytoplankton blooms, and when
used in combination with SST images, they can be useful for locating areas of upwelling and
for tracking the seasonal movements of primary productivity. Since copepods can take
anywhere from several months to years to reach maturity (Hollingshead & Corey 1974,
Siegel 2000), rorqual whale habitats are expected to coincide not with phytoplankton blooms
themselves, but with temporally lagged chl-a. Previous studies have highlighted the
importance of chl-a concentrations to the presence of these cetaceans but few have made
use of time-lagged covariates (e.g. Burtenshaw et al. 2004, Branch et al. 2007, Stafford et al.
2009).
Mesoscale oceanographic processes are features such as currents, eddies, or fronts that
occur at a spatial scale of roughly 50–500 km and a temporal scale of 10–100 days. These
processes are crucial to our understanding of marine mammal habitat use and yet have been
investigated in minimal detail. These oceanographic features can increase primary
productivity and drive the formation of prey aggregations on a scale from tens to thousands
of kilometers (Moser & Smith 1993, Olson & Backus 1985). Oceanic thermal fronts are
boundaries between water masses of differing temperatures and they are typically areas of
high productivity where zooplankton aggregate (Lalli & Parsons 1997). Proximity to a
thermal front is a likely feature for explaining variation in rorqual habitat use because these
cetaceans require dense prey aggregations to support their energetically costly lunge-feeding
(!
!

behaviour (Acevedo-Gutierrez et al. 2002). Not surprisingly, the distributions of several
cetacean species have been linked to thermal fronts (e.g. Olson et al. 1994, Ballance et al.
2006).
Relatively little is known about the distribution and habitat use of blue whales
(Balaenoptera musculus). Several studies have recently described blue whale distributions in
relation to environmental variables. Blue whales in the Southern Ocean appear to be
associated with static physiographic variables (e.g. depth, latitude), phytoplankton and krill
densities, and in some cases, large-scale oceanic fronts (Branch et al. 2007). Blue whale
distributions off the southwestern coast of Australia have been related to both SST and
surface chl-a concentrations (Gill et al. 2011) and those off the coast California have been
linked to oceanic zones, depth, slope, and SST (Becker et al. 2010). Although these efforts
have improved our basic understanding of blue whale ecology, there is still a need to
incorporate dynamic oceanographic variables into models of cetacean habitat use,
particularly at finer spatial scales and broader temporal scales.
Studies of blue whale habitat use are important, not only to improve our
understanding of their ecology, but also to inform conservation policy and action. Blue
whales are listed as endangered by the IUCN due to population decline exceeding 70%, and
potentially up to 90%, over the last 95 years (Reilly et al. 2008). They were extensively hunted
by commercial whalers until the mid 1960s and their stocks have yet to recover (Mizroch et
al. 1984, Reeves et al. 1998). Similar to other rorquals, major threats to blue whales include
climate change, habitat degradation, entanglement in fishing gear, ship strikes, and
entrapment by sea ice (Clapham et al. 1999, Sears et al. 1990). Due to their offshore
distributions, blue whales are generally less susceptible to human activity than other baleen
whales (Reeves et al. 1998). However, those found within the Gulf of St. Lawrence (GSL)
may be particularly vulnerable to anthropogenic impacts because they occur within hundreds
of meters of the shore. This makes them susceptible to increasing environmental disturbance
as a result of intensifying coastal development, recreational boating, shipping traffic, and an
expanding whale-watching industry (Savaria et al. 2000, Bellefleur et al. 2006).
Blue whales are present almost year-round within the GSL. Long-term photoidentification studies have revealed that they typically enter this region from early April with
a peak in abundance during the end of August to October (Sears et al. 1990, Comtois et al.
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2010). They are usually sighted along the northern shore of the St. Lawrence Estuary (SLE),
into the lower SLE, sometimes as far as Tadoussac, and more recently around the Gaspé
Peninsula (GP). Although abundance has not been estimated (Hammond et al. 1990), all
indications point to a small population size with approximately 400 individuals identified in
this region (Ramp et al. 2006, Comtois et al. 2010).
The recovery of blue whales in the GSL is of increasing concern as anthropogenic
activity in the area continues to rise. In their blue whale recovery strategy, the Department of
Fisheries and Oceans (DFO) Canada has recommended the identification of blue whale
habitat as a key step in mitigating negative anthropogenic impacts on this species
(Beauchamp et al. 2009). However, studies of blue whale habitat use are uncommon and are
limited to one fine-scale study for the North Atlantic population (Doniol-Valcroze et al.
2012).
The primary objective of this study was to explore the distribution and habitat use of
blue whales in the GSL in relation to static bathymetric factors, dynamic marine features,
and mesoscale oceanographic processes. These variables were associated to blue whale
sightings via a geographic information system (GIS). Generalized additive models (GAMs)
were developed to relate the number of blue whales observed per survey segment to the
associated bathymetric and remotely sensed environmental variables during a nine-year study
period. We expected blue whales to prefer features that not only drive biological activity, but
also those that have the potential to concentrate prey. To the best of our knowledge, this
study is the first to incorporate mesoscale oceanographic processes into a habitat preference
model for this endangered species and is one of the few to make use of newly available
remotely sensed environmental parameters.
2. Materials and Methods
2.1. Blue Whale Sighting Data
2.1.1. Study Area
Surveys were conducted on the eastern coast of Canada in the GSL, the world’s
largest estuary (Figure 1). The GSL extends from 48o–51oN and from 58o–69oW, covering an
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area of approximately 236,000 km2 (Dickie & Trites 1983). The GSL is a highly productive
region as a result of dynamic physical oceanographic processes including tidal upwelling,
oceanic frontogenesis, and complex current circulation (Ingram 1983, Koutitonsky &
Bugden 1991, Simard & Lavoie 1999). Thermal fronts are particularly prevalent in the GSL
as a result of its diverse bottom topography and strong tidal forcing. A prominent feature of
the GSL is the Laurentian Channel (LC), a submarine canyon that reaches depths up to 550
m and runs the length of the entire estuary from the edge of the continental shelf.

Anticosti
Island

Figure 1. The two primary study sites, the St. Lawrence Estuary (SLE) and the Gaspé Peninsula (GP), located
on the eastern coast of Canada in the Gulf of St. Lawrence (GSL).

