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Highlights: 14 

• Use of satellite AIS data to show spatio-temporal distribution of vessels 15 

• Explores variation between vessel types and their duration within critical habitat 16 

• Statistical analysis of the characteristics of vessels within confined waterways 17 

• Provides management recommendations for vessel traffic within restricted areas 18 

• Contributes information to aid management decisions for SRKW Critical Habitat 19 

 20 

Abstract: 21 

In the Salish Sea, a body of water spanning British Columbia, Canada, and Washington State, 22 

USA, increasing vessel traffic has the potential to cause many direct and indirect impacts on an 23 

endangered population of cetaceans; Southern Resident Killer Whales (SRKW) (Orcinus 24 

orca).  This study uses satellite Automatic Identification System (AIS) data to provide a detailed 25 

description of the volume, distribution and type of vessels within SRKW critical habitat and 26 

emphasises the heterogeneity of their movement and presence throughout this area. Further 27 

statistical analysis of vessel data within two physically restricted regions (Active Pass and 28 

Boundary Pass) showed a particularly strong seasonal influence on vessel presence in Active 29 

Pass. This could largely be attributed to the dominance of ferry traffic during summer months in 30 

comparison to winter. In Boundary Pass, cargo ships were the predominant type of vessel each 31 

year, with their presence increasing over the four-year period analysed. Such information 32 



indicates that there is potential for considering seasonal management measures aimed at 33 

mitigating threats associated with vessel activity and reducing the risk of impact on SRKW 34 

particularly during summer months. Vessel speed was found to vary inconsistently with year, 35 

between regions and among vessel groups. However, there was a strong seasonal effect in both 36 

regions with vessels generally transiting slower in the winter than summer. This is another 37 

important consideration as vessel speed has been directly correlated to strike risk and noise 38 

emissions and therefore seasonal speed restrictions could also be explored if the area is 39 

navigationally suitable. 40 

The data presented here provides specific information related to vessel movement within areas 41 

that potentially pose a ‘higher risk’ from vessel related impacts, (e.g. noise pollution, strikes, 42 

spills etc.). Furthermore, this study considers the potential for vessel management measures to 43 

help mitigate these impacts and makes recommendations for future measures to be targeted at 44 

specific areas and vessel types. This sort of information can be used to help inform regional 45 

marine spatial planning frameworks, species recovery measures and management plans as well 46 

as any other future conservation designations and management schemes both within the Salish 47 

Sea but also globally. 48 

 49 

1. Introduction  50 

In recent history, marine transportation has exhibited continuous increased growth in terms of the 51 

number of vessels at sea, and also in relation to their size and propulsion power (McKenna et al., 52 

2012 and Veirs et al., 2015). The International Chamber of Shipping (UNCTAD, 2016), 53 

documented that commercial shipping now accounts for 90,917 vessels; which combined, 54 

represent around 90% of trade occurring globally, a number that is projected to increase in the 55 

future (Cominelli et al., 2018). Although often considered a cost efficient, safe and 56 

environmentally friendly form of travel and transportation of goods (Coomber et al., 2016), in 57 

some areas the concentration at which vessel activity occurs can result in notable impacts. 58 

Indeed, many environmental and biological stressors in the marine habitats can either be directly 59 

or indirectly attributed to marine vessel traffic (Fisheries and Oceans Canada, 2011), for 60 

example: underwater noise (Erbe et al., 2014), chemical pollution (Huntington et al., 2015), 61 

fishing gear entanglement (Van der Hoop et al., 2017) and vessel strikes (Reimer et al., 2016). A 62 



recent overview of how AIS data has been used to assess a broad range of environmental impacts 63 

is presented in Fournier et al., (2018). 64 

The southern coastal waters of the Salish Sea in British Columbia (BC), Canada and 65 

Washington (USA) are some of the busiest waterways in North America, accounting for more 66 

than 50% of shipping traffic occurring nationally (Simard et al., 2014). The ports of Vancouver, 67 

in BC and Seattle, in Washington State, both serve major economic centres and result in shipping 68 

traffic being highly concentrated within the Salish Sea (Erbe et al., 2014). In addition to its 69 

economic importance, the Salish Sea is of great biological and cultural significance. While 70 

supporting over 7 million people, it is also home to hundreds of species of marine invertebrates, 71 

fish, birds and mammals (Gaydos et al., 2008; Gaydos and Pearson, 2011 and Pietsch and Orr, 72 

2015) all of which are highly dependent on this water body for the full expression of their 73 

biological functions.   74 

An increase in human impacts and resulting pressure on ecosystem functions and resources 75 

within the Salish Sea is subsequently threatening its biodiversity (McGreer and Frid, 2017; 76 

Chittenden et al., 2018; and Matkin et al., 2017). The consequences of anthropogenic activities 77 

have been shown by the growing number of species, sub-species and ecologically-significant 78 

units of populations that are mentioned in provincial and federal lists of threatened species, both 79 

in Canada and the USA (Zier and Gaydos, 2016). One such endangered group are Southern 80 

Resident Killer Whales (SRKW) a genetically distinct sub-population of Orcinus orca (Killer 81 

whales) that seasonally inhabit these waters (Lachmuth et al., 2011).  82 

 83 

1.1 Southern Resident Killer Whales  84 

During 1995-2001, the SRKW population declined by nearly 20% and led to this group of 85 

animals being listed as an endangered species by the Committee on the Status of Endangered 86 

Species in Canada (COSEWIC) in 2001. This listing subsequently became law under the 87 

Canadian Species at Risk Act (SARA) in 2003 (Baird, 2001 and Lachmuth et al., 2011) and the 88 

United States Endangered Species Act in 2006 (NOAA, 2010). SRKW have recently 89 

experienced further population decline and despite 18 years of protection are still considered to 90 

be at risk. This is mostly due to their small population size, low reproductive rate, specialised 91 

diet (Veléz-Espino et al., 2014) and the existence of a variety of anthropogenic threats that have 92 



the potential to cause further population declines (Fisheries and Oceans Canada, 2016). Principal 93 

threats to their recovery include activities that will reduce the availability or quality of their prey, 94 

environmental contamination (Ross, 2006 and Krahn et al., 2009), and both physical and 95 

acoustic disturbance (Fisheries and Oceans Canada, 2011 and Fisheries and Oceans Canada, 96 

2016). Like all odontocetes, killer whales use sound to navigate, communicate and detect prey 97 

via echolocation (Ford et al., 1989 and Au et al., 2004), consequently, all of these functions can 98 

be affected by underwater noise (Holt et al., 2009). Elevated noise levels as a result of vessel 99 

traffic can reduce the opportunities for killer whales to successfully forage and limit their ability 100 

to share information and reduce group cohesion when foraging together (Joy et al., 2019). This 101 

can lead to a reduction in the whales ‘acoustic space’ and foraging efficiency, essentially making 102 

it harder for whales to locate their prey. As mentioned, SRKW are believed to be nutritionally 103 

stressed due to reduced prey availability and size (Ford et al., 2009) and exposure to ship noise 104 

has also been associated with chronic stress in whales (Rolland et al., 2012). Additionally, it has 105 

been found that when in close proximity to boat traffic (<400m), SRKW have been shown to 106 

reduce the time they spend foraging and increase the time they spend transiting (Luseseau et al., 107 

