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ABSTRACT 

British Columbia (B.C.) is home to 25 species of cetaceans, six of which are 

listed as at risk of extinction by the Committee on the Status of Endangered Wildlife in 

Canada (COSEWIC) and under the Species at Risk Act (SARA). It is crucial to learn 

more about the distribution, abundance, and habitat use of these species. However, 

because cetaceans can be wide-ranging and distributed sparsely over vast areas, 

statistically robust systematic studies can be expensive and logistically challenging. To 

overcome these issues, my research aims to use a platform of opportunistic sightings, 

Straitwatch, to generate estimates of abundance and spatial distribution for 6 species of 

cetaceans commonly found off Vancouver Island. During the summers of 2008 and 

2009, Straitwatch collected effort and sightings data during non-systematic surveys of 

three regions. These data were analyzed using model-based distance sampling 

methods. Results of these analyses are useful for (1) determining cetacean habitat use, 

(2) identifying and protecting critical habitats or creating marine protected areas, and (3) 

for identifying areas where cetaceans are at greater risk to anthropogenic disturbance 

such as entanglement/bycatch in fishing gear. 

 
Keywords: detection function; density surface modelling; distance sampling; distribution 
and abundance; opportunistic platform; spatial model.  
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1: INTRODUCTION 

Estimates of spatial and temporal distribution and abundance of cetaceans 

(whales, dolphins, and porpoises) are required to inform wildlife conservation and 

management decisions, to evaluate their effectiveness, and to assess the 

potential effects of anthropogenic disturbance on such populations and their 

habitat (Evans and Hammond 2004; Barlow et al. 2007; MacLeod et al. 2008). 

Specifically, distribution and abundance data are essential components of 

fisheries management, conservation, and habitat use by humans.  For instance, 

the way in which fisheries are managed can affect bycatch of small cetaceans 

(Hall et al. 2002), chance of entanglement in fishing gear (BCCSN 2006), and 

availability of prey for cetaceans (Larkin 1996). As well, many cetaceans have 

been struck and in some cases killed by fishing or non-fishing vessels (Williams 

and O’Hara 2010). Conservation efforts associated with cetaceans require 

distribution and abundance data to determine the species’ conservation status, 

areas of important habitat (Williams and Thomas, 2007), and where and when 

cetaceans would be most sensitive to anthropogenic disturbances such as 

seismic surveys that are conducted by resource extraction industries (Williams 

and Thomas. 2007).  Moreover, information on time trends in abundance (e.g., 

"Abundance now is 50% of what it was X years ago") may identify a decline in a 

given species’ occupation of the study area, emphasizing the need for further 

research or precautionary management actions. 
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However, for the 25 species of cetaceans documented to occur off the coast 

of British Columbia (B.C.), Canada, there remains little information about their 

distribution and abundance (Ford et al. 2010). This situation is surprising, given 

that many of the species currently identified as occupying B.C.’s coastal waters, 

including those targeted by this research, are listed as at risk by the Committee 

on the Status of Endangered Wildlife in Canada (COSEWIC) (COSEWIC 2011). 

COSEWIC evaluates a species status as “extinct”, “extirpated”, “endangered”, 

“threatened”, “special concern”, “not at risk”, or “data deficient” (COSEWIC 

2011). COSEWIC species assessments are then forwarded to the federal 

Minister of Environment who determines whether they should be legally 

protected under Canada’s Species at Risk Act (SARA 2003). Species recognized 

as at risk by COSEWIC are therefore not automatically listed under SARA.  

Species found off the B.C. coast that are identified as at risk by COSEWIC and 

that have been legally listed under SARA include the:  

 harbour porpoise (Phocoena phocoena) (special concern); 

 fin whale (Balaenoptera physalus) (threatened); 

 humpback whale (Megaptera novaeanglie) (special concern); 

 grey whale (Eschrichtius robustus) (special concern); 

 transient killer whale (Orcinus orca) (threatened);  

 offshore killer whale (Orcinus orca) (threatened); and the 

 southern (endangered) and northern (threatened) resident killer 

whale (Orcinus orca) (COSEWIC, 2011; SARA, 2011). 
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Other common B.C. species not identified as at risk by COSEWIC include the 

Dall’s porpoise (Phocoenoides dalli), minke whale (Balaenoptera acutorostrata), 

and Pacific white-sided dolphin (Lagenorhychus obliquidens) (COSEWIC 2011; 

SARA 2011).  While these species are not considered at risk under SARA or by 

COSEWIC, there remains little information on their population trends, distribution, 

and/or abundance within the coastal waters of B.C. (Ashe 2007).  

Numerous anthropogenic activities and natural processes affect cetacean 

species in B.C. waters and may threaten or impede the recovery of species that 

are listed as at risk (DFO 2008). In some cases, many of these species are 

identified by COSEWIC as at risk due in part to their depletion as a result of 

commercial whaling or the live capture industry (Williams and Thomas 2007; 

DFO 2008; COSEWIC 2011). In addition, the reduction in the availability of prey 

to at-risk cetaceans through competition with fisheries, climate change, and 

reduced benthic and pelagic productivity in feeding grounds may also limit the 

recovery of species and/or cause declines in population abundance (Ford et al. 

2005; Ford et al. 2009b; DFO 2010a; DFO 2010b). For example, Ford et al. 

(2009b) showed that trends in the survival patterns of resident killer whales are 

strongly related to fluctuations in the abundance of Chinook salmon, such that 

prey limitation may therefore be an important factor in recent declines of resident 

killer whale populations. 

Several processes that also negatively affect cetaceans and the recovery of 

at-risk species are related to the presence of vessels, e.g., strikes by vessels 

(Williams and O’Hara 2010; Jensen and Silber 2003), marine vessel exhaust 
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(Lachmuth et al. 2011), vessel noise (especially from shipping), and vessel 

disturbance (Erbe 2002; Williams et al. 2002; Williams et al. 2006a; Lusseau 

2006; Noren et al. 2009; Holt et al. 2009; DFO 2008). Boat noise can not only 

impede the ability of cetaceans to communicate between individuals, which may 

limit the ability of an individual to find a mate (Ford et al. 2000), but it also has 

been linked to the disruption of feeding activity (Williams et al. 2006a) by 

masking echolocation or passive listening for prey (Erbe 2002; Williams et al. 

2002). Vessel presence at close proximity to cetaceans may also disrupt feeding 

activity by altering an animal's behavioural state (e.g., causing it to change from 

foraging to travelling) (Williams et al. 2002). Other detrimental human activities 

include the production of toxic fat-soluble contaminants (Ross 2000; DFO 2008), 

intense anthropogenic noise (i.e., navy sonar, and seismic testing) (Williams and 

Thomas 2007), incidental by-catch of small cetaceans in commercial gillnet 

fisheries (Hall et al. 2002), entanglement in active and/or ghost fishing gear (Ford 

et al. 2009a; DFO 2008; Guenther et al. 1995), and entanglement in and 

ingestion of marine debris (Williams et al. 2011a). Furthermore, the potential for 

future oil and gas exploration or extraction and increased shipping traffic off the 

coast of B.C. (Williams and O’Hara 2010; Molnar and Koshure 2009) will only 

exacerbate the impact of some of these anthropogenic threats. The aggregate 

potential effect of this wide range of human activities reinforces the importance of 

producing baseline estimates of distribution and abundance for the cetaceans 

found in B.C.’s coastal waters before such human activities intensify (Williams & 

Thomas 2007). These are some of the reasons for conducting this study. 
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In some cases, corrective actions against some of the human-induced 

processes identified above have led to the recovery of cetacean populations. 

Whaling for humpback and grey whales in the northern Pacific during the 19th 

and 20th century drastically reduced global humpback and grey whale 

populations (Ford et al. 2009a), but since the cessation of whaling, both the 

eastern population of grey whales and humpback whales in the Pacific are 

believed to have recovered to near pre-exploitation levels (DFO 2010a; Ford et 

al. 2009a). Most recently, COSEWIC down-listed the eastern Pacific population 

of humpback whales from threatened to special concern (COSEWIC 2011) 

because of evidence of their slight recovery in population size. Similarly, 

international agreements (e.g., United Nations driftnet ban) have helped to 

reduce the amount of bycatch associated with global fisheries (Hall et al. 2000). 

Other methods aimed at the reduction of bycatch in commercial fisheries include 

total bycatch limits, the promotion of sustainable seafood consumer-education 

programs (e.g., Dolphin Safe (International Dolphin Safe Monitoring Program 

2011), Sea choice (Sea choice 2011) and Ocean wise (Ocean Wise 2011), and 

technological changes in equipment and deployment methods aimed at reducing 

bycatch (Hall et al. 2000). 

It is difficult to determine the extent and magnitude of effects of human 

activities on cetaceans. Not only are the anthropogenically based mechanisms 

poorly known, but cetaceans are also wide-ranging, highly mobile, and 

distributed relatively sparsely over vast areas, thus making systematic studies of 

their habitat use and abundance expensive (Redfern et al. 2006) and logistically 
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challenging. Efforts to meet this challenge have been made by estimating 

cetacean distribution and abundance on the coast of B.C. These efforts include, 

but are not restricted to, five types of data collection. (1) Opportunistic sightings 

networks, like the B.C. Cetacean Sightings Network (BCCSN), collect presence-

only data where observers only report positive sightings and no information is 

collected on absence of sightings. (2) Coast-wide statistically designed 

systematic line transect surveys (Williams et al. 2007) gather data in a more 

rigorous manner, but are constrained by small sample sizes due to difficulties 

associated with re-sampling large surveyed areas. (3) Species-specific (as 

opposed to coast-wide) statistically designed systematic line transect surveys 

(Calambokidis et al. 1997; Chandler and Calambokidis 2003; Hall 2004) are 

constrained by species type and to small geographic areas such as the waters 

off southern Vancouver Island. (4) Studies carried out using a ferry as a “platform 

of opportunity” (Keple 2002) are constrained by their coverage of the study area, 

providing estimates which only include the waters surrounding the ferry route off 

southern Vancouver Island. (5) Scientists at the Department of Fisheries and 

Oceans Canada (DFO) and other independent scientists conduct ongoing mark-

recapture studies and/or photo identification work (Morton 2000), which is limited 

to those species that can be individually identified (e.g., the saddle patch and 

dorsal fin of killer whales). In addition to mark-recapture studies, DFO also 

carries out ship-based line transect surveys that are not statistically designed and 

that tend to sample areas of known cetacean presence such that sampling does 

not always occur throughout B.C.’s Pacific waters in all seasons. The resulting 

6 



abundance estimates only reflect the encounter rate along the trackline for each 

species sighted (Ford et al. 2009a, 2010). 

My research focused on the BCCSN data. As one means of collecting 

information on cetacean distribution and abundance in B.C., the Vancouver 

Aquarium, in partnership with DFO, founded the BCCSN in 1999 (BCCSN 2009). 

The aim of the network is to establish a repository of opportunistic sightings of 

cetaceans off the coast of B.C. collected from a group of voluntary observers, 

without any of the logistical or monetary constraints of conducting dedicated line 

transect surveys (BCCSN 2006). The BCCSN has maintained a network of over 

3,000 observers across B.C. for over 10 years (BCCSN 2011).  The network is 

composed primarily of professional mariners and coastal citizens who report their 

sightings of cetaceans and sea turtles (BCCSN 2011). To date the network has 

catalogued over 45,000 incidental sightings of 18 species of whales, dolphins, 

porpoises, and three species of sea turtle (BCCSN 2009).  

Incidental sightings collected by the BCCSN provide seasonal presence-

only data about a given species within a given area. Such data can be valuable 

in many ways. Incidental sightings are useful in identifying temporal or spatial 

areas of high use that can be targeted by future research for more refined survey 

methods (Elith et al. 2006). Furthermore, incidental sightings may reveal gross 

distributional changes over time, and may be the primary source of information 

for rare species, which do not occur in predictable locations (Evans and 

Hammond 2004).  
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However, incidental or opportunistic sightings, such as those collected by 

the BCCSN, provide no quantitative measure of trends in absolute population 

abundance (Evans and Hammond, 2004). This limitation arises because most 

observers do not report their effort related to sightings of cetaceans, or the 

absence of sightings despite time spent searching. Here effort pertains to a unit 

of time spent searching for cetaceans by a team of observers, e.g., time on the 

water or distance travelled within the survey region (Buckland et al. 2001). To 

conceptualize searching effort, a useful analogy exists in fisheries, where 

abundance (N) is often related to catch per unit effort (U) through the equation 

U = qN,                                                                  (1) 

where q refers to the catchability of the fish species (Jennings et al. 2001; Hilborn 

and Waters 1992). For abundance estimates of cetaceans, this relationship can 

be interpreted as sightings per unit effort (U) being proportional to abundance of 

the species (N) multiplied by its sightability, or probability of being sighted per 

unit of time searching (q). Sightability can be affected by the sea state, weather, 

visibility, group size, animal behaviour (i.e., an animal breaching will be easier to 

sight), and diving behaviour/time spent on the surface (i.e., animals that dive 

longer and deeper are on the surface less often) (Williams et al. 2006b; Buckland 

et al. 2001). Without effort or sightability information, one cannot estimate the 

expected proportions of animals present in the survey region that are actually 

detected (detection probability) and therefore one cannot subsequently estimate 

the actual abundance either (Buckland et al. 2001; Williams et al. 2001; Royle 
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and Nichols 2003). Without that information, only relative abundance estimates 

would be feasible. 

As a result, I chose to work with data collected by one of the BCCSN 

observers, the whale-watch monitoring group called Straitwatch. I was able to 

modify their data collection methods such that they started to collect information 

on effort and sightability, thus allowing for the estimation of distribution and 

absolute abundance of cetaceans within their program ranges (Figure 1) 

(Williams et al. 2006b). Operated by the Cetus Research and Conservation 

Society (CETUS), Straitwatch monitors the boating activities around marine 

mammals (especially killer whales and humpback whales) and provides boaters 

with information on local marine species and marine mammal viewing guidelines 

(CETUS 2009). The Straitwatch program operates within 3 survey regions off 

Vancouver Island (Figure 1). The Straitwatch North (SWN) (Figure 2) and 

Straitwatch South (SWS) (Figure 3) programs conduct daily patrols throughout 

their range between June and mid-September, while the Straitwatch West Coast 

(SWWC) (Figure 4) program operates for a period of 1 to 2 weeks each summer. 