Oceanographic conditions in the GSL are strongly influenced by the topography of
the LC as well as atmospheric exchange, freshwater runoff, oceanic inflow, strong tidal
forcing, synoptic-scale climactic patterns, and winter ice coverage (Koutitonsky & Bugden
1991, Saucier et al. 2003). Cold water is drawn up the LC from offshore waters by estuarine
circulation (DFO 2009) and it is this complex water flow that generates high levels of
primary productivity and subsequently high levels of biomass at higher trophic levels (Dickie
& Trites 1983). The GSL is an important foraging ground for large baleen whales (Simard et
al. 2002, Cotte & Simard 2005, Sourisseau et al. 2006) and it supports the densest krill
aggregations recorded from the northwest Atlantic Ocean (Simard & Lavoie 1999). The
study area encompassed two primary locations in the GSL: the SLE and the GP, both in the
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northwest region of the gulf. Although these areas are only arbitrary designations based on
the locations of vessel deployment, they were chosen based on a sufficiently large number of
blue whale sightings.
2.1.2. Survey Protocol
Data were collected as part of a long-term photo-identification study for blue whales
in the GSL (Sears et al. 1990). Members of the Mingan Island Cetacean Study (MICS; St.
Lambert, Québec) recorded cetacean sightings during dedicated non-systematic boat surveys
using a 7 m long semi-rigid inflatable vessel. Surveys were conducted between the years 2000
and 2008, primarily during the months of June to October. Surveys of the GP were typically
concentrated within 20 km of shore and predominately conducted during the months of
June, July, and August. The SLE was generally surveyed along the north shore during August
and September. Surveys were conducted at vessel speeds between 15–20 knots, and only
when weather conditions permitted (visibility !6 km and Beaufort Sea States "5). A wide
variety of habitats were sampled and as much geographic area as possible was surveyed
during every on-effort day; daily track lines sometimes exceeded 250 kilometers. Survey
effort varied in each of the two regions in accordance with where blue whales were most
commonly found. Sightings were categorized according to the area that they were observed
in, either the SLE or the GP.
The date, time, and weather conditions were recorded at the beginning of every oneffort survey day. Trained observers used both the unaided eye and binoculars to detect
cetaceans at distances of up to 5 km. Once a blue whale was observed, it was slowly
approached to a distance of 10–40 m and the individual was followed until suitable photoidentification pictures were obtained. Each sighting contained the time, date, position, and a
photograph. Blue whale positions were recorded by maneuvering the survey vessel to the
location of the dive at the end of each surfacing period (i.e. at the footprint) to obtain a GPS
waypoint (±30 m precision).
The locations of sightings recorded between 2000 and 2006 were documented with
GPS positions and the track lines were subsequently reconstructed, thereby underestimating
the effort since a straight line was assumed between each sighting. The sightings for 2007
and 2008 incorporated complete track lines from a GPS log. Focal follows were not included
in the total effort. During the years 2003 and 2004, two survey vessels were used and surveys
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were not conducted in the GP in 2001 due to financial constraints. Track lines were split
into 4 km segments in accordance with the coarsest resolution of the remotely sensed
environmental variables. If the end segment was greater than 2 km in length it was counted
as a new segment, and if it was less than 2 km in length it was added to the previous
segment. Since some track lines were curved, both sightings and covariate data were
allocated to the coordinates of the centroid of each segment as opposed to the mid-point.
This gave a more accurate representation of the average environmental conditions sampled
in each segment. Microsoft Excel 2008 (version 12.2.6) and Microsoft Access 2010 (version
14.0.4750.1) were used to organize and store all sighting data.
Blue whale sightings lacking position information and/or those without confirmed
animal identifications (through photo-identification of flank patterning) were discarded from
the analyses in order to prevent the double counting of individuals. Any blue whales that
were subsequently observed on the same day, and more than one hour after the initial
observation, were considered to be a new sighting and retained in the analysis. Average blue
whale dive durations range between 2-10 min (Croll et al. 2001, Lagerquist et al. 2000). This
one-hour threshold was therefore based on the assumption of missing a minimum of six
consecutive dives during on-effort observations.
2.2. Environmental Variables
Environmental variables were chosen based on their potential to be proxies for
primary productivity and/or drivers of krill aggregation. The selected explanatory variables
included both static topographical characteristics and dynamic oceanographic features. The
resolution of each environmental data set was chosen at the finest scale available. Habitat
models derived from remotely sensed environmental covariates can provide equal or greater
predictive power than those derived from analogous in situ data (Becker et al. 2010),
particularly for species that are strongly associated with SST and thermal fronts such as blue
whales (Etnoyer et al. 2006, Doniol-Valcroze et al. 2007, Gill et al. 2011). Accordingly, only
remotely sensed data sets were used in this study and each was obtained from readily
available online databases.
Time-lagged environmental variables were also included because they can increase a
model’s predictive power by representing aggregational and successional mechanisms
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(Soldevilla et al. 2011). In relation to cetacean distributions, oceanic features that concentrate
prey are expected to have negligible temporal and spatial lags (Gregr & Trites 2001), while
those that generate primary productivity and subsequently krill abundance can take as long as
four months (Vinogradov 1981, Croll et al. 2005). Although the temporal lags of different
environmental predictors undoubtedly differ, only models with 0, 2, 4, 8, and 16-week time
lags were generated to avoid unreasonably complex model selection. Each data set was
incorporated as a separate layer in the GIS software, Manifold (version 8.0.27, Ultimate
Edition) and assigned the Quebec projection.
2.2.1. Static Bathymetric Features
High-resolution shoreline data were obtained from the U.S. National Oceanic and
Atmospheric Administration (NOAA) Global Self-consistent, Hierarchical, High-resolution
Shoreline (GSHHS) database (Wessel & Smith 1996). A General Bathymetric Chart of the
Oceans (GEBCO) was attained from the International Hydrographic Organization (IOC et
al. 2003) and gridded bathymetry data for the GSL were acquired from the Canadian
Hydrographic Service at a resolution of 500 m (accessible through the Fisheries and Oceans
Canada GeoPortal <http://public.geoportal-geoportail.gc.ca/dfoGeoPortal/> (CHS 2008).
The ‘transfer heights’ function in Manifold was used to calculate depths and slopes, and SQL
was used to generate the closest straight-line distances to shore. A summary of the temporal,
geographic, and physiographic covariates is given in Table 1.
Table 1. Temporal, geographic, and physiographic variables associated with each survey segment.