2009 and Joy et al., 2019). Vessel proximity has also been shown to change SRKW surface 108 

behaviour and activity (Noren et al., 2009), as well as other energetically costly activities such as 109 

swimming speeds, respiration rates and path directedness (Williams et al., 2009).  110 

Although SRKW can be present in the coastal waters of the Salish Sea in all months of the year 111 

(Ford et al., 2010) their time spent in more inshore areas in recent years has become less 112 

predictable. In particular there has been a notable decline in their spring use of their core habitat 113 

areas (Shields et al., 2018) and in the last few years this absence has extended into the summer 114 

months also. The SRKW are known to predominantly frequent Salish Sea waters from May/June 115 

through to September/October. Over the winter they are thought to spend their time further 116 

offshore (Ayres et al., 2012; Foster et al., 2012). During June to October, SRKWs have 117 

traditionally concentrated their activity in eastern Haro Strait (off the west side of San Juan 118 

Island), Boundary Pass, southern Strait of Georgia and the eastern Juan de Fuca Strait (Ford et 119 

al., 2017). Then in the late fall and early winter months they spend more time in the northerly 120 

waters of Puget Sound. Most of this seasonal movement can be attributed to the migration of 121 

their primary prey species Chinook (Oncorhynchus tshawytscha) and Chum (Oncorhynchus 122 

keta) salmon (Ford and Ellis, 2006).  123 



 124 

1.2 Critical Habitat  125 

Under the SARA federal ministers have been responsible for the preparation and 126 

implementation of an action plan that will aid the recovery and maintain the long-term viability 127 

of SRKW. Two of the four listed objectives of this plan require information pertaining to vessel 128 

traffic; ‘Objective 3: Ensure that disturbance from human activities does not prevent the 129 

recovery of resident killer whales, and Objective 4: Protect critical habitat for resident killer 130 

whales and identify additional areas for critical habitat designation and protection’ (Fisheries 131 

and Oceans Canada, 2011 and Fisheries and Oceans Canada, 2016). In response to this latter 132 

objective, in 2011, an area of critical habitat was identified. This habitat is deemed to be of 133 

special importance for SRKW, and in particular for foraging on their primary prey, Chinook 134 

salmon (Ford et al., 2017). 135 

The full extent of the area delineated for SRKWs as Critical Habitat, within the Salish Sea, 136 

under both SARA in Canada and in the United States the US Endangered Species Act (ESA) can 137 

be viewed in Figure 1. This trans-boundary area accounts for 3390km2 in Canadian waters and a 138 

further 6630km2 in U.S waters (Fisheries and Oceans Canada, 2018) and includes much of the 139 

Southern Strait of Georgia, Puget Sound, the Southern Gulf Islands and the San Juan Islands as 140 

well as the trans-boundary habitats of the Strait of Juan de Fuca, Haro Strait and Boundary Pass. 141 

It should be noted that recently in December 2018, the Canadian government extended the 142 

currently designated area to extend further out into offshore waters beyond the coastal waters of 143 

the Salish Sea (Fisheries and Oceans Canada, 2019). Many of the threats that SRKWs face also 144 

affect their habitat, and this is therefore of particular concern for Critical Habitat management.  145 

Under its current designation, SRKW Critical Habitat is protected from destruction by SARA’s 146 

Critical Habitat Order made under Subsection 58(4) and (5), that invokes the prohibition in 147 

subsection 58(1) against the destruction of the identified Critical Habitat (Section 2.3) (Fisheries 148 

and Oceans Canada, 2016). In addition to this protection order, there are also mechanisms that 149 

will aid in the conservation of SRKW Critical Habitat, including legislative tools related to 150 

specific activities, such as acts, regulations and government policy programmes that, given the 151 

current understanding of the nature and extent of the identified threats to Critical Habitat, can 152 

provide additional protection.  153 



 154 

Figure 1. – Total cumulative AIS transmitting vessel traffic for all study months in the Salish 155 

Sea water basin delineating: a.) designated Critical Habitat of SRKW1, b.) Active Pass and c,) 156 

Boundary Pass. Notable water bodies and islands include A: Strait of Georgia, B: Gulf Islands, 157 

C: San Juan Islands, D: Haro Strait, E: Juan de Fuca Strait and F: Puget Sound. 158 

 159 

1.3 Vessel Traffic within SRKW Critical Habitat 160 

In addition to providing access for shipping traffic e.g. cargo ships and tankers, to the major 161 

ports of Seattle and Vancouver, the waterways that make up SRKW Critical Habitat are also 162 

widely used by a number of different vessel types including passenger ferries (Cominelli et al., 163 

2018). These vessels service both the mainland and nearby islands, providing transport links 164 

(nationally and internationally), between major cities and coastal communities. Naval and Coast 165 

Guard vessels also commonly frequent these inshore waters as both Canadian and American 166 

national defence departments have a number of facilities and bases within the wider Salish Sea 167 

watershed (Allen, 2017). There are also an increasing number of cruise ships transiting through 168 

 
1 Derived from Canadian Critical Habitat as designated by DFO and US Critical Habitat as designated by NOAA 



the study area although this activity is strictly seasonal, it is an industry that is positioned to 169 

expand further in the coming years with a peak season that coincides with months that are 170 

traditionally high presence months for SRKW in this same area (Giles and Koski, 2012; and 171 

Cominelli et al., 2018).  172 

To more accurately describe the general pattern of maritime traffic over a relatively large and 173 

busy geographical area such as the Salish Sea, Automatic Identification System (AIS) can be 174 

used as a source of vessel position data as well as additional vessel and voyage information 175 

which allows for the computation of traffic volume through a given area (Campana et al., 2017). 176 

AIS are vessel-based transponders that transmit information pertaining to a vessel on a regular 177 

basis through VHF; it is a ship-to-ship, ship-to-shore and ship-to-satellite2 scheme primarily 178 

intended to enhance marine safety (Shelmerdine, 2015), improve navigation (IMO, 2002) and 179 

consequently provide protection for the marine environment. As of December 2004, it has been 180 

mandatory for position data to be emitted via AIS transponders by: vessels (other than fishing 181 

vessels) on international voyages of either 300+ GT (gross tonnes); or of 150+ GT carrying more 182 

than 12 passengers; and every vessel (other than fishing boats) of 500+ GT (SOLAS, 2012). 183 

When aiming to develop a complete and comprehensive picture of the entire fleet there are, 184 

however, some recognised limitations with AIS systems such as saturation of receivers in areas 185 

of high shipping (Leaper and Panigada, 2010) and the omission of many smaller vessels which 186 

are not legally required to carry or report via AIS (Erbe et al., 2014). This is not to say that all 187 

small craft are unaccounted for, however, as vessels that are not required to carry AIS 188 

transponders may do so at their discretion, and may carry either a Class A transponder, similar to 189 

that required for the mandatory carriage vessels, or a less expensive (and less sophisticated) 190 

Class B transponder, intended as an option for more casual user adoption. The rate of uptake of 191 