Each program collects opportunistic sightings for the BCCSN (CETUS 2009). 

Straitwatch collects effort and sightability data along with GPS tracks, which 

record the distance travelled and area covered by observers on the vessel. 

Straitwatch also records information on sea state, weather, group size, and 

animal behaviour. 

The primary responsibility of the Straitwatch boat in any given region is to 

monitor the vessel activity surrounding a group of whales, typically killer whales, 
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which are the target of whale-watching activities within the program’s range. 

Thus, researchers collecting sightings data from this platform are not able to 

control the route of the vessel, because they are essentially following whale-

watching vessels, hence the survey is said to be conducted from a “platform of 

opportunity” (Williams et al. 2006b; Evans and Hammond 2004). Many studies 

examining spatio-temporal patterns of abundance of cetaceans have used ferries 

(Keple 2002), whale-watching vessels (Hall 2004; Leaper et al. 1997), fishing 

vessels (Buckland et al. 1992) and cruise ships (Williams et al. 2006b) as a 

“platform of opportunity” from which to collect data (Brereton et al. 2000; 

Marques 2001). 

1.1 Research objective 

Given the numerous needs described above for better data on distribution 

and abundance of cetaceans, my research objective is to use data collected from 

Straitwatch as a “platform of opportunity” to establish preliminary estimates of 

absolute abundance and spatial distribution for 6 species found within 3 survey 

regions around Vancouver Island (Figure 1). Specifically, I aim to estimate these 

quantities for Dall’s porpoise, harbour porpoise, Pacific white-sided dolphin, 

humpback whale, minke whale, and grey whale. 

I used a spatial distance sampling model to help achieve these objectives. 

The formal method called distance sampling is one of the most frequently used 

methods for estimating density and/or abundance of biological populations 

(Thomas et al.  2002, Marques 2001), and is usually applied through line transect 

or point transect surveys. Distance sampling accounts for the detectability (i.e., 
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sightability) of a species by generating a detection function, which is used to help 

model abundance estimates. Except in rare cases where one can be certain that 

all animals are detected within the survey region, methods for estimating 

absolute abundance must account for detectability, as is possible with distance 

sampling (Marques 2001).  Moreover, methods that account for detectability are 

especially relevant for cetacean populations that are distributed over large areas 

with low-to-medium density (Marques 2001) and which spend part of their time 

underwater, making them not always detectable (Hall 2004; Buckland et al. 

2001). Results of my analyses may be useful for (1) determining habitat use, (2) 

identifying and protecting critical habitats, (3) creating marine protected areas, 

and (4) determining areas within which there is considerable potential for 

anthropogenic disturbance such as entanglement or bycatch risk from fishing 

gear. Furthermore, detection functions generated for each species of cetacean 

during this study may be applicable for future design-based and/or model-based 

distance analyses conducted using the Straitwatch opportunistic platform.  

1.2 Current estimates of distribution and abundance within the 
Straitwatch program ranges 

To set the context within which my research was done, this section 

provides background data on current estimates of distribution and abundance 

available for the 6 cetacean species found within the Straitwatch program 

ranges.  
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1.2.1 Dall’s porpoise 

 
 Dall’s porpoise are considered to be one of the most abundant cetacean 

species in the North Pacific and range from northern Baja California to the Bering 

Sea (Ford et al. 2010). The latest U.S. Pacific marine mammal stock assessment 

estimates that the Pacific population size of Dall’s porpoise is approximately 

39,700 (Carretta et al. 2010). Between 2002 and 2008, DFO carried out non-

random ship-based line transect surveys in B.C.’s offshore and inshore waters 

(Table 1) from which they generated an encounter rate along the trackline for 

each species observed. The only species encountered more frequently than 

Dall’s porpoise were humpback whales (Ford et al. 2010). In 2004 and 2005, 

Williams and Thomas (2007) carried out design-based systematic line transect 

surveys in the inshore coastal waters of the Inside Passage between the 

B.C./Washington (WA) and the B.C./Alaska borders. They generated a coast-

wide estimate of Dall’s porpoise abundance of 4,910, as well as estimates for the 

Johnstone Strait stratum (Table 1). The SWN survey region makes up the 

northwestern portion of the Johnstone Strait stratum used by Williams and 

Thomas (2007). Both aerial surveys carried out over the inland waters of WA and 

B.C. (Calambokidis et al. 1997) and a Master’s-degree study using the ferry route 

between Tsawwassen and Swartz Bay B.C. as a “platform of opportunity” (Keple 

2002) have generated estimates of abundance within the SWS survey region 

(Table 1). No estimates of Dall’s porpoise abundance are currently available 

within the SWWC survey region. 
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1.2.2 Harbour porpoise 

Harbour porpoises typically inhabit the cool temperate waters of the 

northern hemisphere and are found in the NE Pacific range from Point 

Conception to the Bering Sea (Ford et al. 2010). Both COSEWIC and SARA list 

harbour porpoise as special concern because of their sensitivity to human 

activities and their vulnerability to entanglement and/or bycatch in fisheries (Ford 

et al. 2010). During DFO’s ship-based surveys, harbour porpoise were sighted 

most frequently around Vancouver Island, Haida Gwaii, in mainland inlets, and 

other shallow inshore waters (Table 1) (Ford et al. 2010).  

Williams and Thomas (2007) estimated a coast-wide abundance of 9,120 

harbour porpoise (Table 1), but were not able to make any estimates of harbour 

porpoise abundance for the Johnstone Strait stratum due to a limited number of 

sightings there. No estimates of harbour porpoise abundance are currently 

available within the SWN survey region. Conversely, aerial surveys occurring 

within the SWS survey region in 1996 and in 2002/03 have predicted harbour 

porpoise abundance for the inland waters of WA and B.C. (Table 1) 

(Calambokidis et al. 1997; Carretta et al. 2010). In addition, two Master’s-student 

theses have produced estimates of abundance for harbour porpoise within 

portions of the SWS survey region; one of which was conducted from a “platform 

of opportunity” (Keple 2002), while the other involved a series of systematic line 

transect studies within the waters of Juan de Fuca and Haro Strait, B.C. (Hall 

2004). No estimates of harbour porpoise abundance are currently available 

within the SWWC survey region. 
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1.2.3 Pacific white-sided dolphin 

 
Pacific white-sided dolphin are considered to be one of the most widely 

distributed and abundant small cetaceans in the North Pacific (Ford et al. 2010). 

They are known to range in temperate regions from the Aleutian Islands to Baja 

California, and are typically found year-round in pelagic waters, and in the 

inshore waters of Alaska, Washington and B.C. (Ashe 2007; Ford et al. 2010).  

Heise (1997) noted an increase in abundance from the 1980s in the inshore 

waters of B.C., possibly due to a shoreward shift in distribution (Ford et al. 2010). 

The majority of Pacific white-sided dolphin sightings were made in offshore 

waters, in the waters around Haida Gwaii, and in coastal inlets ranging only as 

far south as 49°N on either side of Vancouver Island (Table 1) (Ford et al. 2010).  

Several studies have attempted to estimate the distribution and 

abundance of Pacific white-sided dolphins within the waters surrounding the 

SWN survey region (Table 1). Williams and Thomas (2007) produced both coast-

wide and Johnstone Strait stratum abundance estimates (25,900 and 1,344, 

respectively). In addition, a photo-identification study carried out in the Broughton 

Archipelago and surrounding waters identified 675 individuals between 1984 and 

1998 (Morton 2000). Recent work using the data collected by Morton (2000) 

produced both minimum and maximum annual abundance estimates using a 

mark-recapture model (Ashe 2007). No estimates of Pacific white-sided dolphin 

abundance are currently available within the SWS or SWWC survey regions. 
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1.2.4 Humpback whale 

 
The abundance of humpback whales in the North Pacific has been 

steadily increasing from an estimate of 1,600 individuals by the end of 

commercial whaling in 1966 (DFO 2010a). The total pre-harvest estimates of 

humpback abundance in the eastern North Pacific was 15,000 individuals, 

however this may be considered inaccurate because an estimated 28,000 

humpbacks were killed as a result of whaling between 1905 to 1965 (DFO 

2010a). More recently, the study called “Structure of Populations, Levels of 

Abundance and Status of Humpback Whales in the North Pacific” (SPLASH), 

which was carried out between 2004 and 2006, estimated abundance of 18,000 

to 21,000 animals (not including first-year calves) within the North Pacific at that 

time (Table 1) (COSEWIC 2011; Calambokidis et al. 2008). This study also 

produced estimates for B.C.’s coastal waters, with 3,000 to 5,100 animals 

estimated to occupy the waters of the Gulf of Alaska, southeast Alaska and 

northern B.C., and 200-400 individuals occupying the waters of Southern B.C. 

and northern WA (Calambokidis et al. 2008).  

It is thought these 2 regions make up 2 distinct feeding groups within the 

B.C. humpback population (DFO, 2010a). The best estimate of humpback whale 

population size in B.C. waters produced by Ford et al. (2009) in 2006 suggested 

that 2,145 whales are seasonally present in B.C. waters, with a rate of increase 

estimated from photo-identification studies of 4% per year (COSEWIC 2011). As 

a result of the estimated recovery in population size of this species, humpback 

whales have been recently down-listed by COSEWIC from “threatened” to 
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“special concern” (COSEWIC 2011). A review process is currently underway in 

Canada regarding their species status under SARA. 

 Humpback whales range along the entire length of the west coast of B.C. 

from the WA to Alaska borders (Ford et al. 2010), with the greatest numbers 

found between May and October (DFO 2010a). During the DFO surveys, 

humpback whales were encountered more frequently than any other cetacean 

species (Table 1), with observed groups sizes of 1 to 35 and the majority of 

humpback’s sighted alone or in pairs (Ford et al. 2010).They have been known to 

inhabit both inshore waters, coastal inlets, and offshore waters, and appear to be 

distributed in aggregations based on the availability and location of their prey 

(DFO 2010a). Individual animals have been documented to show strong site 

fidelity, with the areas of greatest humpback whale densities identified as the 

waters around the Queen Charlotte Islands, channels and inlets on the North 

mainland coast, and off the North and Southwest coasts of Vancouver Island 

(DFO 2010a).  

Williams and Thomas (2007) estimated a coast-wide abundance of 1,310 

humpback whales in B.C, however, no specific estimates of abundance are 

available for the SWN or SWS survey regions. Photo identification work carried 

out within the SWN survey region has identified the number of individual 

humpback whales present annually in 2008 and 2009 (Table 1). In Clayoquot 

Sound, located within the western portion of the SWWC survey region, similar 

photo identification work has recorded 358 individuals between 1995 and 2009 
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(Pacific Wildlife Foundation 2010) with 65 individual humpbacks identified during 

the summer months (May to September) of 2009. 

1.2.5 Minke whale 

Few estimates relating to the abundance of minke whales in the North 

Pacific exist to date. Only one species of minke, the common minke, is found 

year-round within the water’s of B.C. (Ford et al. 2010).  The common minke 

occurs both in offshore waters and in shallow coastal waters, and it feeds mostly 

on small schooling fish such as herring and sandlance, as well as euphausiids 

and other crustaceans (Ford et al. 2010). The common minke is listed as “not at 

risk” by COSEWIC despite its low abundance level in B.C.’s coastal waters (Ford 

et al. 2010).  

Coast-wide estimates of encounter rate from the DFO surveys (Ford et al. 

2010) and abundance (Williams and Thomas 2007) are available (Table 1). No 

specific estimates of minke whale abundance exist in any of the Straitwatch 

survey regions. Photo identification work carried out within the SWN survey 

region has identified a total of 6 and 9 individual minke whales in 2008 and 2009, 

respectively (Jared Towers, Marine Education and Research Society (MERS), 

jrtowers@gmail.com, June 21, 2011, pers. comm.).  