Covariate
TEMPORAL
Year
Day of year
GEOGRAPHIC
Area
Latitude
Longitude
PHYSIOGRAPHIC
Depth
Slope
Distance to shore

Unit

Spatial
Resolution

-

-

Factor (9)
Continuous

year
dayofyear

º
º

-

Factor (2)
Continuous
Continuous

area
lat
long

m
º
km

500 m x 500 m
500 m x 500 m
500 m x 500 m

Continuous
Continuous
Continuous

depth
slope
distshore

#$!
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Type (levels)

Variable
name

2.2.2. Remotely Sensed Environmental Variables
Remotely sensed surface chl-a concentrations were obtained from the U.S. National
Aeronautics and Space Administration (NASA) Ocean Color Web (available at
<http://oceancolor.gsfc.nasa.gov/>) and processed by the Bedford Institute of
Oceanography, Dartmouth, Nova Scotia (available at <www.bio.gc.ca/science/datadonnees/base/ocdb-eng.php>). Images were captured by the Sea-viewing Wide Field-ofview Sensor (SeaWiFS) on the SeaStar satellite and processed using SeaDAS (version 5.05)
software. A systematic subsample of one out of every four pixels of the high resolution (1
km x 1 km) SeaWiFS data was taken and remapped with a Mercator projection at a
resolution of 4 km x 4 km. To minimize the effects of cloud cover, we generated weekly and
monthly composites by averaging the daily chl-a values in each grid cell over seven and 31day periods, respectively. Segment centroid coordinates were matched to the corresponding
chl-a images in MATLAB 2011b (version 7.13).
Daily SST and thermal front data were provided by the Maurice Lamontange Institute
of the Department of Fisheries and Oceans Canada, Mont-Joli, Quebec. Visible and infrared
radiation was recorded by the Advanced Very High Resolution Radiometer (AVHRR) on the
NOAA Polar-Orbiting Operational Environmental Satellite at a resolution of 1.09 x 1.09
km. AVHRR has global coverage and has thus become prevalent in studies of blue whale
habitat use (e.g. Burtenshaw et al. 2004, Etnoyer et al. 2006). Although the AVHRR cannot
penetrate could cover, it has been deemed the most suitable for identifying thermal fronts in
the North Atlantic (Ullman & Cornillon 1999). SSTs were calculated using the split window
algorithm in the satellite data processing software TeraScan (version 3.4.1, SeaSpace). We
then imported SST images into MATLAB where they were matched to the appropriate
survey segment. Weekly composites were generated by averaging SST values ±3 days from
the date of each segment while monthly averages were created from files ±14 days.
Thermal fronts were identified by staff of the Maurice Lamontange Institute from the
SST images using Windows Image Manager (WIM; version 6) and WIM Automation Module
(WAM; Kahru 2012). All image processing was conducted in MATLAB R2006B (version
7.3). Since gradient-based edge detectors can misidentify thermal fronts in noisy data (Holyer
& Peckinpaugh 1989), the automated and objective single image edge detection (SIED)
algorithm method of Cayula and Cornillon (1992) was implemented. The SIED method uses
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overlapping windows to determine the probability of an edge by detecting bimodality in SST
histograms and the cohesiveness of the prospective front. Two-direction variogram analysis
was also incorporated to optimize the horizontal and vertical window size (Diehl et al. 2002).
Although clouds can be diminished with weekly or monthly AVHRR composites, these
images can create artificial fronts and mask others that become imperceptible due to
smoothing over time (Kahru 2011). Daily non-composited images were therefore used for
front detection (Figure 2).
We calculated distances to thermal fronts by creating a MATLAB algorithm to detect
the closest pixel in the SST image coded as a thermal front to the associated survey segment
centroid. Segments with a distance to thermal front exceeding 50 km and with a missing
daily SST value were visually inspected for sufficient satellite coverage. If cloud cover
masked greater than 75% of the study area, that segment was subsequently removed from
the analysis under the presumption that thermal fronts were indeed present but not
identified by the thermal front detection algorithm. Any segments with missing
environmental data were also excluded from the analysis during modeling.

Figure 2. Identified thermal fronts in a daily SST image (September 20, 2005).
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Table 2. Remotely sensed environmental variables associated with each survey segment.

Environmental variable

Unit

Spatial resolution

Distance to thermal front
Sea surface temperature

km
ºC

1.09 km x 1.09 km
1.09 km x 1.09 km

Chlorophyll-a – No lag
2-week lag
4-week lag
8-week lag
16-week lag
No lag
2-week lag
4-week lag
8-week lag
16-week lag

mg/m3

4.00 km x 4.00 km

Temporal
resolution
Daily
Daily
Weekly
Monthly
Weekly
Weekly
Weekly
Weekly
Weekly
Monthly
Monthly
Monthly
Monthly
Monthly

Variable
name
disttf
sstd
sstw
sstm
chlorw
chlorlag2w
chlorlag4w
chlorlag8w
chlorlag16w
chlorm
chlorlag2m
chlorlag4m
chlorlag8m
chlorlag16m