AIS for these small vessels, however, is highly variable across regions and vessel types, making 192 

the degree of under-representation of smaller boats, in particular pleasure craft, ecotourism and 193 

fishing boats, an unknown quantity.  194 

The aim of this work is to highlight the importance of AIS data visualisation and quantification 195 

in obtaining a reliable understanding of marine vessel traffic, providing information to better 196 

inform management, and helping attain conservation objectives in an area designated as Critical 197 

 
2 For AIS message 27 “Position report for long range applications” 



Habitat for an endangered cetacean population. A methodology on processing the satellite AIS 198 

acquired for this work is outlined followed by the analysis of the data in ArcGIS. Issues 199 

associated with AIS data are discussed along with ways to avoid compromising the integrity of 200 

associated data findings through rigorous quality control procedures. The implications of these 201 

findings in relation to SRKW Critical Habitat management are also explored and possible 202 

measures for effectively managing vessel traffic are further discussed. Through extensive 203 

exploration of the satellite AIS data, this study is also able to supply detailed information related 204 

to the spatial and temporal distribution of vessels within the SRKWs Critical Habitat for 205 

consideration in future assessments and further development and review of Action Plans.  206 

 207 

2. Data Processing  208 

Here we present the treatment of the data used in the analysis. For the sake of brevity, the 209 

detailed processing description can be found in Annex 1 of the supplementary material while 210 

only the salient details are presented here as a more general outline. 211 

2.1 Processing of Satellite AIS data  212 

Satellite AIS data, sourced from exactEarth Ltd3 were used to quantify vessel traffic within the 213 

Salish Sea study area. Vessel data were analysed for two ‘seasons’; Winter (Dec-Feb) and 214 

Summer (Jun-Aug) over four consecutive years of data starting in December 2012 and ending 215 

August 2016. These months were chosen to represent the two seasons when SRKW have been 216 

historically more likely to be respectively present (summer) and absent (winter) within the Salish 217 

Sea (Hauser et al., 2007).   218 

2.1.1 Data Point Selection 219 

Data were extracted from a source PostGIS database, hosted by the Institute for Big Data 220 

Analytics at Dalhousie University, Canada. Vessel positions were spatially selected within the 221 

bounding area of the Salish Sea watershed and temporally for Summer (June-August) and Winter 222 

(December-February) for the years 2012/2013 to 2015/2016. Key attributes selected included the 223 

vessels’ AIS identifier, its MMSI (Maritime Mobile Service Identifier), the date of receipt of the 224 

 
3 Made available to the study by the Marine Environmental Observation Predication and Response Network 
(MEOPAR, part of the Canadian Centres of Excellence Program), Canada. 



position data, and latitude/longitude. AIS message types4 selected included 1, 2, 3 (Class A 225 

vessel positions), 18 (Class B vessel positions) and 27 (long range / offshore positions).  226 

 227 

2.1.2 Type Cross Referencing 228 

In order to consider the effect of various vessel types on SRKW in the study area, it was 229 

necessary to develop an association between the AIS vessels’ identifiers (MMSIs) and detailed 230 

vessel type information. Three sources were utilised to build a MMSI to type reference: 231 

messages from the AIS dataset itself, the International Telecommunications Union (ITU) MARS 232 

/ List of Ship Stations data, and online resources using Marine Traffic.com, VesselTracker.com 233 

and Spectrum Direct Ship Search (Industry Canada).  234 

Table 1. - AIS Data Vessel Classification and Grouping 235 

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 
Container 

Ships <200m 
Crude Oil 

Tankers <200m 
Fishing 
Vessels 

Ferries 
<50m 

Government
/Research 

Recreational 
Vessels 

Other 
Misc. 

Container 
Ships >200m 

Crude Oil 
Tankers >200m 

Tugs 
<50m 

Ferries 
>50m 

Naval 
Vessels 

Whale 
Watching 

 

Bulk Carriers 
<200m 

Chemical 
Carriers 

Tugs 
>50m 

Passenger 
<100m 

High Speed 
Ferry 

  

Bulk Carriers 
>200m 

LNG Carriers 
 

Dredgers Passenger 
>100m 

   

Open Hatch 
Cargo Ships 

Tankers Reefers     

Bulkers       
 236 

Distinct MMSIs were extracted from the point dataset using a database query. The vessel 237 

attribute messages corresponding to these MMSIs were extracted from the database; both Class 238 

A/message 5 and Class B/message 24 records were considered. These data provided information 239 

on vessel name, coarse vessel type and vessel dimensions. The vessel types were grouped (see 240 

Table 1.), based on characteristic noise emission categorisations outlined by MacGillivray et al. 241 

(2016). This was deemed highly relevant as both American and Canadian conservation and 242 

action plans for SRKW specifically recognise the potential impacts that different types of vessel 243 

 
4 AIS defines 27 different distinct communications or “messages”. Generally, the most useful for post-hoc analysis 
are divided into two categories: those with positional data (messages 1, 2, 3, 18 and 27), and those with vessel 
attributes (messages 5, and 24). Further, mandatory use (Class A) and non-mandatory use (Class B) each have 
separate messages: (1, 2, 3, 5, 27) for the former, and (18, 24) for the latter. 



noise could potentially have on the recovery of SRKW (Cominelli et al., 2018). Vessels’ reports 244 

of type/name/dimensions are subject to occasional omissions and errors within these transmitted 245 

values. A process was developed and followed to build a reasonable interpretation for each 246 

vessel identifier among the reported values, see Figure 2.  247 

 248 

 249 

Figure 2. -  A workflow outlining how the vessel attribute data was streamed 250 

 251 

2.1.3 Generation of Traffic Representation 252 

AIS reports are not sampled uniformly in time, therefore, it was necessary to account for this in 253 

any representation for downstream work. We elected to develop linear segments between the 254 

reported AIS points to give a “trace” of the vessel’s paths through the space essentially 255 

implementing a linear interpolation between reported positions. Therefore it’s important to note 256 

that speed estimates based on these straight-line segments, are likely to be slightly slower than 257 

actual speeds in restricted areas where vessels are required to manoeuvre more often (i.e. their 258 



movement is less linear). This representation was developed using a purpose-built Python script5, 259 

as well as Desktop GIS software6 for review and Postgres/PostGIS filtering. This process is 260 

outlined in Figure 3.  261 

 262 

Figure 3. - Processing workflow for traffic representation script 263 

In processing the data, 12,555,416 segments were generated from the input positional data 264 

points. The subsequent filtering operations, to constrain the data to the study scope, rendered a 265 

total of 10,783,512 segments for further analysis.  266 

 267 

2.1.4 Segment Enrichment 268 

Attribute data were attached to the resultant segment dataset to facilitate analysis. Vessel type 269 

information was attached to segments on the basis of MMSI. Local time relative to the Salish 270 

region was computed by applying an offset of -0700 to the native UTC timestamps from the AIS 271 

dataset (no daylight savings was accounted for). Day/night was determined for the segments on 272 

the basis of the segment’s start date, assigning ‘day’ to timestamps between 0700 and 1900, with 273 