1.2.6 Grey whale 

 
Estimates by COSEWIC suggest that 18,000 grey whales, comprising the 

eastern Pacific population, inhabit the North Pacific, with the number in the low 

hundreds for the B.C. coast (COSEWIC 2010; DFO 2010b). Grey whales in the 
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North Pacific mostly spend their time feeding in the high latitudes, while several 

hundred whales (known as the Pacific coast feeding aggregation) feed in the 

nearshore waters between California and Alaska (Ford et al.  2010). Summer 

resident grey whales in B.C. exhibit high site fidelity, which is primarily driven by 

prey abundance (Ford et al. 2010). In B.C., summer resident grey whale 

densities are highest off the west coast of Vancouver Island, the North coast of 

Vancouver Island between Cape Caution and Cape Sutil, and in mainland inlets 

from Shelter Bay to Cape Caution (Ford et al. 2010; COSEWIC 2010). Recent 

work by the Pacific Whale Foundation suggests that these summer residents are 

genetically distinct from the eastern Pacific population, which may have 

implications for the management of the summer resident grey whales. Summer 

resident grey whales have also been sighted within the SWS survey region 

around Boundary Bay, Haro Strait and Georgia Strait (COSEWIC 2010). Coast-

wide estimates of encounter rate from the DFO surveys (Ford et al. 2010) are 

available (Table 1); however, no abundance estimates have been made for the 

SWS and SWN survey regions. In 2008 and 2009, SWN made no sightings of 

grey whales, however, during the summer months of 2010 and 2011 one grey 

whale was sighted in both years within the SWN survey region. It is possible that 

this animal is showing some site fidelity to the Johnstone Strait area. Photo 

identification studies have identified 47 individuals (between 2006 and 2008) in 

the SWWC survey region where there is a greater occurrence of summer 

resident grey whale aggregations during the summer months (Pacific Wildlife 

Foundation 2009).  
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The abundance estimates generated through this research project 

complement the current information presented in Table 1 and section(s) 1.2.1-

1.2.6 on the distribution and abundance of six commonly occurring cetacean 

species in B.C. For many of these species, current information on abundance is 

restricted to relative abundance, individual counts or encounter rates, and 

estimates of distribution are limited. Additionally, many of the studies presented 

in Table 1 are limited in scope both spatially and/or temporally and in some 

cases only produce estimates for years prior to 2000.  While my study is also 

limited in scope both spatially (3 survey regions) and temporally (May to 

September), it helps to complement previous studies by providing more recent 

assessments of abundance for those species for which past estimates currently 

exist, while also providing estimates of species distribution, which do not exist in 

many cases. Moreover, this study provides abundance and distribution estimates 

for areas and for species for which none currently exist (e.g., for many of the 

small cetacean species and for those cetaceans occurring in the SWWC survey 

region). 
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2: METHODS 

2.1 Distance sampling as a means to estimate distribution and 
abundance of cetaceans within the Straitwatch program 
ranges 

I used distance sampling to obtain my estimates of abundance. Distance 

sampling uses the distance to an animal detected as a means to estimate the 

probability of detecting an animal ( ) as a function of perpendicular distance 

from the trackline. In order to account for the assumption that not all animals 

within the survey area are detected, distance sampling estimates the number of 

animals within a defined survey area (NA ) as the number of animals detected (n) 

divided by the estimated probability of detecting an animal ( ) (Marques 2001). 



p



p


p

n
N A
ˆ                                                                   (2) 

 

Three key assumptions of distance sampling are that (i) objects on the line 

transect are detected with certainty (i.e., the value of the detection function (g(x)) 

evaluated at zero distance (x=0) is 1), (ii) there is no responsive movement 

(attraction/avoidance) of the animal in relation to the boat before detection, which 

can be a problem with dolphins and porpoises who engage in bow riding or 

avoiding vessels, and (iii) measurements are exact for distance to the animal, 

radial angle from the transect line, species type, and group size (Thomas et al. 

2010). Double observer or double platform surveys, in which observers search 
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independently of each other or are located on separate platforms, may be 

conducted in order to reduce the effect of violating assumption (i) such that the 

actual value of g(x) evaluated along the trackline (i.e., x=0) can be estimated. 

This can especially be important with marine mammal surveys where animals go 

underwater and where the assumption that all animals along the trackline are 

detected can be violated (Thomas et al. 2010). Furthermore, there are two 

approaches that can be taken to minimize the level of bias introduced by 

assumption (iii). These include additional observer training and/or the use of 

experiments to develop correction factors to remove bias (Williams et al. 2007). 

Additional observer training in distance estimation can include training in 

adequate measurement accuracy and appropriate species identification (Thomas 

et al. 2010). Not only can Straitwatch staff be considered as trained observers in 

terms of species identification, but they also train or recalibrate themselves daily 

on distance estimation by comparing visual distance estimates against those 

obtained through the use of a laser range finder or radar. For my research, I 

conducted experiments that compared observers' estimates of distance to 

sighted cetaceans to actual distances to sighted cetaceans measured using laser 

range finders and/or radar. I conducted these experiments during both of my field 

seasons in order to correct for measurement error associated with assumption 

(iii) (see section 2.3 – Distance estimation experiments). 

Another key assumption of conventional distance sampling is that of equal 

coverage probability (Buckland et al. 2001), which means that all points in the 

study area have equal probability of being sampled. This can be achieved by 
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placing transects at random with respect to the distribution of the animal(s) being 

studied (Buckland et al. 2001; Williams et al. 2006b; Thomas et al. 2007). This 

assumption is required to obtain unbiased estimates of absolute abundance. 

Line-transect surveys, which are used most commonly to predict abundance and 

distribution information for both marine and terrestrial species, are usually 

designed a priori to provide for equal coverage probability throughout the survey 

region (Buckland et al. 2001).  

However, the assumption of equal coverage probability is often violated 

(Buckland et al. 1992) by platforms of opportunity such as the Straitwatch 

program where survey effort and coverage probability are not distributed 

randomly throughout the study area. As a result, “design-based” distance 

sampling methods that statistically rely on all points having equal probability of 

coverage are inappropriate for most data from “platforms of opportunity”. In such 

cases, other “model-based” distance sampling methods are required (Williams et 

al. 2006b; Hedley et al. 1999). 

One model-based approach, which can be applied to data from a “platform 

of opportunity” like the Straitwatch vessels, follows distance sampling methods 

that use the count method to spatially model distribution and abundance of a 

species within the study area (Hedley and Buckland 2004). The count method 

follows a two-stage approach that first estimates the probability of detection of a 

species through the generation of a detection function, and then uses the 

estimated probability of detection for each species (from the detection function) 

to help model the number of cetaceans in each “segment” of the trackline as a 
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function of spatially-referenced environmental covariates; that last step is done 

with a Generalized-Additive Model (GAM) (Williams et al. 2011b; Thomas et al. 

2010). Typically, such covariates are depth, latitude, longitude, temperature, or 

habitat type (Thomas et al. 2010).  That GAM relationship is then used to predict 

density and abundance throughout the larger study area by applying the model to 

a prediction grid within the survey region (Hastie and Tibshirani 1990; Thomas et 

al. 2010; Williams et al. 2006b; Buckland et al. 2004; Hedley and Buckland 

2004). GAMs can be applied when the response variable is discrete (e.g., count 

data), and are more advantageous than generalized linear models (GLMs) due to 

their flexibility when modelling spatial variability (Hedley, 2000) and when 

examining non-linear cetacean-habitat relationships (Redfern et al. 2006).    

It is important to note that reliable estimates of absolute abundance can 

be obtained using platforms of opportunity through the application of model-

based techniques (e.g., count-method) (Buckland et al. 2000; Williams et al. 

2006b).  Estimate of relative abundance are commonly produced from data 

collected on platforms of opportunity (e.g., encounter rate, bycatch, 

presence/absence data), however the use of spatial distance sampling models 

can be used to provide an estimate of absolute abundance by numerically 

integrating under the fitted density surface (Buckland et al. 2004; Williams et al. 

2006b). Moreover, spatial models of abundance and distribution based on spatial 

covariates can provide more information to managers because they may offer 

some explanation as to what factors are important predictors of cetacean 

presence within a survey region (Buckland et al. 2004).   
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If the non-random transects associated with the travel pattern of the 

platform of opportunity provide good spatial coverage within the survey region 

(typically generated post hoc), then spatial models can often offer more reliable 

estimates of absolute abundance than conventional designed-based analyses 

(Buckland et al. 2004), providing that effort is not determined by the distribution 

of the species of interest. While the data collected opportunistically by the 

Straitwatch program follows a non-random survey design, because the 

movement of the vessel within the survey area is determined by the presence of 

killer whales within each individual survey region, it is not directly determined by 

the six species of interest presented in this study. However, there remains the 

possibility that the environmental variable determining killer whale presence in 

the survey region might overlap with that of the species examined in this study 

(e.g., prey source). In some limited cases, where Straitwatch was monitoring the 

activity of vessel around transient killer whales, then the species of interest might 

have avoided the area(s) in which the vessel was being operated.   

2.2 Data Collection 

The Straitwatch data collection teams collected opportunistic sightings data 

from the Straitwatch monitoring vessels daily between July 1st and September 

15th, 2008 and 2009, throughout the three program ranges (Figure 1). The 

boundary of each of the SWS, SWN and SWWC program ranges defined the 3 

survey regions located around Vancouver Island (Figure 2; Figure 3; Figure 4). 

Each data collection team consisted of a vessel operator and a data recorder. 

While traveling through the survey region(s), the team recorded its effort in the 
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form of a track using a Global Position System (GPS). Tracks recorded the time, 

location, speed, and course throughout the study area. I will consider each day's 

set of tracks within each of the program’s ranges as a single survey for the 

purpose of my analysis.  During the 2008 and 2009 seasons, the SWN vessel 

recorded effort daily in the form of GPS tracks for a total of 101 days (Table 2 

and Figure 5), while the SWS vessel recorded a total of 34 days (Figure 6) and 

the SWWC vessel recorded a total of 6 days (Figure 7).  

In addition to collecting tracks within each survey region, the data collection 

teams also scanned for sightings from the trackline to 90 degrees to either side 

of the vessel. Whenever a sighting was made, the data recorder entered a GPS 

location and recorded the observer, species ID, time, latitude, longitude, sea 

state, weather, species group size, direction of travel, speed of the animal’s 

travel (slow, medium, fast), and the animal’s behaviour (traveling, resting, 

foraging etc.), as well as the distance (r) and angle (θ) to the observed animals 

(Figure 8). I calculated the perpendicular distance (x) from the trackline for each 

sighting using the formula x= r•sin(θ) (Thomas et al. 2010; Buckland et al. 2001). 

The data collection teams used angle markings on the vessel’s inflatable 

tubes to help estimate the angle to the animal. These markings are similar to 

those used on an angle board for transect surveys based on larger ships 

(Williams and Thomas, 2007). Observers also used binoculars, when 

appropriate, to confirm species type and group size, as well as a laser range 

finder and/or radar to estimate sightings distance relative to nearby points of 

land. 
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During the 2008 and 2009 surveys, each data collection team recorded 

sightings of harbour porpoise, Dall’s porpoise, Pacific white-sided dolphins, 

minke whales, humpback whales and grey whales in all three survey regions 

(Table 3).  

2.3 Distance estimation experiments 

Straitwatch vessel operators practice daily their ability to visually estimate 

distance to objects on the water. In order to correct visual estimates of distance 

to animal for each sighting, I carried out distance estimation experiments with all 

Straitwatch vessel drivers (Williams et al. 2007). Experiments were carried out 

mid-season and on the same day for all observers in each survey region for 2008 

and 2009, respectively. During these experiments, Straitwatch employees 

recorded their visual estimates of distance to 20 continuously visible targets, 

while a data recorder measured exact distances to each target using laser range 

finders and/or radar. Targets consisted of small floats/buoys, Styrofoam blocks, 

and barrels which best approximated the size of small cetaceans detected as 

sightings during surveys.  

Methods to correct error in an individual observer’s visual estimation of 

distance followed Williams et al. (2007). The first step was to fit a linear 

regression of the form y=mx+b forced through the origin (b=0) to the paired data 

(y=estimated distance, x=actual distance) from the distance estimation 

experiments for each of the 7 observers. Results of each paired distance linear 

regression provided a correction factor (cf), which is the slope of the regression 

line forced through zero. 
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I used plots of the linear regression for each observer's paired distances to 

identify whether heteroscedasticity existed (that variance in the estimated 

distance increased at greater distances) (Williams et al. 2007). Any evidence of 

heteroscedasticity indicated that a linear regression was not appropriate and that 

the calculation of a correction factor required a log transformation of the data or 

an alternative model such as a GAM (Williams et al. 2007).  

Paired comparisons of actual-to-estimated distance for each observer in this 

study suggested a heteroscedastic relationship (Figure 9a-b). As a result, the 

data were log transformed (log base 10) and plots of log(y) vs. log(x) for each 

observer instead revealed a linear relationship with constant variance across the 

range of values (i.e., no heteroscedasticity) (Figure 10a-b; Table 5). Such results 

are consistent with Williams et al. (2007), who found that a log transformation 

best describes the relationship between visual estimates and measured values. 

The model I selected for each observer was therefore: 

 Log (estimated distance) = (cf) x Log (actual distance)                       (3) 

I corrected each observer’s estimates of distance to an animal(s) using their 

unique correction factor obtained from equation (3) and multiplying their 

estimated distance by 1/cf.  

2.4 Data analysis 

I followed a five-stage approach to estimate the cetacean density and its 

associated variance in each survey region (Figure 11). (i) I first fit a global 

detection function g(x) to the sightings data from all 3 survey regions for each 

species to estimate the probability of detection for each species. (ii) I then 
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estimated the mean school size while taking into account school size bias for 

each species. (iii) I fit a statistical spatial model of cetacean abundance in each 

segment of trackline in each survey region as a function of geo-referenced 

environmental covariates. (iv) I then used the spatial model from (iii) to estimate 

the abundance of cetacean species throughout each survey region. (v) Finally, I 

produced estimates of variance in abundance for each cetacean species in each 

survey region (Buckland et al. 2001; Buckland et al. 2004; Williams and O’Hara 

2010; Hedley and Buckland 2004; Williams et al. 2006b).  I estimated the 

detection probability and the mean school size using the free software Distance 

6.0 release 2 (Thomas et al. 2010), and generated density and abundance 

estimates using the free statistical software R 2.9.2 (R Development Core Team, 

2009).  

2.4.1 (i) Fitting a global detection function for each species 

I modelled detection functions for each species as smooth functions of 

perpendicular distance from the trackline (Williams et al. 2006b), using 

conventional distance sampling (CDS) methods (Buckland et al. 2001; Buckland 

et al. 2004). I also explored the use of multiple covariate distance sampling 

(MCDS) for all species (Buckland et al. 2001; Buckland et al. 2004). MCDS uses 

other covariates (e.g., sea state or school size) in addition to the perpendicular 

distance to model the detection function. In all cases, the models fit using MCDS 

were not favoured in the formal model selection process based on their Akaike 

Information Criteria (AIC) value for species with greater than 40 observations per 

parameter (1 parameter for the half-normal model and 2 parameter’s for the 
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hazard-rate model) or their AICc for species with fewer than 40 observations per 

parameter and so MCDS was not applied to my analysis. 

 I pooled the sightings data from all three survey regions (SWN, SWS and 

SWWC) to create a global detection function for each species. The detection 

function g(x) is defined as the probability that an object at perpendicular distance 

x from the line is detected, such that 0 < x ≤ w, and where w refers to the 

truncation distance (Buckland et al. 2001, Thomas et al. 2002). Following 

conventional distance sampling methods, I assumed that the trackline detection 

probability (the probability of detecting an animal that is located directly on the 

trackline) was certain (i.e., g(0) = 1 or any animal located on the trackline was 

detected) (Buckland et al. 2001).  