2.3. Statistical Analysis
2.3.1. Model Development
Statistical analyses were conducted in R (version 2.11.1, R Core Development Team
2010) and R Studio (version 0.94.110). Exploratory data analysis was carried out to detect
outliers, to examine collinearity of predictor variables, and to investigate any relationships
between the response and explanatory variables (Zuur et al. 2007). Outliers were detected
with boxplots and Cleveland dotplots and collinearity of predictor variables was identified
with pairwise scatterplots, Pearson’s correlation coefficients, and variance inflation factors.
In the case of correlated covariates (r>0.70), the one with the largest spatial or temporal
resolution was subsequently removed from the analysis to prevent multicollinearity.
The sighting records were used to develop generalized additive models (GAMs) of
blue whale relative abundance as a function of the temporal, geographic, physiographic, and
environmental variables. GAMs are semi-parametric extensions of generalized linear models
where a parametric response variable is linked to additive predictors via a nonlinear link
function (Hastie & Tibshirani 1990). To account for overdispersion, a model with a quasiPoisson error distribution was fitted with an equal mean variance relationship. The model
took the form
g(E(Yi)) = X i* ! + f1(x1i) + f2(x2i) + f3(x3i) + ... + fn(xni) + offset(seglengthi)
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with a logarithmic link function where Yi was the response variable, relative abundance (the
number of individuals sighted per segment), X i* is a row of the matrix for any parametric
model components, !"is the corresponding parameter vector, and fn are smooth functions of
the explanatory variables (xni) in the ith survey segment (Wood 2006). Segment length was
!
incorporated into the models as an offset term to account for variation in the lengths of the
segments.
A GAM was fitted using the mgcv package in R (version 1.7-18, Wood 2001).
Interaction terms were not included in the model due to difficult biological interpretation
and lack of any a priori indications to do so. The basis dimension parameter (k) for each
smooth was estimated during model fitting with penalized regression splines. The argument
gamma was set to 1.4 to increase the effective degrees of freedom (edf) by a factor of 1.4.
This prevented overfitting of the smoothers by penalizing greater degrees of freedom in the
generalized cross-validation (GCV) score but without compromising model fit (Wood 2006,
Kim & Gu 2004).
2.3.2. Model Selection
Models were assessed based on their GCV scores using both forwards and backwards
manual selection (Craven & Wahba 1979). The lowest GCV score was used to select the best
model amongst all candidate models. During forward selection, a predictor was added to the
model if it decreased the GCV score. The same selection criteria were used to drop
parameters one at a time from the full model during backwards selection. The significance
(p-value) of each parameter guided the decision as to what order variables were dropped;
those with the largest p-values were removed first. Due to difficult biological interpretation,
the final model was limited to only one chl-a covariate and the one that contributed to the
lowest GCV score was retained.
To determine the reliability of the predictor estimates, the standard error and 95%
confidence intervals were noted for each model term: a covariate was deemed to have an
effect on the response variable if the confidence intervals did not include zero. Covariates
that did include zero in their confidence interval were dropped from the model. Trends were
also visually inspected in residual plots for each candidate model and the Durbin-Watson
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Test was used to test for independence of the GAM residuals. All models were ranked in
order of increasing GCV scores and the final model was reviewed for violation of any
remaining model assumptions with standard diagnostic plots.
Upon selection of the best-fitting GAM, the choice of k was informally tested for
each parameter by varying its edf and refitting the final model. The upper limit of the edf
was set to 9 (k=10) for all parameters except for day of year, which was manually set at 7
(k=8) and chl-a, which was set at 6 (k=7). Limiting the edf confined the wiggliness of the
smoothed function until it appeared to represent the underlying biological truth. If there
were no statistically significant changes in the final model, then the initial choice of k was
considered suitable. The function gam.check was used to flag any ks that were set too low.
Spatial and temporal autocorrelation were assumed negligible due to the sampling protocol
and one-hour sighting threshold.
3. Results
3.1. Surveys
In total, 6104 blue whale sightings were recorded on 302 observation days during the
nine-year study period with a total effort of 19,905 km (Table 3). After taking into
consideration the one-hour threshold and any sightings lacking individual identification
and/or location information, 1,187 sightings remained suitable for analysis (904 from the
SLE and 283 from the GP; Figure 3). Track lines were divided into 5,065 segments, 771 of
which contained sightings. Blue whales in the GSL were most commonly observed along the
northern shore between Tadoussac and Baie Comeau in the SLE. Even though absolute
abundance estimates were not possible as a result of non-systematic surveying, a decreasing
trend in the relative abundance was apparent in this region between 2000 and 2008.
Concurrently, there was an increase in the relative abundance observed in the GP, as well as
an increase in the number of individuals recorded there. Despite similar annual
spatiotemporal surveying, the total number of blue whales sighted and the total number of
individuals reported in the entire study area decreased in the second half of the study period
as compared to the first (Table 4).
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Figure 3. Survey effort and locations of individual blue whales sighted in the Gulf of St. Lawrence (GSL) from
2000–2008.
Table 3. Overview of survey effort during the study period 2000–2008.

Year

On effort
days

Period

ST. LAWRENCE ESTUARY
2000
32
14 Aug – 31 Oct
2001
62
13 Jul – 21 Oct
2002
20
12 Aug – 26 Sept
2003
16
12 Aug – 22 Sept
2004
18
17 Aug – 14 Sept
9 Aug – 9 Sept +
2005
25
2 days in Oct
2006
15
8 Aug – 27 Aug
2007
10
28 Aug – 10 Sept
2008
5
2 Sept – 7 Sept
Total
203
–
GASPÉ PENINSULA
2000
11
29 June – 13 July
2002
7
29 June – 17 July
2003
6
14 Sept – 20 Sept
2004
5
23 Aug – 28 Aug
2005
4
16 Sept – 20 Sept
24 June – 17 July
2006
36
31 Aug – 13 Sept
2007
13
2 July – 19 July
2008
17
22 June – 16 July
Total
99
–
Total
302
–

Hours
surveyed

Distance
surveyed
(km)

Total
sightings

Relative
abundance
(sightings
per km)

271
412
180
121
148

2,492
3,239
1,423
1,066
1,067

465
577
955
399
797

0.19
0.18
0.67
0.37
0.75

171

1,917

770

0.40

121
65
41.5
1,530.5

1,179
762
464
13,609

320
285
110
4,678

0.27
0.37
0.24
0.38

64
32
68
55
28

580
369
513
415
214

90
23
7
29
109

0.16
0.06
0.01
0.07
0.51

235

1,808

674

0.37

79
111
672
2,202.5

963
1,434
6,296
19,905

153
341
1,426
6,104

0.16
0.24
0.20
0.29
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Table 4. The total number of blue whale segments and sightings used to generate generalized additive models
(GAMs) of blue whale relative abundance in the St. Lawrence Estuary (SLE) and the Gaspé Peninsula (GP).