‘night’ being assigned to the remainder.  274 

 275 

2.1.5 Grid Representation 276 

 
5 https://github.com/casey-
h/MEOPAR_AIS/blob/master/02_Segment_Development/1_generate_tracks_from_AIS_DB_vectorized.py 
6  ArcGIS (https://www.esri.com/en-us/arcgis/about-arcgis/overview) and QGIS (https://www.qgis.org/en/site/) 



The number of individual traffic segments in the area of interest is significant, and 277 

interpretation compels some aggregation. Therefore, a grid representation of the traffic segments 278 

was compiled for visualisation. A 1km x 1km grid was created over the bounding area of the 279 

Salish Sea watershed, using the QGIS Vector Grid function, which was then loaded into the 280 

PostGIS database with the segment data. The segments were then cut along the boundaries of the 281 

grids, and each cut portion assigned ID number of the grid cell into which it was cut. A 282 

calculation was then performed to compute the length of each cut segment portion, which was, in 283 

turn, used to determine the proportional amount of the source segment’s elapsed time per grid 284 

cell. Each cut segment was labelled with the year and time period (summer/winter) into which it 285 

fell, based on their starting timestamp. 286 

These grid-referenced records were aggregated, computing average speed and total time (per 287 

grid cell).  288 

The aggregations were linked to the grid boundaries by ID to output a GIS-renderable 289 

representation of the results. Each distinct combination of time period, vessel type, day/night, 290 

and target variable (either time or average speed) � 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝐴𝐴𝐴𝐴𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇 𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇𝑆𝑆

� was output with one grid cell 291 

per output record (109,618 records / 1 per grid cell). Similarly, the day-of- year aggregated data 292 

were outputted to a comma delimited file with one column for each distinct combination of 293 

time period, vessel type, day/night and target variable (again, either time or average speed) and 294 

rows by day of year (725 records = # of study days).  295 

3. Analysis of Vessel Data 296 

3.1 Geospatial Analysis of AIS data 297 

Once processed, the AIS data were geospatially analysed using Esri’s ArcGIS Desktop 10.5. Due 298 

to the complex and large size of the dataset, several assessments were taken to explore the 299 

spatio-temporal distribution of vessels and different vessel classes throughout the SRKW Critical 300 

Habitat.  301 

3.1.1 Vessel presence within the Salish Sea, Critical Habitat, Boundary Pass and Active Pass 302 

AIS data from 2016 were used to explore the distribution and presence of vessel traffic across 303 

four study regions; the Salish Sea water basin, SRKW Critical Habitat, Boundary Pass and 304 

Active Pass. Both Boundary Pass and Active Pass are identified as important foraging areas for 305 

SRKW (DFO, 2018a) within the critical habitat. They are also areas with higher than average 306 



vessel presence due to their narrow cross sectional width and their strategic position linking the 307 

major water bodies of the Strait of Georgia and the Strait of Juan de Fuca (see Figure 1 and 308 

Table 2). The total number of hours for all of the vessels recorded was aggregated for each of the 309 

three months of data analysed in summer and winter 2016 (refer to Table 2). Figure 4 shows the 310 

distribution of vessel traffic throughout the Salish Sea for these two seasons based on the 311 

cumulative amount of time spent by vessels in each 1 km2 grid cell. The cumulative vessel time 312 

for all grid cells in each study area was calculated and then the area of each region was used to 313 

further explore how the average amount of vessel time differed among cells in each region taking 314 

into account the size variation of each area, see Table 2. 315 

Table 2. - Aggregated vessel traffic time for summer and winter 2016 and accounting for area 316 

size, the average amount of vessel time per km2 for each study region. 317 

Study Region Season Area (km2) Vessel Traffic (VT) (hrs) VT (hrs) / km2 

Salish Sea Summer 18,395.53 52,313.81 2.84 

Winter 18,395.53 48,970.04 2.66 

Critical Habitat Summer 11,894.54 30,207.88 2.54 

Winter 11,894.54 28,411.03 2.39 

Boundary Pass Summer 141.69 499.03 3.52 

Winter 141.69 428.59 3.02 

Active Pass Summer 5.77 1,071.17 185.65 

Winter 5.77 866.49 150.17 

3.1.2 Seasonal and temporal trends in distribution and movement in relation to vessel class 318 

within the Critical Habitat 319 

AIS data from both seasons, over the four consecutive years were used to compare and contrast 320 

the amount of spatial and temporal variation of vessel traffic throughout SRKW habitat. 321 

Additionally, vessel data were also sub-divided by vessel groups and considered independently 322 

among years and between seasons. Cumulative vessel time across grid cells was once again used 323 

to explore these relationships.  324 

 325 

3.1.3 Vessel behaviour within the restricted waterways of Boundary Pass and Active Pass 326 

For the significantly smaller, restricted areas of Boundary Pass and Active Pass, further analysis 327 

was undertaken to determine more specific information related to the behaviour of the vessels 328 



transiting these ‘higher risk’ areas. Speeds of vessels (aggregated per group) were computed by 329 

dividing distance travelled between AIS data points by the corresponding elapsed time. This was 330 

carried out to explore the nature of transits taken by specific vessel groups and any variation 331 

between predominant vessel types traversing the two passages for later consideration when 332 

assessing potential management measures. 333 

  334 

3.2 Statistical Analysis of AIS data 335 

Several statistical tests were conducted on the vessel AIS data to assess whether or not the 336 

observed differences amongst the vessel groups and spatial-temporal distributions were 337 

significant. All statistical analyses were conducted using R Statistics, version 3.4.4. (The R 338 

Foundation for Statistical Computing, 2018). In total, there were 2,761 unique MMSI’s, which 339 

were then divided among regions and seasons as follows.  340 

The cumulative number of km per vessel group per day (daily cumulative distance KMs), 341 

transiting each region was used as an indicator of relative impact from each group of vessels 342 

(groups 1 to 6; group 7 had too few data). We calculated daily cumulative KMs for both regions 343 

for data pooled among all individual vessels (as indicated by MMSI) within each category, and 344 

total KMs were summarized into groups based on time periods (daytime (0600 – 1800) versus 345 

night-time (1800-0600)), season and year (refer to supplementary material Appendix I). Because 346 

data were pooled among vessels, those with repeat crossings such as ferries (Group 4) 347 

disproportionately contributed to the total vessel-kms per day. Since we were interested in 348 

contribution by vessel group, we did not identify unique vessel contributions in our analyses of 349 

cumulative vessel-km per day. There is a significant body of evidence that now supports the fact 350 

that reductions in vessel speed can reduce both the risk of ship-cetacean collisions (strike risk) 351 

and result in reduced noise levels within the wider water basin as well as in the immediate area 352 

(McWhinnie et al., 2018). Therefore, we also used mean speed per vessel group, as a measure of 353 

potential impact to our study regions. In this case, we did use MMSI to uniquely identify vessels 354 

in our analyses and our results accounted for variation among MMSI. 355 

Initial testing to explore the yearly variation in KMs per day (cumulative KMs) and average 356 

speed in knots (Kn) was undertaken for each vessel group (refer to Table 1) between regions 357 