Included in the model-selection phase for the detection function is the 

choice of a suitable truncation distance (w) (Thomas et al. 2010). Sightings for 

which the perpendicular distance to the trackline is greater than w were not 

included in the estimation of the detection function or in the abundance estimates 

(Figure 12) (Thomas et al. 2002). Truncation was required because otherwise 

extra adjustment terms in the detection function model might be needed to fit a 

long tail to that detection function (Thomas et al. 2010). However, adding terms 

to the detection function model that was used to fit data points which are 

numerically distant from the rest of the data (outliers) can reduce the precision of 

the fit of the model for little gain because typically these outliers contribute little to 

the abundance estimates generated from the detection function (Buckland et al. 

2001). The surveyed area (a) within which n animals are detected can therefore 
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be expressed as a = 2wL, where L refers to the length of the segment(s) (Figure 

12) (Thomas et al. 2010). 

If  represents the estimated mean probability of detection within the 

survey area, then the estimated animal density D  is (Buckland et al. 2001): 

p̂

ˆ

p̂wL

n
D̂

2
                                                             (4) 

Alternatively, the estimated animal density can be expressed as (Buckland 

et al. 2001; Williams et al. 2006b): 

L

)(f̂n
D̂

2

0
 ,      (5) 

Where represents the estimated probability density function of perpendicular 

distances of detected objects  evaluated at zero perpendicular distance. The 

estimated mean probability of detection ( ) can be calculated from the value of 

g(x)/f(x)•w evaluated along the trackline or where x = 0, such that g(x) = 1 and 

=1/ f •w. 

)(f̂ 0

)(0
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Candidate forms for the detection function were the half-normal and hazard-

rate models (Buckland et al. 2001; Williams et al. 2006b; Williams and O’Hara 

2010). The half-normal model is: 

 22 2x)x(g  ,               (6) 

where x refers to the perpendicular distance from the trackline and   is a scale 

parameter, which defines the rate at which g(x) decreases for increasing distance 

from the transect line (Buckland et al. 1993). The hazard-rate model also 

contains a shape parameter (b), which defines whether the shape of the 
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detection function has a “shoulder” near the transect line (Buckland et al. 2001). 

A shoulder is present when the detection of a species remains nearly certain at 

small distances from the line (e.g., g(x) = 1 from a distance of 0 to 100 meters 

from the line): 

 b)x(exp)x(g  1          (7) 

A detection function fit of the half-normal or hazard-rate model can be 

improved by removing or truncating 5-10% of the most distant sightings 

(Buckland et al. 2001). Model selection between models with the same truncation 

value was based on minimizing the AIC value for species with greater than 40 

observations per parameter or minimizing the AICc value for species with fewer 

than 40 observations per parameter. I further evaluated model fit using diagnostic 

plots and goodness-of-fit statistics (e.g., qq plots, Cramer Von-mises test, 

Kolmogorov-Smirnov test) (Williams and Thomas, 2007). Selecting for a model 

with minimal truncation was preferred because spatial modelling performs best 

when the number of sightings is high (Hedley, 1999).  

When the half-normal and hazard-rate model were both found plausible 

during the model selection phase (AIC ≤ 2 or AICc ≤ 2 depending on the 

number of observations of each species), then I selected the model with the 

minimum AIC (or AICc value when there were fewer than 40 observations per 

parameter). If the hazard-rate model was favoured, then I considered whether 

the selection of the hazard-rate model was biologically appropriate. The hazard-

rate model fits a shoulder to the sightings data such that the probability of 

detecting an animal is the same from zero to some distance from the trackline 

31 



(Buckland et al. 2001, 2004). This is an especially important consideration for 

some of the harder-to-detect species (e.g., harbour porpoise) for whom it may 

not make biological sense to fit a shoulder to the model such that the detection 

probability for that species would remain the same between some distance from 

the trackline (e.g., 100 meters) and zero distance (along the trackline).  

2.4.2 (ii) Estimating mean school size and mean school size bias for each 
species 

In this second (ii) step of the analysis (Figure 11), I employed the default 

method in the Distance software to determine whether school-size (s) bias was 

present in my data and to obtain an unbiased estimate of mean school size for 

each species (Thomas et al. 2010). The probability of detection is often a 

function of the school size. School-size bias refers to the tendency for larger 

schools to be more detectable than smaller schools at the same distance 

(Buckland et al. 2001). As a result, larger schools are considered easier to detect 

and so may be over-represented in the sample (Thomas et al. 2002). 

 In order to determine if school-size bias is present, Distance fits a least-

squares regression of ln (s) (natural log) on the estimated probability of detection 

at distance x and then predicts ln (s) at a distance of zero (the y intercept), where 

the detection is assumed to be certain (i.e., g(x)=1) (Thomas et al. 2002, Thomas 

et al. 2010). Distance uses a log transformation of the school size in order to 

reduce the influence of highly variable estimates of school size by the 

observer(s) (Buckland et al. 2001). If the point estimate of the slope of the 

regression line is greater than zero (a positive slope), then school-size bias is 
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present (Buckland et al. 2001), and Distance predicts the expected school size 

E(s) by back-transforming the predicted ln (s) at x=0 using a bias adjustment 

generated by Buckland et al. (2001). The slope of the regression line and the 

value of E(s) are generated as an output from the calculation of the detection 

function for each species in Distance. Where school size bias is observed for a 

given species, the E(s) value predicted by Distance for that species is passed to 

the model used to predict cetacean abundance in each segment of trackline 

(section 2.4.3 (iii)). If the point estimate of the slope of the regression line is less 

than or equal to zero (a non-positive slope), then the observed mean school size 

for the cetacean species is used (Thomas et al. 2010; Williams et al. 2006b). 

2.4.3 (iii) Estimating cetacean abundance in each segment as a function of 
spatial covariates for each survey region 

Here, step (iii) created an abundance estimate for each species (by survey 

region) in each segment of trackline as a function of spatial covariates. I 

modelled effort and sightings data from each survey region using the count 

method (Hedley et al. 1999; Hedley and Buckland 2004; Williams et al. 2006b; 

Williams et al. 2011b), which has been included in the Density Surface Modelling 

(DSM) component of the Distance software (Thomas et al. 2010). The count 

method is a two-part statistical technique that models animal counts within each 

segment as a function of spatial covariates (Williams et al. 2011b).  The first part 

of the count method involves estimating the probability of detection of each 

sighting for each species (Williams et al. 2011b) by applying the detection 

function calculated in section 2.4.1. Second, the count method uses the 
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estimated probability of detection for each species to help model the number of 

cetaceans in each segment of the trackline as a function of spatial covariates 

with a Generalized Additive Spatial Model (GAM) (Williams et al. 2011b; Thomas 

et al. 2010). The length of each segment is chosen such that the spatial location 

and environmental conditions attributed to each segment are homogeneous 

along the length of the segment and is also driven by the spatial resolution of the 

environmental data (Hedley and Buckland, 2004). 

For each survey region, I divided each transect into segments approximately 

10 nautical miles (nm) or 18.52 kilometers (km) in length, with some of the end 

segments for each trackline being shorter. Originally, I selected a segment length 

of 2 nm (or 3.704 km), however, because of the high number of segments 

containing zero sightings, I increased the segment length to 10 nm to help 

reduce the amount of zero inflation in the model. For each segment, I calculated 

the location of the midpoint (MidLat, MidLon) along with the value of each spatial 

covariate incorporated into the GAM using Esri ® ArcView 3.3 and Esri ® ArcMap 

9.2. The spatial covariates explored in the model include depth, summer salinity, 

summer sea surface temperature (SST), and tidal speed. I obtained the depth 

data through Natural Resources Canada (NRC) (Robert Kung, NRC, 

Robert.Kung@nrcan-rncan.gc.ca, September 2, 2009, pers.comm.). The depth 

data consist of a 75 m resolution grid in GIS image data source format. 

Additionally, I obtained environmental data from Fisheries and Oceans Canada 

(DFO) (Mike Foreman, DFO, Mike.Foreman@dfo-mpo.gc.ca, October 2, 2008, 
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pers.comm.) which consist of a model grid with salinity, SST, and tidal speed 

values averaged from 1950 to 2007 for the summer season (May to October). 

The spatial model, or GAM frame work, used by the count method with a 

logarithmic link function is:  

)}itidalspeed,iSST,isalinity,idepth,iMidlon,if(Midlat)p̂wexp{log(2l]iE[n i   (8) 

where E[ni ] is the expected number of cetaceans in the ith segment; li is the 

length of the segment i; w is the truncation distance; is the estimated 

probability of detection of a cetacean; Midlati and Midloni denote the mid-point of 

the ith segment; depthi, salinityi, SSTi and tidalspeedi denote the value of spatial 

covariates at the mid-point of the ith segment; and f represents a smooth function 

of the spatial covariates (Midlat, Midlon, depth, salinity, SST, and tidalspeed) 

considered for inclusion in the model.  

p̂

 The response variable for the GAM is the estimated abundance of a 

species detected and can be defined in this case as (Thomas et al. 2009): 




n

i
iP̂
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             (9) 

 where we multiply the estimated school abundance by the mean school size, or 

where school-size bias is detected, then the estimated expected school size 

( ) for a given species. The estimated school abundance can be defined as: )s(Ê
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where   is the estimated inclusion probability for animal i and n is the number 

of observations. The inclusion probability ( ) has two components: first that it 

jP̂

jP̂
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falls within the effective area searched in each segment and second an estimate 

of its probability of detection based on its distance from the trackline. 

The first term included in the spatial model ))p̂wl(log( i 2

p̂

is an offset term 

that describes the effective area searched in each segment (Thomas et al. 2010). 

That effective area is defined as the actual area of each segment (2Lw) 

multiplied by the estimated mean probability of detection ( ) of a cetacean 

species (calculated in section 2.4.1) in each segment (Thomas et al. 2010). The 

value of  was held constant and was not allowed to vary because of segment 

location or based on other properties such as behaviour of the animals or size of 

group. As the spatial model does not model density directly, the offset term 

reduces the response variable to ni, which the count method can model as count 

data (Hedley et al. 1999; Williams et al. 2006b). The expected number of 

cetaceans in each segment was modelled as a function of the spatial covariates 

included in the selected GAM. 

p̂

Many of the segments in my survey regions had zero sightings for each 

individual cetacean species, resulting in a zero-inflated data set. In addition to 

choosing a larger segment length, zero inflation was dealt with by assuming that 

the number of any given cetacean species seen in each segment followed a 

Tweedie distribution (Williams et al. 2011b). Tweedie distributions can be used to 

deal with zero-inflated count data, and work well when applied in a GAM 

framework (Williams et al. 2011b). The Tweedie family of distributions belong to 

the class of exponential dispersion models (EDMs) for which variance is 

proportional to some power of the mean (equation 9). 
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Special cases include the Gaussian (  = 0), Poisson (  = 1, φ = 1), and gamma 

( = 2) distributions (Williams et al. 2011b; Joergensen 1987). The selection of an 

appropriate value of θ requires some trial and error. Once the spatial covariates 

were selected for each model, then the value of the Tweedie parameter, θ 

between 1 and 2, were assessed using quantile residual (qres) diagnostic plots, 

whereby the selected value of θ for each GAM model applied to each individual 

species in each survey region was the one that yielded points closest to a 

horizontal line with a slope of zero in the plot of the square root of the absolute 

value of qres against the fitted value (Williams et al. 2011b).  

Currently, the DSM component in Distance does not offer the choice of 

applying a Tweedie distribution to the user's model (Equation 8). As a result, I fit 

the spatial model for each species detected within each of the survey regions 

with a Tweedie distribution in R using the mgcv package (R Development Core 

Team 2009; Wood 2006). Mgcv uses Generalized Cross Validation (GCV) for 

model selection, such that the model with the lowest GCV score is selected 

(Williams et al. 2006b). I assessed the model fit by using the quantile residual 

(qres) function from the statmod package in R. Quantile residuals are based on 

the idea of inverting the fitted distribution function at each response value to 

obtain standard normal residuals (R Development core team 2009; Dunn and 

Smyth 1996). Quantile residuals are useful for models with large dispersion 

situations where the deviance can be non-normal, and when the response only 
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has a small number of distinct values (R Development core team 2009; Dunn 

and Smyth 1996).  

  Although the level of smoothing is optimized by mgcv, the decision to 

include or drop a model term is not automated (Williams et al. 2006b). I applied 

the following framework proposed by Wood (2001) when deciding whether to 

drop or include a model term from equation (8) (Williams et al. 2006b; Williams 

and O’Hara 2010).  Each explanatory variable used in the model can also follow 

a one-dimensional or linear function of midlat and midlon (e.g., midlat+midlon) or 

two-dimensional smooth (e.g., midlat X midlon). Model fit was assessed using 

the summary.gam and plot.gam functions in mgcv, which showed coefficients, 

GCV score, explanatory power (deviance explained), the quantile residual plots 

and AIC value. Models which minimized the AIC value were favoured.  

 For each model term (Wood 2001): 

1. I examined the estimated number of degrees of freedom to see if it was 

close to 1. 

2. I examined the 95% confidence interval to see if it included zero across 

the range of observations. 

3. If the first 2 conditions were satisfied, then the term was dropped 

temporarily from the model to see whether the GCV score was lower.  

I dropped a model term from the final spatial model if it satisfied all three of 

these conditions (Wood 2001; Williams et al. 2006b; Williams and O’Hara 2010). 

Following Wood (2001), each explanatory variable term was dropped one at a 
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time. If the first criterion was met, but not the other two, then the smooth term 

(two-dimensional) was replaced by a linear term (one-dimensional).   