Year
2000
2001
2002
2003
2004
2005
2006
2007
2008
Total

Number of segments

Number of sightings

SLE

GP

BOTH

SLE

GP

BOTH

Number of individuals
SLE

GP

BOTH

635
817
372
278
277
493
302
190
117
3481

145
0
92
129
104
53
455
244
362
1,584

780
817
464
407
381
546
757
434
479
5,065

215
206
171
45
87
107
39
20
14
904

43
0
10
2
17
20
118
29
44
283

258
206
181
47
104
127
157
49
58
1,187

54
67
36
24
33
25
18
15
9
119

22
0
7
1
8
21
58
13
20
150

70
67
43
25
40
43
73
28
28
174

3.2. Generalized Additive Model (GAM)
The best-fitting GAM resulted in 8 explanatory variables, had an explained deviance of
19.4%, and an adjusted R2 of 0.08 (Table 5). After missing environmental data was
accounted for, 2359 segments remained for model fitting. All terms were non-linear and the
same final model results were achieved with both forward and backward selection. To allow
for an alternative way of modeling the error structure of the response variable (relative
abundance), the final model was also fitted with a Tweedie distribution. This model yielded
nearly identical results to the model fitted with the quasi-Poisson error distribution. All
predictors were significant at the p=0.05 level except for the years 2001 and 2008. The
Durbin-Watson test indicated that the residuals were independent (DW=1.776, p<0.001)
and the diagnostic plots did not yield any unexpected patterns; however, the final model
underestimated large relative abundances (Appendix 1). The best-fitting model predicted an
average relative abundance of 0.047 blue whales/km as opposed to an average actual relative
abundance of 0.059 blue whales/km, based on the segments suitable for model fitting.
During the nine-year study period, the earliest that blue whales were observed in the
GSL was late June. The predicted relative abundance then increased steadily until mid-July,
followed by a drop in occurrence before peaking again in mid-September (Figure 4a). These
peaks were probably caused by the timing of the surveys, which predominantly occurred in
June and July in the GP and in August and September in the SLE. Predicted relative
abundance was typically highest towards the end of each field season and blue whales were
commonly observed until late October. The final model retained longitude as the only
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geographic covariate (Figure 4b). The highest predicted relative abundance between 63º30’
and 65ºE corresponded to the entrance of the SLE, at the meeting point of the Jacques
Cartier Passage and the Gaspé Passage near the easternmost tip of Anticosti Island. There
was a prominent drop in predicted relative abundance for areas around 66ºE, at the widest
and deepest part of the LC in the SLE. Use of the lower SLE was also prominent between
Baie Comeau and Tadoussac, at the junction of the Saguenay River and the St. Lawrence
River.
Table 5. Best-fitting generalized additive model (GAM) results for the nine-year study period. An (F) denotes a
factor variable, an (S) denotes a smoothed function, and the asterisks (*) denote years that were not statistically
significant at the p=0.05 level.

Variable

Type

year (2000)
year (2001)*
year (2002)
year (2003)
year (2004)
year (2005)
year (2006
year (2007)
year (2008)*
dayofyear
long
depth
distshore
disttf
sstw
chlorlag4w
% deviance explained
Adjusted R2
Sample size (n)

F
F
F
F
F
F
F
F
F
S
S
S
S
S
S
S

Effective degrees
of freedom
5.90
7.37
6.53
7.49
5.41
1.87
4.36
19.4
0.08
2,359

P-value
< 0.001
0.056
0.006
0.004
0.024
< 0.001
0.017
< 0.001
0.138
< 0.001
< 0.001
< 0.001
< 0.001
0.035
0.002
< 0.001

Predicted blue whale relative abundance was strongly related to physiographic features.
Blue whales were typically associated with mid-range depths between 100 and 300 m, with
the highest predicted relative abundance at 225 m (Figure 4c). They were observed in water
an average of 160.41±99.96 m deep but also in areas up to 350 m deep. Distance to shore
was also a significant predictor with the peak in predicted relative abundance occurring at a
distance of 4 km from shore (Figure 4d). Predicted relative abundance was relatively stable
between 8-15 km from shore, but dropped markedly after 15 km in accordance with deeper
depths towards the center of the LC. The confidence intervals are wide for the peak in
predicted relative abundance at 35 km due to limited sampling this far from shore. Blue
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whale sightings occurred an average of 6.44±3.51 km from shore, but ranged between 0.42–
36.41 km from the coast.

Figure 4. Model terms of the best-fitting GAM depicting
relationships between predicted blue whale relative abundance and a)
day of year, b) longitude, c) depth, d) distance to shore, e) weekly
chlorophyll-a (four-week lag), f) weekly sea surface temperature, g)
distance to thermal front. Solid lines represent the smoothed
functions and the shaded areas represent the estimated 95%
confidence intervals. Rug plots depicting sampled values are shown on
the x-axis and the estimated degrees of freedom are indicated in the
parentheses of the y-axis labels. Note the wider confidence intervals
for values with lower sampling.
!

Dynamic environmental variables were important predictors of blue whale relative
abundance in the GSL. The highest predicted relative abundance occurred at very high (45–
60 mg/m3) chl-a concentrations, however the majority of blue whales were sighted when
chl-a ranged between 5-20 mg/m3 one month previous to the sighting (Figure 4e). Blue
whales were observed in areas with weekly SSTs ranging between 3–16ºC and an average of
9ºC. A smooth curve for weekly SST showed a positive relationship with predicted relative
abundance up to 11ºC, after which they declined to 16ºC (Figure 4f). The smoother for
distance to thermal front indicated an initial drop in predicted relative abundance with
increasing distance to a front from 0–9 km (Figure 4g). Predicted relative abundance then
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increased to 19 km, with another peak at 35 km. There is considerable uncertainty around
distances to thermal fronts greater than 20 km that could be attributed to cloud cover
obscuring the closest front in the daily SST image.
3.3. Spatial Predictions
The locations of the actual and predicted sightings matched well in both the SLE and
the GP (Figure 5). There were a few discrepancies in which the model predicted sightings
that did not occur, particularly near the southern shore of the SLE and the northern coast of
the GP. In accordance with the actual sightings, the GAM portrayed a decreasing trend in
predicted relative abundance in the SLE from the beginning to the end of the study period
and the opposite trend in the GP (Figure 6). The overall relative abundances were well
aligned with the observed sightings and the final model identified the north shore of the SLE
northeast of Tadoussac and the eastern tip of the GP as favourable habitats for blue whales.

Figure 5. Actual and predicted blue whale sightings in the St. Lawrence Estuary (SLE; a and b) and Gaspé
Peninsula (GP; c and d) obtained from the best-fitting GAM for the entire study period 2000–2008. Actual
survey effort is indicated for comparison.
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Figure 6. Predicted blue whale relative abundance in the St. Lawrence Estuary (SLE) and Gaspé Peninsula
(GP) obtained from the best-fitting GAM. Each grid cell represents an area of 16 km2. Predictions are missing
for the GP region in 2001 because surveys were not conducted due to financial constraints. Predictions are
absent for the GP region in 2003, the SLE region in 2007, and the SLE region in 2008 due to fewer observed
blue whales and the comparatively smaller sample sizes available for model predictions in these years. Note the
apparent shift in predicted relative abundance from the SLE to the GP during the latter half of the study
period.