(Boundary and  Active Passes) and seasons among vessel groups (see Tables 2). An ANCOVA 358 



(Analysis of Covariation), was carried out to estimate the intercept (daily cumulative km in 359 

2013) and slope (rate of change per year) by fitting a General Linearized Model (GLM) with a 360 

Gamma distribution and an inverse link function (R Core Team, 2018) for daily cumulative KMs 361 

and a Linear Model (LM) for Kns. This determined the best fit distributions for the data using the 362 

r package “fitdistrplus”. Based on significant two-way and three-way interactions in overall 363 

models for both daily cumulative KMs and mean Kns, this divided the analyses and results 364 

presentation into regions and seasons (see supplementary material Appendix II). Model results 365 

are reported with Chi-square values (GLM) and F-values (LM), DFs, and p-values (alpha=0.05) 366 

that were derived using the Anova function (type= “III”) in r for each best fit model.  Significant 367 

parameters were estimated using the R package emmeans controlling for the effect of all 368 

significant factors in each best fit model. For best fit models with significant interactions, the 369 

contrast statements in emmeans (R 2018) was used to determine significance among subgroups, 370 

and emtrends (R 2018), to determine significant trends with year and within, and between vessel 371 

groups controlling for season (again with an alpha=0.05). All p-values derived a posteriori were 372 

penalized with Tukey adjustments. All estimated intercepts, coefficients and pairwise differences 373 

are documented with +/- standard errors (ERs).  374 

 375 

 376 

4. Results 377 

Over 442,000 hours of vessel presence were processed in order to analyse the various trends and 378 

variables present within this extensive data set, 159,512 of those vessel hours were within the 379 

critical habitat. Variations in vessel presence were calculated as part of each analysis and 380 

correlated with the corresponding distributions for each comparative study. 381 

 382 

4.1 Vessel Traffic within the Salish Sea, SRKW Critical Habitat, Active Pass and Boundary Pass  383 

AIS data for 2016 were used to explore trends in vessel presence among the four study areas 384 

(Refer to Table 2). Well trafficked routes were visible throughout the critical habitat which can 385 

be generally attributed to establish shipping lanes and ferry routes (BC Ferries, 2019) (see Figure 386 

4).  For all study regions there was a consistent reduction in vessel time between summer and 387 

winter seasons. Together Boundary Pass and Active Pass account for less the 1.2% of the total 388 



area designated as critical habitat (Table 2), though these areas account for almost 5% of the total 389 

vessel traffic hours recorded for the entire critical habitat in 2016.  390 

 391 

 392 

Figure 4. - Hours of Vessel Presence for Aggregated AIS Vessel Traffic for summer and winter 393 

seasons throughout designated SRKW Critical Habitat over four consecutive years from Dec 394 

2012 to August 2016 and aggregated hours of AIS vessel traffic for summer and winter season 395 

exclusively. 396 

 397 

When considering the average amount of vessel presence per km2 (see Table 2) it is also clear 398 

that both Active Pass and Boundary Pass have a greater vessel presence than other areas of the 399 

critical habitat. For example, compared to an average of 2.54 hours of vessel traffic per km2 in 400 

the critical habitat during the summer, Active Pass had 185.65 hours of vessel traffic per km2. 401 

Notably, both passages serve as points of convergence for different types of vessel traffic and 402 

this is further compounded by the spatially constrained nature of both waterways. This navigable 403 

limitation is particularly significant in the case of Active Pass that at its narrowest measures only 404 

0.36km.  405 

 406 

4.2 Seasonal Variation in Vessel Traffic within the SRKW Critical Habitat 407 



On review of the individual vessel groups we can see that some vessels, such as those in groups 408 

1 and 2 (cargo and tanker traffic) contribute a significant amount of vessel hours in very specific 409 

areas, See Table 3 and Figure 5a. Overall it was notable that only vessel groups 1 and 2 showed 410 

an increase in total vessel hours present in the winter season compared to the summer months 411 

with all other groups showing a reduced amount of vessel time over winter. 412 

 413 

Table 3. - Aggregated Vessel Traffic (VT) time in hours for summer and winter over the four-414 

year period from December 2012- August 2016 within the Critical Habitat for each vessel group. 415 

 416 

Vessel Group Season 2013 VT (hrs) 2014 VT (hrs) 2015 VT (hrs) 2016 VT (hrs) Ttl VT (hrs) 

1 

(Cargo) 

Summer 2322.4 3775.0 4552.1 5831.2 16480.7 

Winter 3009.7 2679.0 5795.4 6361.0 17845.1 

2 

(Tankers) 

Summer 404.6 550.3 639.6 749.3 2343.8 

Winter 485.8 408.5 867.2 964.6 2726.0 

3 

(Fish/Tug) 

Summer 4407.0 6832.8 8137.3 10658.5 30035.6 

Winter 4432.8 4389.6 9663.5 10820.1 29306.0 

4 

(Ferries) 

Summer 3165.2 5385.3 7054.9 9752.4 25357.8 

Winter 2974.5 2699.7 6912.8 8090.2 20677.2 

5 

(Gov.) 

Summer 542.8 759.0 984.5 1285.7 3572.0 

Winter 455.6 452.0 1056.2 1131.3 3095.2 

6 

(Rec/WW) 

Summer 313.6 551.2 605.0 888.7 2358.5 

Winter 56.4 70.6 156.3 160.5 443.9 

7 

(misc.) 

Summer 365.2 567.0 886.5 1042.2 2860.8 

Winter 405.0 307.4 813.8 883.3 2409.5 

 417 

 For instance, Groups 1- 4 are the predominant contributors within the Juan de Fuca in summer, 418 

See Figure 5a. While Group 4 (passenger vessels) doesn’t contribute as substantially during the 419 

winter months, this could most likely be associated with the end of the cruise ship season, See 420 

Figure 5b. Another vessel group which had a notably reduced presence in winter compared to 421 

summer was Group 6 (recreational and whale watching boats).  422 



 423 

Figure 5a. – Aggregated hours of AIS vessel presence aggregated for all vessel types and 424 

individual vessel groups (1-7) for the summer season over four consecutive years from June 425 

2013 to August 2016. 426 

 427 

Many of the vessels in these groups follow relatively specific routes and, therefore, overall time 428 

tends to be concentrated in particular areas for some vessel groups. However, others such as 429 

Group 7, comprising vessels of unspecified type and relatively rare vessels such as hovercraft 430 

and cable laying ships, were shown to utilise less predictable routes and, therefore, their 431 

distribution is more variable. These vessel classes also showed greater variance in terms of time 432 

spent between the summer and winter months as mentioned previously. The group that showed 433 

the greatest variation in total vessels hours between summer and winter was Group 4 434 

(~4680.6hrs), whereas Group 2 showed the least amount of vessel time fluctuation seasonally 435 