2.4.4 (iv) Using the descriptive model to estimate cetacean abundance 
throughout each survey region 

In order to estimate the abundance of each cetacean species within each 

survey region for this fourth step (iv), I created a gridded data set of 

approximately 2 nm on a side (i.e., 4 nm2) for each survey region. Each grid 

square was assigned a value for each explanatory spatial variable in the model 

created in section 2.4.3 (Williams and O’Hara 2010; Williams et al. 2006b; 

Williams et al. 2011b). 

I then passed these gridded data to the selected spatial model for each 

cetacean species detected in each survey region, using a function written in R 

(Williams and O’Hara 2010). The function gave an estimated number of cetacean 

individuals in each grid cell of each survey region based on the value of each grid 

cell’s explanatory variables (Williams and O’Hara 2010) and provided a total 

estimate of abundance for each cetacean species in each survey region. 

2.4.5  (v) Estimating the variance in the cetacean abundance estimate for 
each species in each survey region 

Generating reliable variance estimates is an area of active statistical research 

with model-based abundance estimators (Hedley & Buckland 2004). Because 

variance cannot be estimated from the spatial model directly, it is common to 

bootstrap, using transects as independent sampling units (Hedley et al. 1999). 

Unfortunately, in a non-randomized survey design, it can be difficult to choose an 
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appropriate unit for resampling. I estimated the variance in the abundance 

estimates for each grid cell using a non-parametric bootstrap with day as the 

resampling unit. In my dataset, each day in each survey region represents a 

single survey or transect for that region. Each bootstrap iteration resampled the 

same number of days. This approach assumes that on average, each day has a 

similar amount of effort. For all iterations, the shape (half-normal vs. hazard-rate) 

and truncation distance chosen for the original detection function were fixed, as 

were the variables specified in the original spatial model (i.e. the selected GAM 

and the value of the Tweedie parameter) (Williams et al. 2006b). Each iteration 

used the resampled dataset to recalculate the detection function, estimate the 

mean school size, model the cetacean abundance along the trackline, and 

generate a total cetacean abundance across the prediction grid.  

This process was repeated 300 times, which is higher than the recommended 

200 bootstraps required for generating 95% confidence intervals of abundance 

(Buckland et al. 2001, Williams et al. 2006b). The bootstrap method provided two 

confidence intervals: one based on the percentile approach and the other on a 

log-normal mean following Buckland et al. (2001). The value of the confidence 

intervals for each species were calculated from the total abundance generated 

through each iteration of the bootstrap. In order to plot the distribution of the 

abundance of each species in each grid cell for each survey region, all the 

abundance estimates for each grid cell generated from the bootstrap were 

calculated and the abundance values corresponding to the mean, 2.5th 

percentile, and 97.5th percentile abundance value for that grid cell were stored. 
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These values were used to create a plot of the mean, 2.5th percentile, and 97.5th 

percentile grid values for each species in each survey region. 

 If fewer than 30 sightings were available for a given species, then a Jackknife 

approach was deemed more appropriate. Jackknife estimates of variance were 

made by removing one transect, including all the associated effort and sightings 

data associated with the transect, and using the remaining data to predict 

abundance in R. The 95% confidence intervals were calculated based on a log-

normal distribution, because the distribution of abundance is positively skewed 

and cannot be negative (Buckland et al. 2001).  
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3: RESULTS 

3.1 Detection functions and school-size bias 

For each species, sightings were pooled across all three survey regions in 

order to produce the detection function (Figure 13 and Table 4). A correction 

factor specific to each observer was generated from the distance estimation 

experiments described in section 2.3 (Table 5). Each observer’s individual 

correction factor was applied to their own sightings, and these corrected 

distances were used in the generation of the detection function and subsequent 

abundance estimate for each species in each survey region. As well, due to the 

low number of observations of both minke and grey whales, and because of their 

biological similarities and detectability, I created a pooled detection function for 

these two species using both minke and grey whale sightings. For all species 

except the humpback whale, the half-normal model provided the best fit for the 

detection function based on the selection criteria presented in section 2.4.1 (i). 

For all species, selection of the hazard-rate model would have resulted in a lower 

estimate of and thus a higher estimated animal density in each survey region 

than with the half-normal model. 

p̂

Observed mean, median, and range in school size varied for each species 

(Table 6). Distance detected the presence of school-size bias in the sightings 

data during the calculation of the detection function for harbour porpoise and 

humpback whale (section 2.4.2 (ii)). As a result, the E(s) instead of the mean 
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school size was used for these two species in 2.4.3 (iii) to calculate the 

abundance of each species in each segment of survey effort. It is important to 

note that for both the harbour porpoise and humpback whale, the value(s) of the 

E(s) did not differ greatly from the mean school size and that their corresponding 

confidence interval(s) overlapped. Where size bias was not detected, the 

observed mean school size was used instead. The variation in the observed 

school size (CV) was less than 10% for all species except the Pacific white-sided 

dolphin (Table 6). This may be due to the fact that dolphins tend to travel in large 

groups (>100 individuals), making the estimating of school size more difficult for 

the observer. 

3.2 Abundance and distribution estimates for each species by 
survey region 

Estimated mean abundances across the three survey regions differed 

considerably by species and by region (Table 7; Figure 14 to 47). Pacific white-

sided dolphin were the most abundant species in any of the three survey regions, 

whereas minke whale were the least (Table 7). However, estimates of distribution 

and abundance for Pacific white-sided dolphins and minke whales were 

generated only in the SWN survey region. Density estimates showed that among 

survey regions, Dall’s porpoise were more dense in the SWN survey region 

compared to the SWS survey region (Table 7; Figure 14, 17, 20), which is also 

the region in which they were encountered most frequently (i.e., individuals per 

100 km) (Table 3), whereas the harbour porpoise were denser in the SWS 

survey region than in the SWN survey region (Figure 23, 26, 29). Both porpoise 
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species were found to occur in the SWWC survey region, however, confidence in 

the density estimates for this region are low due to the huge range in the 

estimated 95% CI for these species. The estimated 95% CI for the density of 

humpback whales in both the SWN and SWS survey regions overlapped (Figure 

35, 28, 41), therefore, it is difficult to state which of these regions had the highest 

density of humpback whales.  The greatest density estimate for humpback 

whales occurred in the SWWC survey region, which is also the area in which 

they were encountered most frequently (Table 3). However, confidence in the 

estimates produced for this region were the lowest, with a huge range in the 

estimated 95% CI (due in part to the small number of surveys carried out over 

the two seasons). Grey whales were only recorded in the SWWC survey region 

(Figure 47), however, no 95% CIs were produced because of the extremely small 

abundance estimates produced. 

Mid-longitude and mid-latitude were the independent spatial variables 

selected in the best models for most species (Table 7; Appendix 1). For the 

larger whales, like humpback and minke whales, depth and tidal speed helped 

determine species distribution. For the smaller cetaceans like Dall’s porpoise, 

tidal speed appeared as an environmental variable in the best models, whereas 

sea surface temperature was selected as a determinant of harbour porpoise 

distribution.   

44 



4: DISCUSSION 

4.1 The use of opportunistic platforms 

This spatial modelling of opportunistically collected transect data by the 

Straitwatch program produced estimates of abundance and distribution for 6 

cetaceans species found within the three Straitwatch program ranges during the 

summer months of 2008 and 2009. In B.C.’s coastal waters, estimates of 

abundance are limited for several of the species identified in this study. Studies 

previously conducted off the Pacific coast of Canada have provided some 

baseline estimates of distribution and both relative and absolute abundance 

(Table 1), however, these studies have been limited in scope both spatially and 

temporally and/or have been limited to a single cetacean species.  

Results from this study illustrate that data collected by means of distance 

sampling methods from a “platform of opportunity”, such as Straitwatch, can be 

used to produce estimates of absolute abundance and distribution for cetacean 

species, and can be especially relevant for regions in which estimates currently 

do not exist. By modifying the sightings data-collection methods of a small vessel 

that is already engaged in monitoring activities in and around cetaceans, I was 

able to not only produce estimates of abundance and distribution using a more 

efficient multi-purpose platform (compared to a dedicated large ship-based 

transect study), but I was also able to improve the usefulness of sightings data 

already being collected from this platform. Such methods could also be 
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applicable to other platforms of opportunity engaged in whale-related activities 

such as whale watching vessels, expedition-based cruise ships, and other small 

research vessels where trained staff are already adept at identifying local 

cetaceans (Williams et al. 2006b). The key strength of my approach is its ability 

to produce an estimate of abundance from data that might otherwise only be 

used to calculate simple encounter rates along the survey track or catch per unit 

effort, such as has been done by Ford et al. (2011). 

The use of opportunistic platforms can not only be efficient, but can also 

serve as a means to reduce bias in estimates of abundance and distribution 

produced through distance sampling techniques. Ships of opportunity can be 

used to train observers on distance sampling data-collection protocols or 

cetacean species identification. In addition, opportunistic platforms can also be 

used for experiments to quantify and correct for observer error (Section 2.3), and 

to help train observers to use laser range finders or radar to help visually 

estimate distance to a sighting (Williams et al. 2006b; Williams et al. 2007). 

Detection functions produced from greater sample sizes obtained using platforms 

of opportunity such as Straitwatch may also be applied in future design-based 

surveys conducted from the same platform. Future research within the 

Straitwatch survey regions aimed at assessing changes in abundance over time 

could also use the variance estimates produced from this analysis to estimate the 

sample sizes required to detect statistically significant declines in species 

abundance. 
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Furthermore, given the desire to reduce the impact of research studies on 

species identified as at risk, the use of opportunistic platforms can provide a 

means to collect multiple data sets that can be utilized for multiple analyses 

related to the impacts of anthropogenic threats. Multidisciplinary studies should 

be encouraged and researchers should be proactive in their partnership with 

other research programs or projects in order to share costs or promote logistical 

support for novel complementary studies (Williams, 2003). Resulting patterns of 

distribution, on both spatial and temporal scales, can be overlaid with an index of 

identified anthropogenic disturbances (e.g., entanglement, bycatch, ship strike, 

noise) to determine the probability for conflict and to explore the distribution of 

chance of conflict within a given study area (Williams and O’Hara 2010; Williams 

et al. 2011a).  

4.2 Abundance estimates 

Abundance estimates generated from this analysis are comparable to 

many of the estimates presented in Table 1. In the SWN survey region, my 

estimates of abundance for Dall’s porpoise, and Pacific white-sided dolphin’s fall 

within the 95% CI of those generated by Williams et al. (2007) and Ashe (2007) 

who’s studies were carried out over the same region. While no abundance 

estimates currently exist for humpback whale’s specific to the SWN survey 

region, estimates generated from this study overlap with counts of individuals 

occupying the survey region during the May to September period of 2008 and 

2009 (Table 1 and Table 6). In addition, no estimates of abundance for harbour 

porpoise, or minke whale currently exist in the SWN survey region. 
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In the SWS survey region, estimates of abundance for Dall’s porpoise and 

harbour porpoise generated from this analysis overlap with those generated by 

Keple (2002) and are slightly less than those presented by Hall (2004) who’s 

study area included a larger region than the one used in this analysis (Table 1 

and Table 6). There are currently no estimates of abundance specific to the SWS 

survey region or the region off southern Vancouver Island for humpback whales. 

In the SWWC region, no estimates of abundance currently exist for Dall’s 

porpoise, harbour porpoise or humpback whales specific to the area surveyed. 

However, photo identification work has produced count estimates for grey whales 

and humpback whales. Due to the small sample size, no confidence intervals 

were generated for grey whales in the SWWC from this study and no comparison 

between other studies can be made. 

Several sources of bias can affect the accuracy of the estimates of 

abundance produced by distance sampling in this study. These biases are 

derived from the primary assumptions of distance sampling. For instance, this 

method assumes that the radial angle and distance to the animal are measured 

without error, that a species is always detected if it is right on the trackline (i.e., 

g(0)=1), and that there is no responsive movement by the animal prior to 

detection (Williams and Thomas. 2007; Buckland et al. 2001). Other sources of 

bias include the presence of size bias such that larger clusters of animals are 

considered easier to detect and so may be over-represented in the sample 

(Thomas et al. 2002). School-size bias was estimated in section 2.4.2 (ii), and for 

those species for which school-size bias was detected, the E(s) was used 
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instead of the mean school size as a means to correct for size-biased detection 

and for the underestimation of size of detected schools for each species in each 

survey region in section 2.4.3 (iii) (Buckland et al. 2001). In addition, bias in 

sampling effort can occur if the tracklines do not provide representative coverage 

of the entire study area. This is overcome in design-based distance sampling 

where the survey design process is automated and tracklines are placed within 

the survey area such that all points in the study area have equal probability of 

being sampled (Buckland et al. 2001).  

Bias in measurement error of distance to animal and radial angle can lead 

to inaccurate estimates of perpendicular distance from the trackline, resulting in a 

proportional bias in the resulting effective strip half-width generated for each 

species (Marques 2007). Whereas the inaccurate measurement of radial angle is 

believed to introduce little bias in the estimate of perpendicular distance from the 

trackline, the inaccurate measurement of observed distance to the animal can 

result in the under or over-estimation of density for a species within a given area 

(Williams and Thomas 2007; Marques 2007). I reduced the potential for this 

distance-estimation bias through observer-error distance experiments carried out 

with all observers. Through these experiments, a correction factor for each 

observer was generated and applied to all measurements of distance to animals 

by each observer in order to reduce the potential for systematic bias introduced 

from an observer’s tendency to under- or over-estimate distance. 

The assumption that all animals along the trackline (i.e., at zero 

perpendicular distance from the trackline) are detected with certainty (i.e., 
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g(0)=1) is the most obvious form of negative bias in abundance estimates (i.e., 

underestimating abundance) produced from line transect studies (Williams et al. 

2006b). Bias related to this assumption comes in two forms, availability bias, 

where not all animals were available to be detected, and perception bias, where 

observers failed to detect all species present (Williams et al. 2006). Perception 

bias may be especially prevalent on platforms of opportunity like Straitwatch 

where observers are engaged in other data collection and monitoring activities. 