4. Discussion
4.1. Distribution
Blue whales frequented the GSL regularly throughout the summer months during the
entire study period. These sightings coincided with known patterns of annual pole-ward
migration to take advantage of increased productivity in high-latitude seas (Mate et al. 1999).
The GSL represents only a small portion of blue whale summer foraging areas since
individuals have been resighted off the coasts of Greenland and the northeastern United
States (Hammond et al. 1990, Wenzel et al. 1988). It should therefore be kept in mind that
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this data set represents only a snapshot of their habitat use throughout their entire range.
The majority of blue whales were sighted along the north shore of the lower SLE but very
few were seen along the southern shore of the SLE or in the middle of the LC from Baie
Comeau eastward. These patterns are, however, undoubtedly linked to the distribution of
survey effort. Since blue whales were observed in the deeper waters of the LC near
Tadoussac this indicates the possibility of suitable habitat in other areas of the LC which
would not have been identified by the model due to limited sampling in these areas.
The movements of North Atlantic blue whales are poorly understood, particularly
outside of the GSL. Although not specifically tracked, a large proportion of identified
animals were observed in both the GP and the SLE and many were observed in multiple
years. Similar findings were made by Ramp et al. (2006) with a MICS data set spanning the
years 1979–2002. Blue whales typically enter the GSL at the beginning of April, then travel
westward further into the SLE by the end of August (Sears et al. 1990). It is reasonable that
the same individuals would be observed first in the GP and then in the SLE, and that their
habitat usage shifts throughout the season. These patterns are expected because blue whales
are highly nomadic (Mate et al. 1999) and they must continually search for large prey
aggregations due to their energetically costly lunge-feeding behaviour (Acevedo-Gutierrez et
al. 2002). Approximately 25% more individuals were identified in the GP than in the SLE,
despite larger spatial and temporal coverage of the SLE and over three times the number of
sightings there. This suggests that individuals might prefer distinctive habitats. It is also
possible that some individuals in our study area exhibit site fidelity, as is evidenced by several
animals that exclusively frequent the SLE or the GP (Comtois et al. 2010).
Changes in blue whale distributions were not directly measureable due to the nonrandom and non-systematic nature of the surveys. However, there was a marked decrease in
the predicted relative abundance and the number of blue whales identified in the SLE from
the beginning to the end of the study period with the opposite trend occurring in the GP.
This trend would be expected as a result of changes in food availability. Summer
distributions of rorqual whales are typically driven by the abundance and distribution of their
prey, which in turn is governed by changes in oceanographic conditions (Friedlaender et al.
2006, Calambokidis et al. 2007, Fiedler et al. 1998). Blue whales predominantly feed on krill
(euphausiids), of which Thysanoessa raschii and Meganyctiphanes norvegica are the principal prey
species for individuals found in the GSL (Sears et al. 1987, Mizroch et al. 1984). Hanson and
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Chouinard (2002) detected a major decrease in krill consumption by cod in the southern
GSL between the years 1959–2002. They suggested that this diet change indicated a major
perturbation of the GSL ecosystem as a result of changing ocean temperatures. A
comparable shift in oceanographic conditions in the SLE might be the reason behind the
apparent shift in blue whale distribution. Over the study period, average weekly SSTs
increased by 0.1°C in the SLE and by 0.7°C in the GSL. Another explanation includes
avoidance of the SLE due to an increase in human activities which have been on the rise in
this region for more than a decade (Alexander et al. 2010).
4.2. Environmental Variables
Blue whales were strongly associated with both geographic and topographical features.
Although spatial covariates are undoubtedly proxies for other unmeasured biological or
physiographic characteristics, longitude contributed positively to the overall explanatory
power of the final model. In this case, longitude likely represents a physical limitation to the
extent of available blue whale habitat. Whales were not observed beyond 70ºE, where the
LC ends, depths decrease drastically, and the SLE narrows considerably. Although
potentially an artifact of limited sampling in this area, blue whales seemed to avoid
longitudes around 66ºE. This area corresponds to the Anticosti Gyre, which exhibits
oligotrophic conditions and typically contains a lower plankton biomass than the
surrounding waters (Sevigny et al. 1979, Romero et al. 2000). This is also a particularly wide
region of the LC with shallower slopes than the remainder of the GSL. Since krill aggregate
near the edges of the steep LC canyon (Sourisseau et al. 2006), longitude seems to explain
why blue whales avoid this area.
The final model contained two bathymetric covariates: depth and distance to shore.
These variables are often biologically significant in marine environments as a result of their
contribution to circulation patterns, upwelling, increased productivity, and larval recruitment
(Wolanski & Hamner 1988). Bathymetric variables have previously been linked to several
rorqual species including fin whales (Panigada et al. 2008), humpback whales (Smith et al.
2012), minke whales (Ainley et al. 2012), and sei whales (Laidre et al. 2010) – all four species
which are found sympatrically with blue whales in the GSL. In combination with the
complex bottom topography of the lower SLE, strong currents, tides, and upwelling
concentrate krill into some of the largest and most persistent aggregations in the GSL (Cotte
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& Simard 2005, Simard & Lavoie 1999, Sourisseau et al. 2006). This predictable and
prevalent food source is a likely explanation for the large number of blue whales observed in
this region.
Blue whales were commonly found in depths that coincided with the shelves on
either side of the LC. Except for the westernmost section of the SLE, it was uncommon for
blue whales to be observed towards the center of this submarine canyon. In particular, the
area northeast of Tadoussac, where there were the highest concentrations of blue whales
sighted, is a wide ledge at roughly 200 m depth. Such shelf areas are extremely productive
marine environments where biomass tends to accumulate (Carmack & Wassmann 2006).
Both the M. norvegica and T. raschii species inhabit shelf regions between 25–250 m,
facilitating vertical migration to the surface at night (Harvey et al. 2009). Like humpback
whales, blue whales should benefit energetically from these shallower areas since the vertical
migration of krill is restricted, making their prey more accessible closer to the surface (Dalla
Rosa et al. 2012). Previous studies have identified the GSL as an important foraging site for
baleen whales (Simard et al. 2002, Cotte & Simard 2005) and the preferred sea bed depths
identified in this study correspond well to the recorded foraging depths of tagged blue
whales in both the GSL (Doniol-Valcroze et al. 2011) and the western North Pacific
(Goldbogen et al. 2011).
In both the GP and SLE, blue whales were commonly found in areas within 15 km of
shore, supporting the idea that they prefer the ledges on either side of the LC. The peak at 4
km is most likely attributable to the large number of animals sighted in and around the
“bathtub,” a long deep basin northeast of Tadoussac that runs parallel to the coast and lies