(~382.2hrs) (refer to Table 3).  436 



 437 

 438 

Figure 5b. – Aggregated hours of AIS vessel presence for individual vessel groups for the winter 439 

season over four consecutive years from December 2012 to February 2016. 440 

 441 

Groups 1-3 show the least variation in terms of their time spent in the critical habitat during the 442 

summer and winter season. They are also some of the greatest contributors to overall vessel 443 

presence within critical habitat regardless of season.  444 

 445 

4.3 Temporal Trend in Seasonal Vessel Traffic  446 

If we consider the summer season when SRKW are historically more likely to be present within 447 

these waters, we can see that there has been a substantial increase in the amount of vessel traffic 448 

measured over the 4-year period considered in this study. Referring to Figure 6a it is notable that 449 

the amount of vessel time in pre-existing ‘routes’ has increased but also that there appears to be 450 

the addition of new areas of more intense vessel activity. The maps in Figure 6a highlight the 451 

particularly visible increase in traffic using shipping lanes (Groups 1 and 2) and ferry routes 452 

(Group 4) over this timeframe. These findings broadly agree with other sources of vessel related 453 



data that are published by the associated industries themselves and port authorities (Ocean 454 

Shipping Consultants, 2016; Nanaimo Port Authority, 2017; BC Ferries, 2019) although it’s 455 

important to note that the findings of this study are based on hours of vessel presence and not the 456 

number of vessel processed at port for example.  457 

 458 

Figure 6a. – Aggregated hours of AIS vessel presence for all vessel groups showing increase in 459 

vessel presence during the summer season over four consecutive years (June-August 2013/2016). 460 

 461 

One of the groups identified as showing a significant seasonal trend between summer and winter 462 

was Group 6 (recreational and whale watching vessels). When we consider not only the seasonal 463 

but temporal variation across this group, see Figure 6b, it can be seen that over time, these 464 

smaller types of boats have increased their presence within the critical habitat, not only in 465 

summer but also in winter. It should, however, be noted that only a fraction of the local whale 466 



watching boats currently carry AIS transponders and an even less well-known percentage of 467 

recreational vessels broadcast their position. Therefore, this group is likely underrepresented by 468 

the AIS data and this is something that will be discussed in more detail later. 469 

 470 

Figure 6b. - Aggregated hours of AIS vessel presence for vessel Group 6 (Recreational and 471 

Whale Watching Vessels) for the summer and winter season over four consecutive years from 472 

December 2012 to August 2016. 473 

 474 

4.4 Variability of Vessels in Traffic ‘Hot Spots’  475 

Focussing on the two smallest study areas Active Pass and Boundary Pass, see Figure 7, we can 476 

see an increase in vessel time across the years for both seasons. When we consider the 477 

predominant vessel Groups for both of these areas we find that traffic moving through Active 478 

Pass is primarily comprised of Group 4 vessels (ferries) and in Boundary Pass of vessels from 479 

Groups 1 and 2 (cargo and tankers).  480 



 481 

Figure 7. - Aggregated hours of AIS vessel presence for all vessel groups in Active Pass (left) 482 

and Boundary Pass (right) for the summer and winter season over four consecutive years from 483 

December 2012 to August 2016. 484 

 485 

4.4.1 Statistical Analysis of Cumulative Daily Vessels (kms) 486 

In Boundary Pass, KMs varied with year (i.e., slope) differently among vessel groups 487 

(group*year: Chi-square = 26.85, df = 5, p < 0.0001; see Table 4 and Fig. 8) with a small but 488 

significant seasonal affect (see supplementary material Appendix II). Intercepts (i.e., mean daily 489 

cumulative KMs in 2013) also varied among vessel groups (groups: Chi-square=1668.53, df = 5, 490 

p < 0.0001; Table 4) but they varied consistently between seasons.  Daily cumulative KMs 491 

increased with year (Table 4: Slope) for vessels from Groups 1 (‘Cargo’), 2 (‘Tanker), and 3 492 

(‘Fish/Tug’) during both seasons. Only vessels in Group 5 (‘Gov’ for government including 493 

military) increased with year during the summer of the remaining vessel groups. The only 494 

significant difference among vessel groups (Table 4: post-hoc comparison) was between groups 495 

1 and 2 during the winter. The highest daily cumulative KMs in this region at the beginning of 496 

the study (Table 4: Intercepts) were from vessels in Group 1. Post-hoc comparisons indicate that 497 



intercepts from Group 1 was significantly greater than all other groups, and Group 2 was 498 

significantly greater than Group 3 (see Table 5). Groups 4 (‘Passenger’, which includes ferries), 499 

5, and 6 (‘Rec/Tour’, which includes whale watchers) did not differ from any other group except 500 

Group 1.  501 

 502 

Figure 8. – Box Plots showing the cumulative KMs of each vessel group in Boundary Pass (top) 503 

and Active Pass (bottom) over the four years (2013-2016). 504 



 505 

Cumulative KM also varied between day and night and this variation was inconsistent among 506 

vessel groups (daytime*group: Chi-square = 13.22 1, df = 5, p = 0.021), with higher cumulative 507 

KMs at night for Group 1 (day = 32.65 +/- 1.13, night = 36.87 +/- 1.27; z-ratio = 2.66, p = 508 

0.0078) and Group 3 (day = 8.12 +/- 0.35, night = 9.87 +/- 0.39; z-ratio = 3.46, p = 0.0005). 509 

Similar to Boundary Pass, there was a strong relationship between daily cumulative KMs and 510 

year (slope) that varied among vessel groups (group*year: Chi-square = 103.25, df = 4, p < 511 

0.0001; see Table 5 and Fig. 8) in Active Pass. Intercepts also varied significantly among vessel 512 

groups (group: Chi-square = 2058.21, df = 4, p < 0.0001).  Due to the strong seasonal effect (see 513 

supplementary material, Appendix II), the estimates and post-hoc tests were split seasonally, 514 

with Active Pass in particular proving to be busier during the summer months than in winter. 515 

 516 

Table 4. - Estimated intercepts (daily cumulative KMs at year 2013) and slopes (rate of change with year) 517 

with standard errors (SE), and post-hoc pair-wise comparisons (categories assigned different letters were 518 

significantly different). Significance for slopes were as follows; ‘-‘ p>0.05, ‘*’ p = 0.05-0.001, ‘**’ p = 519 

0.001-0.0001, ‘***’ p < 0.0001. All p-values penalized with Tukey adjustment (see supplementary 520 

material, Appendix II). Active Pass was split into seasons due to the strong seasonal effect in this region. 521 

Boundary Pass 
 

Vessel 
Group 

Daily Cumulative KMs 
 Intercept Slope 
 At 

2013 
SE Post-hoc 

comparisons 
With Year 

(significance) 
SE Post-hoc 

comparisons 
Summer Cargo (1) 25.44 0.95 A 8.17 (***) 0.86 A 

Tanker (2) 8.80 0.65 B 1.73 (*) 0.56 A 
Fish/Tug (3) 6.97 0.32 C 1.26 (**) 0.33 A 

Ferry (4) 8.88 1.69 BC 1.30 (-) 0.70 A 
Gov. (5) 8.57 0.71 BC 0.32 (*) 0.49 A 

Rec/Tour (6) 3.87 0.73 BC 0.35 (-) 0.29 A 
Winter 1    8.84 (***) 1.08 A 

2    1.68 (*) 0.69 B 
3    2.34 (***) 0.30 AB 
4    1.48 (-) 2.26 AB 
5    0.76 (-) 0.72 AB 
6    1.25 (-) 0.57 AB 

 