The value of g(0) may be less than 1 for more cryptic species, for longer-

duration diving species of cetaceans (e.g., sperm whales), or under poor survey 

conditions (i.e., increased sea state, poor weather), and may be closer to 1 for 

species which spend more time at the surface or which tend to aggregate in 

larger groups (e.g., Pacific white-sided dolphin). The use of multiple covariate 

distance sampling (MCDS) was attempted in this study in order to take into 

account that variables other than distance from the transect line might affect the 

detectability of a cetacean species (e.g., sea state, group size, weather) and that 

might determine the value of g(0). For all species, detection function models 

produced using MCDS were not selected and so only distance from the trackline 

was used to fit detectability. The other covariates included in the MCDS analysis 

included sea state and school size. The value of the sea state did not vary 

greatly for each observation by species because the Straitwatch vessel tended to 

travel on the water within a narrow band of similar conditions. Furthermore, the 

variability of school size within each species was minimal. As the values of the 
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covariates applied in MCDS differed little for each observation, it is possible that 

they did not appear to contribute greatly to the detectability of a given species. 

Another way to minimize the bias in abundance estimates produced by 

perception bias is to conduct a double-observer or double-platform survey 

(Williams and Thomas 2007). Such surveys have observers that search 

independently of each other or are located on separate platforms (e.g., combined 

water and aerial-based survey platforms). Data collected from double-observer or 

double-platform surveys generate both conventional distance sampling data and 

mark-recapture data (Buckland et al. 2010), allowing for the estimation of g(0), 

which can be used to correct for bias in the subsequently produced estimates of 

abundance.  

While this study assumed that the g(0) = 1, it is likely that g(0) could be <1 

for many of these species. As such, estimates of absolute abundance and their 

associated confidence intervals generated from this study should be considered 

as minimum estimates, with the magnitude of uncertainty associated with these 

abundance estimates having the potential to be far greater (i.e., greater range in 

values for the upper and lower confidence limits). Despite the bias introduced by 

this, if one assumes that the value of g(0) for each species from the Straitwatch 

platform was constant over time, then you could still utilize this platform for 

monitoring time trends in relative abundance. However, if the monitoring team 

were to improve over time, this might result in misleading trends. Specifically, if a 

detection function was generated based on initially overestimated distances to an 

animal of a given species and then the observers became more accurate over 
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time but the same detection function was utilized in the analysis, then it may 

appear that there were more animals in the study area based on the fact that 

fewer of the observations fell outside of the truncation distance. 

The detection function for Dall’s porpoise indicated a large spike close to 

the trackline (i.e., at zero distance the value of the detection probability was 

around 1.5).  One interpretation is that the observers rounded the angle off the 

trackline to zero in many cases for this species. The other is that there was 

responsive movement before detection (Figure 13), which is another source of 

bias in distance based abundance estimation. This spike suggests that Dall’s 

porpoise showed responsive movement (attracted to the vessel’s track line) 

relation to the survey vessel. However, bow-riding behaviour represented only 

2% of the associated behaviour recorded with each sighting. We can therefore 

assume that the abundance estimates generated for Dall’s porpoise in this study 

may be biased high because of attractive movement. Both the harbour porpoise 

and Pacific white-sided dolphin also exhibited a small spike near zero in the 

detection function (i.e., at zero distance, the value of the detection probability 

was around 1.2). However, for both species, little of the recorded behaviour(s) 

suggested responsive movement to the survey vessel.  

Future work might include conducting design-based distance sampling 

surveys within each of the Straitwatch survey regions in conjunction with 

continued data collection from the Straitwatch vessel as a platform of opportunity. 

Design-based distance sampling surveys would be designed a priori such that 

the assumption of equal coverage probability is not violated (as with model-
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based distance sampling). Estimates of abundance and distribution generated 

from design-based distance sampling surveys could be compared to those 

generated for the same time period and spatial location using methods presented 

here, and the difference in estimates could be used to help explore the bias 

associated with model-based distance sampling methods applied here. 

Alternatively, to assess that bias in the abundance estimates, results from 

distance-based studies could also be compared to mark-recapture photo 

identification studies occurring within the same survey region(s) (Williams and 

Thomas 2009).  

The use of surveys occurring over both years in the SWN survey region 

may have introduced increased variability in the estimates produced, but was 

required to improve the sample size for some species within this study area. In 

addition, the use of sightings from all survey regions to generate a global 

detection function for each species was useful in improving the detection function 

fit and ultimately the resulting estimate of abundance. The grey whale and minke 

whale sightings from all regions were also combined to create a universal 

detection function for these two species. While these two species are of similar 

size and exhibit very similar dive behaviour, it is possible that some bias might 

have been introduced into the estimates of abundance and distribution by 

assuming that both species have the same detectability. As a result of the bias 

associated with the model-based distance sampling results presented here, 

abundance estimates generated from this work can be considered a minimum 
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estimate of the average cetacean abundance in the 3 survey regions during the 

2008/2009 summers. 

Estimates of abundance are essential when calculating acceptable levels 

of anthropogenic mortality associated with fisheries (i.e., entanglement, bycatch 

or direct catch) (Hall et al. 2002) and for assessing predator needs when 

establishing fishing quotas using an ecosystem-based management (EBM) 

approach. For example, Williams and O’Hara (2010) explored the potential 

mortality limit for fin whales and humpback whales in B.C. using the Potential 

Biological Removal (PBR) calculations laid out under the U.S. Marine Mammal 

Protections Act (because there is currently no quantitative objectives set forth in 

Canada to calculate allowable annual anthropogenic mortality to marine mammal 

stocks). The calculation of PBR for a given species in a survey region uses a 

current estimate of absolute abundance (Williams et al. 2008). Using the 

minimum abundance estimate(s) derived from a study such as this (e.g., 44 

Dall’s porpoise in the SWN survey region (Table 6)), and keeping in mind that the 

confidence intervals associated with these estimates are a minimum due to the 

uncertainties explained above, one could calculate the acceptable PBR level for 

a given species within the survey region and determine if this value is exceeded 

by estimates of the current mortality rate associated with entanglement and/or 

bycatch (obtained from observer and license holder data associated with a 

specific fishery) from the same survey region (Williams et al. 2008; Williams and 

O’Hara 2010).  Similarly, in order to assess predator needs when following an 

EBM approach, if one knew the approximate energetic requirements of a 
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cetacean species on a per capita basis, then one might produce an estimate of 

the required total volume of prey species for this cetacean species from its 

absolute abundance within the survey region (Williams et al. 2011c).  

4.3 Distribution estimates 

Estimates of spatial distributions of cetaceans are useful when 

determining habitat use of different species, identifying and protecting critical 

habitats, creating marine protected areas (Ashe et al. 2010), and determining the 

potential for anthropogenic disturbance to cetaceans within the three study 

areas. Additionally, the production of upper and lower confidence bound 

distribution maps from this study could be applied by managers during the risk 

assessment process. For example, if a manager wanted to protect the most 

“critical” habitats of a given species, then they might want to use the lower-limit 

distribution map (showing the lowest 2.5th % of the abundance estimate across 

the spatial grid) with the idea that at least the species is found in X locations. 

Conversely, if they were responding to an oil spill, managers may want to look at 

the upper limit distribution map with the idea that responders should act as 

though animals might be exposed all the way out to the upper limit of their 

distribution.  

 In addition to producing distribution estimates for a given species, the use 

of spatial modelling techniques can be useful to managers who are interested in 

determining which spatial covariates appear to be important predictors of the 

presence of cetacean species (Buckland et al. 2004). For example, results from 

this study suggest that tidal speed may be an important factor in determining the 
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distribution of small cetacean species such as Dall’s porpoise in some survey 

regions. The correlation between Dall’s porpoise occupation of a given location 

and tidal speed may be an important consideration for managers exploring the 

impacts of tidal power projects (which target areas of higher tidal exchange) as a 

future source of “green energy” in B.C. Further study related to the relationship 

between tidal speed strengths required to produce adequate tidal power and the 

tidal speed strengths preferred by small cetaceans, such as the Dall’s porpoise, 

may be required to assess the magnitude of the interaction between these 

species and the development of tidal power projects. 

Data collected from opportunistic platforms can also be useful for future 

cetacean research aimed at identifying areas of high species density. Such areas 

identified by this study can be targeted by future research that requires a high 

probability of species presence, such as mark-recapture studies or 

entanglement-scar-rate studies that employ photo-identification techniques, 

and/or biopsy studies (Williams et al. 2006; Robbins 2010). Future line-transect 

surveys could benefit from studies such as this by allowing for the design of 

surveys across known species density gradients and by identifying areas of high 

species density where more intense species-specific designed line-transect 

surveys might be conducted (Williams et al. 2006). Furthermore, results from this 

study could help inform how researchers may want to stratify sample design 

based on the gradient of the variables identified through this work that may be 

associated with abundance (Appendix 1). 
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Additionally, the spatial models generated through this study are easily 

adaptable to spatio-temporal models, which could be used for the prediction of 

species distribution. The use of an opportunistic platform, such as in this study, 

allows for considerable seasonal and inter-annual coverage. Given enough 

support for data collection and analysis, spatio-temporal models generated 

through this work could be used to produce predictive models of distribution. 

Those results could then be used to anticipate species distributions during 

periods of anthropogenic activity that might have a negative impact on a given 

species (e.g., pile driving and its impact on harbour porpoise) (Tougaard et al. 

2009). Results generated through an inexpensive study such as this are also 

beneficial because they can help identify fine-scale and temporal trends targeted 

to specific areas or specific species and can be coupled with larger-scale more 

expensive surveys that occur every 5 to 10 years and provide estimates of 

absolute abundance on a regional scale. 

4.4 Future recommendations 

Several options exist to improve future estimates of abundance and 

distribution from spatially modelled distance sampling. They include the use of a 

soap-film smooth, which has been found to make better model predictions of 

distribution and abundance near the edges of complex survey regions like mine 

(Wood et al. 2008; Hedley et al. 2009; Williams et al. 2011b). In addition, the 

methods developed by Hedley et al. (2009), allow for the propagation of the 

uncertainty associated with detection function modeling to the final abundance 

estimate of the spatial model. Future work associated with analysing data 
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collected from an opportunistic platform such as Straitwatch should attempt to 

incorporate these recent improvements, but they are still under development and 

are therefore beyond the scope of the current project.  

Furthermore, the collection of spatial covariate data that may be of direct 

biological relevance to the prediction of animal distribution (e.g., prey availability 

or productivity) rather than habitat proxies (e.g., SST, tidal speed, depth, salinity) 

may improve results from spatially modelled distance sampling, and may provide 

better estimates of the predictors of cetacean distribution within the survey 

region. Moreover, the collection of real-time spatial covariate data may provide a 

more accurate predictor of species occurrence. In the case of this study, the 

covariates used to model species abundance and distribution were averaged 

over a long period and by season, and pre-dated 2009 the final season of this 

research projects sampling period. Because the average values of the covariates 

used in this analysis (e.g., tidal speed, salinity, SST, depth) may differ from the 

value of the covariates during the sampling seasons (2008 and 2009), there may 

be some bias introduced by using the averages instead of real-time data. Future 

work may include collecting information on spatial covariates that may be more 

likely to be positively correlated with species occurrence in a given location, 

simultaneously (i.e., real-time estimates) with sightings data to provide a more 

accurate representation of the predictors of the distribution of cetacean species 

within a given survey region. However, one limitation to the inclusion of real-time 

data in the modelling process or information of greater biological relevance is that 

spatial covariate data must be available/collected along each trackline and in 
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every grid cell within the survey region. Given that these animals move and 

integrate across large spatial areas, it would be very challenging to collect 

enough data on the potential environmental variables contributing to the 

distribution of these species at the correct spatial scale.  

Finally, the application of studies using double-platforms in order to 

address the uncertainty with the g(0)=1 assumption could be applied to help 

improve the fit of detection functions, and ultimately the corresponding estimates 

of abundance generated from them (Williams and Thomas, 2007). 
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TABLES 

Table 1:    Estimates of species abundance and encounter rate (numbers of either schools (Sch.) or 
individuals (Ind.) encountered per 100 km of distance travelled by boat) from past studies that 
occurred in B.C. and WA waters. 

Total Abundance (95% CI) 
Species Sch. 

Sch./ 

100km  
Ind. 

Ind./ 

100km Estimate Region Year 

4,910 (2,700-8,940)b Coast-wide, B.C. Summer 2004 & 2005 

50 (10-244)b Johnstone Strait stratum, B.C. Summer 2004 & 2005 

1,545 (CV=0.43)c Inland waters of WA & B.C. 1996 

Dall’s 
porpoise 

482a 1.61a 2,098a 7.02a 

200 (107-372)d Haro Strait & Georgia Strait Summer 2000 

9,120 (4,210-19,700)b Coast-wide, B.C. Summer 2004 & 2005 

2,895 (CV=0.41)c Inland waters of WA & B.C. 1996 

1,239 (CV=0.41) c 
Juan de Fuca Strait, WA & 
B.C. 

1996 

745 (CV=0.53) c Gulf Islands, B.C. 1996 

911 (CV=0.58) c Strait of Georgia, B.C. 1996 

3,123 (CV=0.10)e Inland waters of WA & B.C. 2002-2003 

10 (2-43)d Haro Strait & Georgia Strait Summer 2000 

Harbour 
porpoise 

73a 0.24a 203a 0.68a 

675 (450-1,006)f Juan de Fuca & Haro Strait(s) 2001-2002 

25,900 (12,900-52,100)b Coast-wide, B.C. Summer 2004 & 2005 

1,344 (365-5,081)b Johnstone Strait stratum B.C. Summer 2004 & 2005 

675 individualsg Broughton Archipelago, B.C. 1984-1998 

355 (255-559)h Broughton Archipelago, B.C. 1991-1992 

Pacific 
white-sided 
dolphin 

183a 0.61a 8,991a 30.1a 

2,047 (1,037-4,040)h Broughton Archipelago, B.C. 1999-2000 
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Total Abundance (95% CI) 
Species Sch. 