within hundreds of meters of shore. During the summer this area boasts more whales than
any other part of the GSL and it is not uncommon for large rorqual whales to be spotted
from shore. Contrary to a recent study by Doniol-Valcroze et al. (2012), slope did not appear
to be a significant predictor of blue whale relative abundance. Although slope contributes to
circulation patterns and subsequently krill aggregation in the GSL, it is not surprising that the
model did not detect a significant contribution due to the resolution of the bathymetric data
set. The steep drops from the coastal ledges to the bottom of the LC appeared to be
overlooked and only generally shallow slopes ranging between 0–13º were identified in our
data set. The unique bottom topography of the GSL nevertheless contributes to the high
productivity of this region making it a favoured summer habitat for blue whales.
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The final model selected weekly chl-a with a four-week lag as the best of the chl-a
predictors for blue whale habitat use. Croll et al. (2005) reported time lags of approximately
three to four months between primary productivity and peak krill densities, as well as a
subsequent increase in blue whale abundance in Monterey Bay, California. Similarly, Visser et
al. (2011) found that the onset of blue whales in the Azores matched the timing of the spring
phytoplankton bloom with 13–16 week lags. Interestingly, when the model was fitted with
the weekly chl-a lags separately, each was a significant predictor of blue whale relative
abundance. When the final model was fitted with all weekly chl-a lags, the percent deviance
explained increased to 75% but the sample size decreased to 566 segments. We opted for the
more robust model with the higher number of segments, but there are clearly complicated
relationships between chl-a concentrations and blue whale habitat use that are not fully
captured by this model.
Higher chl-a concentrations typically indicate higher rorqual whale sighting
probabilities (e.g. Anderwald et al. 2012, Dalla Rosa et al. 2012, Visser et al. 2011). In the
GSL, large phytoplankton blooms occur during the spring after the winter sea ice recedes
(Le Fouest et al. 2005). This attracts sizeable numbers of lower trophic grazers, resulting in
large krill and copepod densities and ultimately top predators for the remainder of the
summer. The largest predicted blue whale relative abundances in the GSL were found in
areas with chl-a concentrations greater than 50 mg/m3. This suggests that high levels of
primary productivity are necessary to produce krill densities worthwhile for blue whale
foraging. Phytoplankton in the GSL is also limited by nutrient availability (Sevigny et al. 1979,
Tamigneaux et al. 1995). During the summer, northwesterly winds create upwelling events
along the north shore of the SLE and on the southern coast of Anticosti Island, bringing
nutrient-rich waters to the surface (Saucier et al. 2003). The outflow of freshwater from the
Saguenay River also contributes to phytoplankton blooms in the lower SLE (Savenkoff et al.
1997). It is this combination of conditions that likely contribute to the large number of blue
whales sighted in the lower SLE and off the eastern tip of the GP.
These results should be interpreted with caution because chl-a is not necessarily a
reliable predictor of habitat use. It is hard to distinguish chl-a from other dissolved particles
in turbid waters, particularly in the SLE due to nutrient outflow from the Saguenay River.
Another stipulation of remotely sensed chl-a images is that they might not accurately reflect
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phytoplankton biomass below the surface (Branch et al. 2007, Prezelin et al. 2004). Currents,
tides, runoff, and winds can also carry primary producers away from their sites of original
production (FuentesYaco et al. 1997, Doyon et al. 2000) and chl-a concentrations are affected
by the intensity of zooplankton grazing (Tamigneaux et al. 1999). Since the oceanographic
processes of the GSL are highly dynamic, all of these factors are likely contributors to the
variability of the final model.
Blue whales were associated with relatively cold SSTs and there was a positive
relationship between SST and blue whale relative abundance up to approximately 11°C.
During the summer months, prey availability dictates where baleen whales will be found.
Since SST appears to be the most important factor in determining krill abundance, it is not
surprising that it also influences blue whale habitat selection (Letessier et al. 2009). The
smoothed function for SST does indeed overlap with the preferred temperature range of the
M. norvegica species (Tarling et al. 2010). SSTs were generally lower in the SLE than in the rest
of the GSL, explaining the larger number of blue whales sighted here, especially during the
first half of the study period. Earlier studies have confirmed the importance of cold SSTs to
blue whales in their high latitude feeding grounds (Gill et al. 2011, Moore et al. 2002, Sirovic
& Hildebrand 2011).
Thermal fronts are prime candidates for discerning blue whale habitat use because
they are characteristically regions of high productivity and of zooplankton aggregations (Lalli
& Parsons 1997). Blue whales are closely linked to such productive areas and have been
associated with thermal fronts in the northwest Pacific Ocean (Moore et al. 2002), the eastern
Pacific Ocean (Etnoyer et al. 2006), and the GSL (Doniol-Valcroze et al. 2007). The positive
relationship between predicted relative abundance and distance to thermal front (up to 9 km)
indicates that blue whales exploit frontal edges, presumably because if krill is concentrated
and predictable they will be able to harvest it at a higher rate. Blue whales also require larger
prey patches than other rorqual whales due to their enormous size. Blue whales were not
observed directly overtop of thermal fronts and the smallest straight-line distance from a
blue whale to a thermal front was 500 m. This suggests that there is either a temporal or
spatial lag between development of the front and the aggregation of prey, or that the surface
front is not representative of the front at depth.
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4.3. Modeling
The best-fitting GAM was a relatively simple model containing only 8 of the 22
investigated explanatory variables. It presumably did not over fit the data, especially since
larger degrees of freedom were penalized in the GCV score. Although we are confident in
the selection of the final model terms due to the large number of segments, the final model
had a low percent deviance explained in addition to a low explanatory power. The large
variability in this data set could be explained by several limitations in the survey protocol.
The priority of MICS is to identify the largest number of individual blue whales possible;
surveys are therefore conducted primarily in locations of known blue whale concentrations
and not randomly or systematically. Since the majority of observations came from the same
general locations, a wide range of physiographic and environmental conditions were less
likely to be represented by the model. Furthermore, sampling was restricted to only a small
portion of the blue whale summer feeding grounds (Comtois et al. 2010). In comparison to
the range of blue whales over oceanic basins, this relatively small study area might not have
been suitable for capturing the intrinsic variability of blue whale habitats.
The selection of geographic, physiographic, and environmental covariates by the
final model suggests that complex ecological interactions are indeed taking place. It is likely
that the explanatory power of the final model would improve with the inclusion of
interaction terms; however, interpretation would become exceedingly difficult. Another