Active Pass 
 Vessel 

Group 
Daily Cumulative KMs 

 Intercept Slope 



 At 
2013 

SE Post-hoc 
comparisons 

With Year 
(significance) 

SE Post-hoc 
comparisons 

Summer 1 4.95 0.35 A 0.67 (**) 0.23 AB 
2 na na na na na  na 
3 4.46 0.33 A 0.95 (***) 0.22 A 
4 23.83 1.14 B 10.38 (***) 1.03 B 
5 3.98 0.67 A 0.83 (-) 0.45 AB 
6 3.94 0.77 A 0.69 (-) 0.45 AB 

Winter 1 4.76 0.34 A 1.27 (***) 0.26 A 
2 na na na na na na 
3 3.58 0.26 A 2.70 (***) 0.27 B 
4 15.99 0.79 B 5.57 (***) 0.70 C 
5 3.04 0.62 A 0.97 (*) 0.45 ABC 
6 2.26 1.41 AB 0.25 (-) 0.77 ABC 

 522 

 523 
All vessel groups increased in activity over the years in both seasons, except for Group 5 and 6 524 

in summer, and Group 6 in winter (Table 5: Slope). Group 4 (Passenger/ferries) is the most 525 

active vessel group in this region, with the highest intercept in 2013, and the largest increase over 526 

the years, particularly during the summer. Pair-wise comparisons for slopes indicate that Group 4 527 

increased significantly faster over the years than Group 3 vessels in the summer, and Groups 1 528 

and 3 in the winter. All other comparisons for slope were inconclusive. For intercepts (Table 5: 529 

Intercepts), Group 4 was higher in 2013 than all other vessel groups consistently for both seasons 530 

(except Group 6 in the winter, which is likely due to insufficient data). 531 

As well, there was a strong day vs night-time effect for vessel traffic in Active Pass that varied 532 

among vessel groups (Chi-square = 51.36, df = 4, p<0.0001). There was higher daily cumulative 533 

KMs during the daytime in Group 4 (day = 11.68 +/- 1.76, night = 9.55 +/- 1.65, z-ratio = 18.08, 534 

p < 0.0001) and the reverse is true for Group 5 (day = 9.37 +/- 0.68, night = 10.45 +/- 0.68, z-535 

ratio= 2.22, p = 0.026), controlling for the effect of season and year.   536 

 537 

4.4.2 Statistical Analysis of Mean Speed (Kn) per Vessel Class 538 

In Boundary Pass, mean speed changed over the years (slope) and the rate of change varied 539 

among vessel groups (group*year: F-value = 11.22, df = 5, p < 0.0001; see Table 5 and Fig. 9) 540 

with a strong seasonal effect (see supplementary material, Appendix II). As well, estimated mean 541 

speed at the beginning of the study (intercept at 2013) also varied significantly among vessel 542 

groups (group: F-value = 1685.45, df = 5, p < 0.0001) with a strong seasonal effect (see 543 



supplemental). In summer, vessels from Groups 1 (Cargo) and 4 (Passenger) are the fastest on 544 

average at the beginning of the study (Table 6: Intercepts), but vessel speeds from both groups 545 

decreased over the years (Table 5: Slope). Vessels from group 4 have been decreasing at the 546 

highest rate (Table 5: post-hoc comparison) at nearly a knot per year on average. Vessels from 547 

Group 3 (Fish/Tug) were the slowest at the beginning but have been increasing by nearly a 548 

quarter of a knot per year. In addition, Group 5 (Gov.) vessels increased speeds at nearly half a 549 

knot per year. In the winter, vessels from Groups 1 and 4 were again the fastest at the beginning 550 

of the study, but vessel speeds from Group 4 did not vary significantly from vessels from Groups 551 

2 (Tanker) and 5. In the winter, vessel speeds did not change over the years for any of the groups 552 

except for Group 3 vessels, which increased by approximately half a knot per year. |Notably, 553 

vessels from Group 3 were also the slowest at the beginning of the study.  554 

Mean speed also varied between day and night and this variation was inconsistent among vessel 555 

groups (Chi-square = 19.01, df= 5, p<0.0001), with higher mean speeds during the day in Group 556 

1 (day = 12.63 +/- 0.22, night = 9.89 +/- 0.18; z-ratio = 9.87, p < 0.0001).  557 



 558 

Figure 9. – Box Plots showing the mean speed (Kns) of vessel groups in Boundary Pass (top) 559 

and Active Pass (bottom) over the four years (2013-2016). 560 

 561 

  562 



Table 5. - Mean speed in knots during 2013 (intercept and standard error), and change in speed 563 

with year (slope and standard errors). Change in speed interacted with region and vessel group, 564 

and slope significance (orthogonal post-hoc Tukey comparisons: see supplementary materials, 565 

Appendix II) were as follows; ‘-‘ p>0.05, ‘*’ p = 0.05-0.001, ‘**’ p = 0.001-0.0001, ‘***’ p < 566 

0.0001. Values are averaged over season and day-night time, which were also significant. 567 

 568 
Boundary Pass 

  Average Speed (knots) 
 Vessel Group Intercept Slope 
 At 

2013 
SE Post-hoc 

comparisons 
With Year 

(significance) 
SE Post-hoc 

comparisons 
Summer Cargo (1) 15.39 0.11 A -0.16 (**) 0.06 A 

 Tanker (2) 14.10 0.36 B -0.29 (-) 0.18 ABC 
 Fish/Tug (3) 7.39 0.18 C 0.22 (*) 0.10 B 
 Ferry (4) 16.20 0.51 A -0.95 (***) 0.22 C 
 Gov. (5) 10.25 0.29 D 0.49 (**) 0.15 BD 
 Rec/Tour (6) 9.57 0.71 D 0.03 (-) 0.21 ABD 

Winter 1 15.20 0.11 A -0.11 (-) 0.06 A 
 2 13.40 0.35 B 0.00 (-) 0.20 AB 
 3 5.54 0.20 C 0.53 (***) 0.12 B 
 4 14.14 1.36 ABD 0.59 (-) 0.80 AB 
 5 11.16 0.39 D -0.07 (-) 0.22 AB 
 6 10.02 1.63 BCD 0.22 (-) 0.73 AB 

 
Active Pass 

 

Vessel Group 

Average Speed (knots)  
 Intercept 
 At 

2013 
SE Post-hoc 

comparisons 
Summer 1 13.48 0.20 A 

2 na na na 
3 8.68 0.18 B 
4 13.78 0.11 A 
5 11.68 0.46 C 
6 10.42 0.48 C 

Winter 1 13.39 0.21 A 
2 na na na 
3 8.51 0.21 B 
4 12.85 0.12 AC 
5 12.23 0.60 AC 
6 8.01 1.88 C 

 569 



 570 

In Active Pass, average vessel speed varied significantly among groups at the beginning of the 571 

study (group: F-value = 302.84, df = 4, p < 0.0001; see Table 5 and Fig. 9) and consistently 572 

between seasons (see supplementary material, Appendix II).  However, there was no significant 573 

change in vessel speed for either season in any of the vessel groups. In summer, vessels from 574 