Sch./ 

100km  Ind. 
Ind./ 

100km Estimate Region Year 

18,000-21,000i Entire North Pacific 2004-2006 

3,000-5,100i 
Gulf of Alaska, SE Alaska, & 
Northern B.C. 

2004-2006 

200-400i Southern B.C. & northern WA 2004-2006 

Humpback 
whale 

1,700a 5.69a 3.162a 1,058a 

2,145 (1,970-2,331)j Coast-wide, B.C. 2006 

1,310 (755-2,280)b Coast-wide, B.C. Summer 2004 & 2005 

14 – 21 individualsk 
Johnstone Strait & Queen 
Charlotte Strait, B.C. 

(June to September) 
2008-2009 

47 individualsk 
Johnstone Strait & Queen 
Charlotte Strait, B.C. 

2008 

Humpback 
whale 

    

34 individualsk 
Johnstone Strait & Queen 
Charlotte Strait, B.C. 

2009 

358 individualsl Clayoquot Sound, B.C. 1995-2009 

65 individualsl 
Clayoquot Sound, B.C. 

(May to September) 
2009 

388 (222-6,800)b Coast-wide, B.C. Summer 2004 & 2005 

6 individualsm 
Johnstone Strait & Queen 
Charlotte Strait, B.C. 

2008 

Minke 
whale 

 

18a 

 

 

0.06a 

 

 

21a 

 

 

0.07a 

 

9 individualsm 
Johnstone Strait & Queen 
Charlotte Strait, B.C. 

2009 

Grey whale 23a 0.08a 44a 0.15a 47 individualsn Clayoquot Sound, B.C. 2006-2008 
aFord et al. 2010; bWilliams and Thomas 2007; cCalambokidis et al. 1997;dKeple 2002; eCarretta et al. 2010; fHall 2004, gMorton 2000; hAshe 2007; 
iCalambokidis et al. 2008; jFord et al. 2009;kJackie Hildering (Marine Education and Research Society (MERS), jackiehildering@gmail.com, October 31, 
2010, pers.comm.); lPacific Wildlife Foundation 2010; mJared Towers (Marine Education and Research Society (MERS), jrtowers@gmail.com, June 21, 
2011, pers.comm.); and, nPacific Wildlife Foundation 2009. 



 

 

Table 2: Area of each survey region and realized survey effort in the form 
of days and trackline length in nautical miles (nm) for each 
survey year and survey region in this study. 

 
Survey 
Region 

Area 
(nm2) 

Year Number of days Total trackline 
length (nm) 

SWN 2008 56 2,322 

SWN 
93 

2009 45 1,974 

SWS 483 2009 34 1,657 

SWWC 246 2009 6 274 

TOTAL 822 ALL 141 6,227 
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Table 3: Sightings of cetacean species schools and individuals, as well as encounter rate of cetacean 
species schools and individuals by survey region for all 3 survey regions in this study and 
across 2008 and 2009.  

 
Schools Individuals Schools/100km Individuals/100km  

SWN SWS SWWC SWN SWS SWWC SWN SWS SWWC SWN SWS SWWC 

Dall’s 
porpoise 

106 12 2 300 34 4 1.33 0.39 0.39 3.77 1.11 0.79 

Harbour 
porpoise 

3 54 11 4 94 25 0.04 1.76 2.17 0.05 3.06 4.93 

Pacific 
white-sided 
dolphin 

30 0 0 1,478 0 0 0.38 0 0 18.57 0 0 

Humpback 
whale 

24 5 22 29 10 28 0.30 0.16 4.34 0.36 0.34 5.52 

Minke whale 9 1 0 9 1 0 0.11 0.03 0 0.11 0.03 0 

Grey whale 0 0 5 0 0 8 0 0 0.99 0 0 1.58 
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Table 4: Truncation distance (w), sample size (n) before and after truncation, fitted detection function 
model (Half-normal (Hn) or Hazard Rate (HR)) (Figure 13), the ΔAIC value between the favoured 
Hn and HR models with the same truncation distance for those species with > 40 sightings, the 
ΔAICc value between the favoured Hn and HR models with the same truncation distance for 
those species with < 40 sightings, p value from the Kolmogorov-Smirnov goodness of fit test (K-
S p) and the Cramer-von Mises test (CvM p), estimated probability of detection ( p̂ ), 
corresponding percentage coefficient of variation and standard error of p̂ , and the estimated 
probability density function on the trackline (f(0)), for each species derived from data pooled 
over all three survey regions in this study.  

 
 

Species w (m) 
n 

before 
n 

 after Model 

 
 

ΔAIC 

 
 

ΔAICc K-S p CvM p p̂  % CV  p̂ SE  p̂ f(0) 
Dall’s  
porpoise 290 122 112 Hn 1.83 NA 0.24 0.3 0.55 7.52 0.04 6.23X10-3 
Harbour 
porpoise 350 70 68 Hn 0.89 NA 0.98 0.9 0.34 11.65 0.04 8.30 X10-3 
Pacific 
white-sided 
dolphin 210 30 27 Hn NA 0.67 0.64 0.6 0.64 14.38 0.09 7.39 X10-3 
Humpback 
whale 920 51 49 HR 0.34 NA 0.52 0.5 0.58 20.05 0.12 1.87 X10-3 
Minke 
whale 10 9 
Grey 
whale 

675 

5 4 

Hn 

NA 1.93 

0.82 0.8 0.48 15.63 0.08 3.06 X10-3 
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Table 5: Estimated correction factor (cf) and the corresponding standard error (SE) of the cf for each 
individual observer generated following methods in section 2.3.  

 

Number of observations by species recorded by each observer 
Observer 
ID 

Estimated 
cf SE (cf) 

Dall’s 
porpoise 

Harbour 
porpoise 

Pacific white-
sided dolphin 

Humpback 
whale 

Minke 
whale 

Grey 
whale Total 

1 1.00 0.01 10 40 1 23 0 4 78 

2 1.05 0.03 11 0 0 0 0 0 11 

3 0.99 0.01 1 0 1 4 2 0 8 

4 1.00 0.01 10 0 0 0 2 0 12 

5 0.95 0.01 23 0 3 10 0 0 36 

6 1.01 0.01 34 2 9 6 2 0 53 

7 1.00 0.01 2 3 0 0 1 0 6 

8 1.05 0.02 31 23 13 6 2 0 75 

 

73 



Table 6: Observed mean, median, and maximum schools size and estimated school size E(s) from size-
bias regression used when school-size bias was detected. School-size bias was determined by 
performing a regression of cluster size on estimated detection probability such that a positive 
slope indicated size bias. Size bias was detected for harbour porpoise and humpback whale. 

 
 

Observed Estimated 

 
Mean school 

size (n) 

Median 
school 

size 

Max. 
school 

size SE (n) 
%CV 
of n 

Size-bias 
detected E(s) 

SE 
E(s) 

%CV 
E(s) 

Slope of 
regression 

SE 
Slope of 

regression 

Dall’s porpoise 2.80 2 10 0.17 6.1 no 2.51 0.15 6.2 -0.40 0.21 

Harbour porpoise 1.82 1 5 0.12 7.0 yes 1.83 0.12 6.7 0.02 0.18 

Pacific white-
sided dolphin 47.22 9 300 15.23 32.2 no 30.34 17.17 56.6 -2.56 1.35 

Humpback whale 1.31 1 3 0.08 6.0 yes 1.32 0.07 5.3 0.04 0.18 

Minke whale 

Grey whale 
1.15 1 2 0.10 9.0 no 0.97 0.06 6.2 -0.65 0.22 
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Table 7: Model Fit, Tweedie Parameter )( , estimated abundance  , & estimated density with 
corresponding 95% confidence intervals (CIs) by species & survey region 

)N(


)D(


Survey 
Region Species 

Independent variables 
from the best model fit )(  

 

% 
deviance 
explained 

)(


D  

)( 2nmN


 

95% CI 

)(


D  )(


N  

95% CI 

 )(


N

95% 

Lognormal 

CI  )(


N

Dall’s 
porpoise s(midlat,tidal.speed,depth) 1.1 15.3 0.48 0.01-0.76 44 24-71 11-178 

Harbour 
porpoise s(midlat)+s(midlon) 1.6 49.0 0.01 0-0.03 1 0-3 0-3 

Pacific 
white-sided 
dolphin s(midlat,midlon) 1.3 31.4 6.31 0.94-75.8 587 87-7,048 5-62,962 

Humpback 
whale s(midlat,midlon) 1.1 4.15 0.03 0.01-0.05 2 1-5 1-6 

SWN 

Minke 

whale s(midlat,midlon,tidal.speed) 1.1 19.5 0.01 NA 1 NA 0-4 

Dall’s 
porpoise s(midlon,tidal.speed) 1.1 52.9 0.13 0.04-0.23 61 17-112 27-139 

Harbour 
porpoise s(midlat)+s(midlon)+s(sst) 1.1 37.9 0.38 0.16-0.72 182 79-347 89-371 SWS 

Humpback 
whale 

s(midlon)+s(tidal.speed)+ 

s(depth) 1.1 59.6 0.01 0-0.04 5 0-20 0-493 

Dall’s 
porpoise s(midlat)+s(midlon) 1.3 31.4 0.08 0.04-78.5 20 10-19,316 0-1,866 

Harbour 
porpoise s(midlat)+s(midlon) 1.6 17.0 0.60 0-710.1 148 1-174,686 1-15,809 

Humpback 
whale s(midlat)+s(midlon) 1.1 48.1 0.20 0.05-4.1X1019 49 12-1X1022 1-3,554 

SWWC 

Grey whale s(midlat) 1.7 86.2 0.03 NA 6 NA NA 
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FIGURES 

 
 
Figure 1: The Straitwatch program operates within 3 areas of Vancouver Island: Straitwatch North (SWN) 

(expanded in Figure 2), Straitwatch South (SWS) (expanded in Figure 3), and Straitwatch West Coast 
(SWWC) (expanded in Figure 4). These 3 areas make up the survey regions used in this study. 
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Figure 2: Straitwatch North (SWN) (light grey region) operates in the waters east of Port McNeill B.C., between 
Johnstone Strait and Queen Charlotte Strait. 
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Figure 3: Straitwatch South (SWS) (light grey region) operates both in Canadian and American waters surrounding 
Victoria B.C., between Georgia Strait and Juan de Fuca Strait. 

78 



 

Figure 4: Straitwatch West Coast (SWWC) (light grey region) operates in the waters around Ucluelet and Tofino, 
B.C., in Barkley and Clayoquot Sounds. 
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Figure 5: SWN recorded 2322 nm (4300 km) of trackline over 56 days in 2008 and 1974 nm (3656 km) of trackline 
over 45 days in 2009.  
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Figure 6: SWS recorded 1657 nm (3069 km) of trackline over 34 days in 2009. 
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Figure 7: SWWC recorded 274 nm (507 km) of trackline over 6 days in 2009.  
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Figure 8: Measurements from line transect surveys to calculate the perpendicular distance x, where x=r•sin(θ) 
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Figure 9: (a) A linear regression model of the estimated distance proportional to 
the actual distance. Each observer’s paired estimates from studies 
carried out mid-season are represented by a unique symbol and fitted 
line. The solid black trend line is fit to all the observers’ paired 
estimates. (b) A plot of the residuals across all observers.  
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Figure 10: (a) A log-transformed (log base 10) linear regression model of the 
estimated distance proportional to the actual distance. Each observer's 
paired estimates are represented by a unique symbol and fitted line. 
The solid black trend line is fit to all the observers’ paired estimates. (b) 
A plot of the residuals across all observers. 
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Figure 11: Simplified outline of the methods used to predict cetacean abundance 
for each species found within all three survey regions.  
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Figure 12: The distribution of the perpendicular distances from the trackline of 
those sightings within the truncation distance (w) (sightings that fall 
within the grey strip) are used to estimate the proportion of animals in 
the surveyed area (a=2wL) that are detected (i.e., the calculation of 
the detection function). This allows for the estimation of the animal 
density and abundance within the surveyed region. Sightings beyond 
the truncation distance from the trackline, i.e., sightings that do not fall 
within the grey strip, are not included in the calculation of the detection 
function or abundance estimates.  
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Figure 13: Histograms of observed data and fitted detection functions for all six 
species pooled over all three survey regions. Note the different 
distance scale for each species. The plot of the minke/grey whale 
detection function represents the pooled minke and grey whale 
sightings because of the small sample size of the latter. 
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Figure 14: Mean estimate of distribution of abundance (shadings, in numbers of animals) for Dall’s porpoise in the 
SWN survey region with locations of sightings overlaid (solid black dots). During 2008 & 2009, 106 
sightings of 300 individuals were made. 
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Figure 15: Lower bound (2.5th percentile) estimate of the distribution of abundance (shadings, in number of 
animals) for Dall’s porpoise in the SWN survey region with locations of sightings overlaid (solid black 
dots).  
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Figure 16: Upper bound (97.5th percentile) estimate of the distribution of abundance (shadings, in number of 
animals) for Dall’s porpoise in the SWN survey region with locations of sightings overlaid (solid black 
dots).  
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Figure 17: Mean estimate of distribution of abundance (shadings, in numbers of animals) for Dall’s porpoise in the 
SWS survey region, with locations of sightings overlaid (solid black dots). During 2009, 12 sightings of 
34 individuals were made.  
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Figure 18: Lower bound (2.5th percentile) estimate of the distribution of abundance (shadings, in numbers of 

animals) for Dall’s porpoise in the SWS survey region with locations of sightings overlaid (solid black 
dots).  
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Figure 19: Upper bound (97.5th percentile) estimate of the distribution of abundance (shadings, in numbers of 

animals) for Dall’s porpoise in the SWS survey region with locations of sightings overlaid (solid black 
dots). 
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Figure 20: Mean estimate of distribution of abundance (shadings, in numbers of animals) for Dall’s porpoise in the 