option would be to include additional explanatory variables such as currents, net primary
productivity, prey abundance, salinity, sea level anomalies, tides, upwelling indices, etc. as
they become available. There are undoubtedly such inherent biological processes that the
model is not capturing as indicated by the central dip in the Q-Q plot, and subsequently by
the positively skewed histogram of residuals (Appendix 1). One explanation for these
patterns is the large number of segments with zero sightings, despite correction of the
standard errors with a quasi-GAM model. A larger data set would facilitate a two-step
modeling approach in which blue whale relative abundance was modeled conditional upon
blue whale presence.
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4.4. Spatial Predictions
The final GAM effectively pinpointed areas of blue whale habitat use. It therefore has
the potential to identify areas of suitable habitat and to predict spatiotemporal habitat shifts
in response to changing oceanographic conditions, even in unsurveyed areas. However, one
should be cautious when predicting over areas larger than our study site as the relationships
between the selected covariates and blue whale relative abundance might not hold (Canadas
& Hammond 2008). There were several areas where the final model predicted blue whale
sightings that did not occur (e.g. off the eastern tip of Anticosti Island and near the southern
shore of the lower SLE). This suggests the possibility of unmeasured variables preventing
blue whales from entering suitable habitat. Since this study has been conducted as part of a
long-term blue whale population-monitoring program, the obvious next step would be to
test the model predictions with sighting data from 2009–2012. Furthermore, additional
environmental data could be generated for the remainder of the study area to enable
predictions of relative abundance within the entire GSL.
4.5. Conservation Implications and Future Directions
Identifying and protecting critical blue whale habitat is a necessary step in recovering
this endangered species to pre-exploitation levels (Reeves et al. 1998). This model is the first
to describe such large-scale ecologically important areas for blue whales in the North
Atlantic. This information is vital for the effective management and conservation of blue
whales and for defining areas of designated protection. Not only have we improved our
understanding of the complex ecology of these animals, but we have also highlighted the
value of habitat modeling as a technique for cetacean conservation.
North Atlantic blue whales are more susceptible to anthropogenic threats and
environmental disturbance in the GSL than in the remainder of their range due to the unique
bathymetry allowing them to approach so close to shore (Bellefleur et al. 2006). The GSL is
also host to a wide range of human activities that can disrupt the health and productivity of
the marine environment. Aquaculture, recreational boating, shipping, commercial fishing,
tourism, and oil and gas exploration are all prevalent in this region, especially in the lower
SLE (Parrott et al. 2011), which was identified as an important blue whale habitat by our
predictive habitat model. Conservation efforts should therefore be focused on protecting
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this portion of their summer feeding grounds and should be geared towards preventing
disruption of this coastal marine ecosystem. The results of this study should also be
incorporated into management plans for the Saguenay-St. Lawrence Marine Park and the
planned St. Lawrence Estuary Marine Protected Area.
Our results identify remotely sensed variables as effective predictors of blue whale
habitat use; this has important implications for their conservation. These data are
advantageous because they can be gathered at a greater temporal and spatial coverage than
possible by surveying. This is particularly valuable since blue whales range over oceanic
basins. Remotely sensed data sets are becoming more widely available and also serve as a
cost effective alternative to traditional environmental surveying. Our study has highlighted
the importance of GIS as a tool for integrating environmental and sighting data. When used
in combination, these techniques can provide efficient, effective, and inexpensive
information on blue whale distribution and habitat use over a wide range of scales.
Although beyond the scope of this study, the addition of other dynamic
environmental processes could provide valuable information on the underlying drivers of
blue whale distributions. The effects of time-lagged SST and thermal front covariates should
be tested, in addition to different temporal and spatial chl-a lags. Since year was selected as a
final model covariate, it would be worthwhile to assess inter-annual variability in habitat
selection by developing individual-year models. Since the population size of blue whales in
this region is small, the removal of only a few individuals might have severe consequences
for the population. In such cases, it is especially important to protect reproductive females.
The variability between the habitat use of different sex and age classes should therefore be
examined in future studies.
The results of visual surveys might not represent prime blue whale habitat because
areas are only surveyed during the day and in good weather conditions (Hamazaki 2002). It is
also possible that a large number of sightings are missed during the night when krill migrate
vertically to the surface. Since blue whales vocalize during foraging (Oleson et al. 2007), this
problem could be solved by incorporating detections from passive acoustic surveys into
future habitat preference models (Hamazaki 2002, Soldevilla et al. 2011). Large-aperture
hydrophones have already been set up and tested in the GSL for this purpose (Simard & Roy
2008). It would also be particularly useful to incorporate data from systematic line transect
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surveys to obtain estimates of abundance. Possible extensions of this study could include the
collection of behavioural data to explore the importance of different habitats for particular
activities, and the use of telemetry tags to gain a three-dimensional representation of blue
whale habitats.
4.5. Conclusion
The distribution and habitat use of blue whales in the GSL was investigated in
relation to topographical and remotely sensed environmental variables with GIS and GAMs.
Models were based on nine years of sighting data from the world’s longest running study on
this species. Temporal, spatial, bathymetric, and dynamic environmental covariates
contributed to the final model. This combination of covariates suggests that blue whale
habitat use is driven by complex ecological interactions and that these cetaceans likely use
areas that not only generate primary productivity, but also those that concentrate prey. This
study is one of few to examine mesoscale oceanographic processes in a model of cetacean
habitat use and it has highlighted the importance of including time-lagged covariates in such
studies. The final model identified the lower SLE and eastern tip of the GP as suitable
habitats for blue whales. Furthermore, it succeeded in unveiling some of the underlying
ecological processes driving their distribution and relative abundance in these regions. The
results of our predictive habitat model have the potential to provide the basis for an effective
blue whale management framework and to contribute to the recovery of this poorly studied
endangered species.
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Appendix

Appendix 1. Diagnostic plots for the best-fitting GAM: a) Normal Q-Q plot, b) Residuals vs. Linear
Predictors, c) Histogram of Residuals, and d) Response vs. Fitted Values.
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