SWWC survey region, with locations of sightings overlaid (solid black dots). During 2009, 2 sightings of 
4 individuals were made.  
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Figure 21: Lower bound (2.5th percentile) estimate of the distribution of abundance (shadings, in numbers of 

animals) for Dall’s porpoise in the SWWC survey region, with locations of sightings overlaid (solid black 
dots).  
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Figure 22: Upper bound (97.5th percentile) estimate of the distribution of abundance (shadings, in the numbers of 

animals) for Dall’s porpoise in the SWWC survey region with locations of sightings overlaid (solid black 
dots). 
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Figure 23: Mean estimate of distribution of abundance (shadings, in numbers of animals) of harbour porpoise in the 

SWN survey region with locations of sightings overlaid (solid black dots). During 2008 & 2009, 3 
sightings of 4 individuals were made.  
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Figure 24:  Lower bound (2.5th percentile) estimate of distribution of abundance (shadings, in number of animals) of 

harbour porpoise in the SWN survey region with locations of sightings overlaid (solid black dots).  
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Figure 25:  Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

of harbour porpoise in the SWN survey region with locations of sightings overlaid (solid black dots).  
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Figure 26: Mean estimate of distribution of abundance (shadings, in numbers of animals) for harbour porpoise in 

the SWS survey region with locations of sightings overlaid (solid black dots). During 2009, 54 sightings 
of 94 individuals were made.  
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Figure 27:  Lower bound (2.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

of harbour porpoise in the SWS survey region with locations of sightings overlaid (solid black dots). 
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Figure 28:  Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

of harbour porpoise in the SWS survey region with locations of sightings overlaid (solid black dots).
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Figure 29: Mean estimate of distribution of abundance (shadings, in numbers of animals) of harbour porpoise in the 

SWWC survey region with locations of sightings overlaid (solid black dots). During 2009, 11 sightings of 
25 individuals were made.  
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Figure 30: Lower bound (2.5th percentile) estimate of the distribution of abundance (shadings, in numbers of 

animals) for harbour porpoise in the SWWC survey region with locations of sightings overlaid (solid 
black dots).  
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Figure 31:  Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

of harbour porpoise in the SWS survey region with locations of sightings overlaid (solid black dots).
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Figure 32: Mean estimate of distribution of abundance (shadings, in numbers of animals) for Pacific white-sided 

dolphin in the SWN survey region with locations of sightings overlaid (solid black dots). During 2008 & 
2009, 30 sightings of 1,478 individuals were made.  
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Figure 33: Lower bound (2.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for Pacific white-sided dolphin in the SWN survey region with locations of sightings overlaid (solid black 
dots).  
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Figure 34: Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for Pacific white-sided dolphin in the SWN survey region with locations of sightings overlaid (solid black 
dots).  
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Figure 35: Mean estimate of distribution of abundance (shadings, in numbers of animals) for humpback whale in 

the SWN survey region with locations of sightings overlaid (solid black dots). During 2008 & 2009, 24 
sightings of 29 individuals were made.   
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Figure 36: Lower bound (2.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for humpback whale in the SWN survey region with locations of sightings overlaid (solid black dots).  
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Figure 37: Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for humpback whale in the SWN survey region with locations of sightings overlaid (solid black dots).  
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Figure 38: Mean estimate of distribution of abundance (shadings, in numbers of animals) for humpback whale in 

the SWS survey region with locations of sightings overlaid (solid black dots). During 2009, 5 sightings of 
10 individuals were made.  
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Figure 39: Lower bound (2.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for humpback whale in the SWS survey region with locations of sightings overlaid (solid black dots). 
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Figure 40: Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for humpback whale in the SWS survey region with locations of sightings overlaid (solid black dots).
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Figure 41: Mean estimate of distribution of abundance (shadings, in numbers of animals) for humpback whale in 

the SWWC survey region with locations of sightings overlaid (solid black dots). During 2009, 22 
sightings of 28 individuals were made.  
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Figure 42: Lower bound (2.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for humpback whale in the SWWC survey region with locations of sightings overlaid (solid black dots). 
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Figure 43: Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for humpback whale in the SWWC survey region with locations of sightings overlaid (solid black dots).

118 



 

 
Figure 44: Mean estimate of distribution of abundance (shadings, in numbers of animals) for minke whale in the 

SWN survey region with locations of sightings overlaid (solid black dots). During 2008 & 2009, 9 
sightings of 9 individuals were made.  
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Figure 45: Lower bound (2.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for minke whale in the SWN survey region with locations of sightings overlaid (solid black dots).  
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Figure 46: Upper bound (97.5th percentile) estimate of distribution of abundance (shadings, in numbers of animals) 

for minke whale in the SWN survey region with locations of sightings overlaid (solid black dots).  
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Figure 47: Mean estimate of distribution of abundance (shadings, in numbers of animals) for grey whales in the 

SWWC survey region with locations of sightings overlaid (solid black dots). During 2009, 5 sightings of 8 
individuals were made. 

 
 
 



 

APPENDIX I   
 
SWN Survey Region GAM model fit: Dall’s porpoise 
 
Family: Tweedie(1.1)     
Link function: log      
      
Formula:      
N ~ te(midlat, tidal.speed, depth) + offset(off.set)  
      
Parametric coefficients:    
            Estimate Std. Error t value Pr(>|t|)      
(Intercept)  -16.122      0.113  -142.7   <2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
Approximate significance of smooth terms:   
                               edf Ref.df     F p-value     
te(midlat,tidal.speed,depth) 15.09  15.09 2.451 0.00189 ** 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
R-sq.(adj) =  0.0982   Deviance explained = 15.3%  
REML score = 370.41  Scale est. = 2.3576    n = 414  
AIC = 787.9     

For plots of smooths with 3 or more covariates, the 
plot of the selected gam object represents the 
component smooth functions that make up the 
selected gam, on the scale of the linear predictor. 
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SWN Survey Region GAM model fit: Harbour porpoise 
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Family: Tweedie(1.6)     
Link function: log      
Formula:      
N ~ s(midlat) + s(midlon) + offset(off.set)   
Parametric coefficients:    
            Estimate Std. Error t value Pr(>|t|)      
(Intercept) -24.9546     0.3137  -79.55   <2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
Approximate significance of smooth terms:   
            edf Ref.df     F p-value       
s(midlat) 2.576  3.288 26.11  <2e-16 ***   
s(midlon) 2.192  2.756 68.94  <2e-16 ***   
---      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
R-sq.(adj) =  0.0339   Deviance explained =   49%  
REML score = 15.855  Scale est. = 0.54697   n = 414  
AIC = 431.5199 
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 For plots of 1-D smooths, the x-axis of each plot if 

labelled with the covariate name, while the y-axis is 
labelled s(cov,edf) where cov is the covariate name, 
and edf is the estimated degrees of freedom of the 
smooth.  
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SWN Survey Region GAM model fit: Pacific white-sided dolphin 
 

Contour plots produced for 2-D smooths, with the x-
axis labelled with the first covariate name and the y-
axis with the second covariate name. The main title 
of the plot is something like s(var1, var2, edf), 
indicating the variable of which the term is a function, 
and the estimate degrees of freedom for the term. 
When se=TRUE, estimator variability is shown by 
overlaying contour plots at plus and minus 1 s.e. 
relative to the main estimate. If se if a positive 
number then the contour plots are at plus of minus se 
multiplied by the s.e.  

Family: Tweedie(1.3)     
Link function: log      
Formula:      
N ~ s(midlat, midlon) + offset(off.set)   
Parametric coefficients:    
            Estimate Std. Error t value Pr(>|t|)      
(Intercept) -15.4436     0.1904   -81.1   <2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
Approximate significance of smooth terms:   
                   edf Ref.df     F p-value       
s(midlat,midlon) 3.931   5.07 28.11  <2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
R-sq.(adj) =  0.0528   Deviance explained = 31.4%  
REML score = 194.29  Scale est. = 9.2581    n = 414  
AIC = 610.9578     
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SWN Survey Region GAM model fit: Humpback whale 
 
Family: Tweedie(1.1)    
Link function: log     
     
Formula:     
N ~ s(midlat, midlon) + offset(off.set)  
     
Parametric coefficients:   
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) -19.4129     0.1312  -148.0   <2e-16 *** 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
Approximate significance of smooth terms:  
                 edf Ref.df     F  p-value      
s(midlat,midlon)   2      2 9.792 7.01e-05 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
R-sq.(adj) =  0.0108   Deviance explained = 4.15% 
REML score = 96.472  Scale est. = 0.47762   n = 414 
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SWN Survey Region GAM model fit: Minke whale 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Family: Tweedie(1.1)     
Link function: log      
Formula:      
N ~ s(midlat, midlon, tidal.speed) + offset(off.set)  
      
Parametric coefficients:    
            Estimate Std. Error t value Pr(>|t|)      
(Intercept) -19.3295     0.2702  -71.54   <2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
Approximate significance of smooth terms:   
                               edf Ref.df     F p-value     
s(midlat,midlon,tidal.speed) 13.07  13.07 2.524 0.00239 ** 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
R-sq.(adj) =  0.0198   Deviance explained = 19.5%  

 REML score = 42.598  Scale est. = 0.18813   n = 414 
AIC = 445.5     
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SWS Survey Region GAM model fit: Dall’s porpoise 
 
Family: Tweedie(1.1)     
Link function: log      
Formula:      
N ~ s(midlon, tidal.speed) + offset(off.set)   
      
Parametric coefficients:    
            Estimate Std. Error t value Pr(>|t|)      
(Intercept) -18.2425     0.2195   -83.1   <2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
Approximate significance of smooth terms:   
                        edf Ref.df     F p-value      
s(midlon,tidal.speed) 10.65  14.37 2.176 0.00942 **  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
R-sq.(adj) =  0.181   Deviance explained = 52.9%  
REML score = 55.426  Scale est. = 0.62293   n = 202  
AIC = 244.5   
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SWS Survey Region GAM model fit: Harbour porpoise 
Family: Tweedie(1.1)    
Link function: log     
Formula:     
N ~ s(midlat) + s(midlon) + s(sst) + offset(off.set) 
     
Parametric coefficients:   
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) -18.4308     0.9678  -19.04   <2e-16 *** 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
Approximate significance of smooth terms:  
            edf Ref.df     F  p-value      
s(midlat) 3.380  4.302 3.961 0.003282 **   
s(midlon) 4.162  5.039 5.341 0.000124 ***  
s(sst)    6.303  6.834 3.497 0.001654 **   
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
R-sq.(adj) =  0.222   Deviance explained = 37.9% 
REML score = 149.84  Scale est. = 1.5321    n = 202 
AIC = 318.7 
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SWS Survey Region GAM model fit: Humpback whale 
Family: Tweedie(1.1)     
Link function: log      
      
Formula:      
N ~ s(midlon) + s(tidal.speed) + s(depth) + offset(off.set) 
Parametric coefficients:    
            Estimate Std. Error t value Pr(>|t|)      
(Intercept) -20.4790     0.4122  -49.68   <2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
Approximate significance of smooth terms:   
                 edf Ref.df     F  p-value       
s(midlon)      1.000  1.000 30.13 1.25e-07 ***  
s(tidal.speed) 2.796  3.510 16.63 9.82e-11 ***  
s(depth)       3.211  3.957 28.84  < 2e-16 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
      
R-sq.(adj) =   0.25   Deviance explained = 59.6%  
REML score = 20.747  Scale est. = 0.18942   n = 202  
AIC = 224.4  
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SWWC Survey Region GAM model fit: Dall’s porpoise 
 
Family: Tweedie(1.3)    
Link function: log     
     
Formula:     
N ~ s(midlat) + s(midlon) + offset(off.set)  
Parametric coefficients:   
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) -18.6579     0.6923  -26.95   <2e-16 *** 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
Approximate significance of smooth terms:  
           edf Ref.df     F p-value     
s(midlat) 2.24  2.831 1.600  0.2161    
s(midlon) 1.00  1.000 3.165  0.0875 .  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
R-sq.(adj) =  -0.028   Deviance explained = 31.4% 
REML score = 5.1484  Scale est. = 1.0307    n = 29 
AIC = 45.11    
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SWWC Survey Region GAM model fit: Harbour porpoise 
 
Family: Tweedie(1.6)    
Link function: log     
     
Formula:     
N ~ s(midlat) + s(midlon) + offset(off.set)  
     
Parametric coefficients:   
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) -16.0188     0.4669  -34.31   <2e-16 *** 
---     
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
Approximate significance of smooth terms:  
            edf Ref.df     F p-value   
s(midlat) 1.000  1.000 0.001   0.973  
s(midlon) 1.109  1.212 0.332   0.612  
     
R-sq.(adj) =  0.0107   Deviance explained = 17.0% 
REML score = 28.265  Scale est. = 4.7139    n = 29 
AIC = 72.72    
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SWWC Survey Region GAM model fit: Humpback whale 
 
Family: Tweedie(1.1)    
Link function: log     
     
Formula:     
N ~ s(midlat) + s(midlon) + offset(off.set)  
     
Parametric coefficients:   
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  -18.249      1.246  -14.65 5.39e-13 *** 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
Approximate significance of smooth terms:  
            edf Ref.df     F p-value   
s(midlat) 1.000  1.000 0.251   0.621  
s(midlon) 4.491  5.395 1.019   0.434  
     
R-sq.(adj) =  0.169   Deviance explained = 48.1% 
REML score = 32.267  Scale est. = 1.9415    n = 29 
AIC = 71.56    
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SWWC Survey Region GAM model fit: Grey whale 
 
Family: Tweedie(1.7)    
Link function: log     
     
Formula:     
N ~ s(midlat) + offset(off.set)   
     
Parametric coefficients:   
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  -391.17      31.04  -12.60 5.41e-12 *** 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
Approximate significance of smooth terms:  
            edf Ref.df     F  p-value      
s(midlat) 4.307  5.008 27.01 4.63e-09 ***  
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
     
R-sq.(adj) =  0.343   Deviance explained =   86.2% 
REML score = 0.85174  Scale est. = 0.77397   n = 29 
AIC = 45.13    
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