Groups 1 (Cargo) and 4 (Passenger ferries) traversed Active Pass faster than all other categories 575 

(Table 6: post-hoc comparisons), while vessels from Group 3 (Fish/Tug) were the slowest. In 576 

winter, Groups 1 and 4 were the fastest, but Group 4 was not significantly different from Groups 577 

5 (Gov.) and 6 (Rec/Tour). Vessels from Group 3 were again substantially slower than all other 578 

groups. Finally, none of the groups varied significantly in speed between day and night. 579 

 580 

5. Discussion 581 

5.1 Challenges and Limitations of Capturing Vessel Data 582 

The methods used to present the vessel data in this study have several methodological 583 

implications. Firstly, this study presented the data as total hours of vessel traffic time rather than 584 

the number of unique MMSI per day. This was chosen in order to avoid misleading values or 585 

under representation of vessel presence that could occur if the same vessel was making multiple 586 

journeys on the same day. This was particularly important in an area such as Active Pass where 587 

ferries and passenger vessels are the predominant vessel type. In other research projects (Hatch 588 

et al., 2008; Van der Hoop et al., 2012; Coomber et al., 2016), vessel data have only been 589 

considered for a relatively brief temporal window, possibly due to the amount and size of data, 590 

processing time required and the associated cost of both. Studies such as that by Coomber et al., 591 

(2016) have raised concerns that such constrained datasets may not be sufficient to discover any 592 

seasonal or temporal differences such as those that were highlighted by this study.  593 

When considering temporal trends in AIS data it is important to acknowledge several factors 594 

that could influence the findings of such an analysis. The first factor is that over the years the 595 

costs associated with broadcasting AIS have reduced and as a result could be particularly 596 

responsible for the increase in B-Class units that are now broadcasting. Another factor that could 597 

have an influence on perceived vessel increases is the change over time of navigational 598 

regulations. In some areas this has led to an increase in mandatory broadcasting of AIS by 599 

certain types of vessels (that were not previously required to do so). In the case of satellite AIS 600 



data, such as that used in this study, it is additionally important to note that in recent years, due to 601 

an increased number of satellites being launched into orbit, coverage time and data collection 602 

capacity has significantly increased. Once again this could contribute to an overall inflation in 603 

detection of vessel presence. However, an overall trend in growth in vessel presence as 604 

demonstrated by these findings is still likely to be accurate. For example, if we consider vessel 605 

Groups 1 and 2 (cargo and tankers), during the years covered by this study, there have been no 606 

changes to the regulations requiring these types of vessel to broadcast their positions via AIS A-607 

Class units (this type of unit is given priority in terms of data collection and satellite time) and, 608 

referring to Table 3, they have still shown an increase in the amount of time they were present 609 

within the study area each year. This is not necessarily directly correlated with the number of 610 

vessels entering Ports some may be anchored or transiting through these waters (Transport 611 

Canada, (2019). 612 

When we consider vessels in Group 6 (see Figure 6b) it is also important to acknowledge that 613 

the vessels in this group (whale watching/eco-tourism and recreational/pleasure craft) are likely 614 

to be significantly under represented by AIS data. Currently it is not mandatory for these types of 615 

vessels to carry AIS transponders in the Salish Sea (unless they are (1) ≥150 tons carrying > 12 616 

passengers and engaged on an international voyage, (2) ≥ 300 tons, other than a fishing vessel, 617 

and engaged on an international voyage, or (3) ≥ 500 tons, other than a fishing vessel, that is not 618 

engaged on an international voyage). While the AIS data still highlight the seasonal 619 

predominance and increase in the amount of vessel time recorded by this group, it is likely to be 620 

in no way representative of the entire fleet and the overall presence or extent of this smaller type 621 

of vessel within SRKW Critical Habitat. Therefore, in the future it is imperative that more effort 622 

is made to try and quantify, qualify and assess the behaviour of the non-AIS vessels within 623 

SRKW critical habitat. It has already been acknowledged in other studies (Pine et al., 2016) that 624 

this type of smaller vessel, while largely unaccounted for in many assessments due to a lack of 625 

data, will likely play a significant contributing part in the overall risk that marine vessels pose to 626 

cetaceans. 627 

For the purposes of this study vessel types were divided into more general categories than 628 

those allocated to them via the AIS system based on their general vessel type, 629 

movement/behaviour and risk posed (acoustic) to cetaceans. However, it is important to note that 630 

these classifications were derived from the vessel type supplied in the AIS messaging, this, in 631 



turn, is then selected by operators of the individual vessels. As a result, there is a possibility that 632 

mislabelling of vessels can occur due to human introduced error. The likelihood of this type of 633 

error occurring is something that requires further investigation. 634 

We are however confident, that the vessel data used by this study are of sufficient quality to 635 

identify and describe high use areas within the entire extent of SRKW critical habitat and, 636 

therefore, it is suitable to be used to inform management measures. 637 

 638 

5.2 Management Implications for SRKW Critical Habitat and Vessel Management 639 

The results from this work can be used to help inform decisions on management and 640 

conservation measures decisions related to vessels and SRKW within their currently designated 641 

Critical Habitat. There are already considerable efforts underway by several vessel sectors to 642 

reduce the risks posed by their watercraft on SRKWs. Perhaps most notably, the Vancouver 643 

Fraser Port Authorities ECHO program has introduced variations of a voluntary speed reduction 644 

zone in Haro Strait (See Figure 1) during the summer months of both 2017 and 2018. This 645 

mainly targets vessels in Groups 1 and 2 of our study and has the specific aim of reducing the 646 

noise emitted by these larger vessels while they are concentrated within a relatively restricted 647 

shipping lane (MacGillvray et al., 2017). However, as noted by Cominelli et al., (2018) and 648 

backed up by our findings here, other types of vessel traffic such as tugboats, that are slower 649 

moving and therefore are unaffected by speed restrictions, also use these same waterways. 650 

Therefore, while the application of one type of management measure may prove highly effective 651 

for specific types of vessel, it is important to consider all vessel types operating in an area when 652 

the objective is to reduce the overall risk posed by vessels. Thus, an analysis that considers 653 

different vessel groups and their relative contribution to total traffic in an area, such as the one 654 

carried out by this study, is important as it provides a more comprehensive picture from which 655 

more informed decisions can be made.  656 

Based on the findings of this study (and the experience and expertise of the authors), these 657 

data would suggest that while vessel traffic is widely dispersed throughout SRKW critical 658 

habitat, management efforts and resources should be targeted at reducing possible impacts in 659 

areas where vessel traffic and whales are spatially constrained. This work explored vessel traffic 660 

in two key areas: Active Pass and Boundary Pass, both areas have shown to have significant 661 

amounts of vessel traffic and are recognised as being important key foraging areas for SRKW 662 



within their Critical Habitat (see Fisheries and Oceans Canada, 2018a). Therefore, based on these 663 

results, this study would suggest that vessel mitigation measures are also focussed in these areas. 664 

Another recommendation for managers would be to consider seasonal measures targeted at 665 

specific groups of vessels. As this study highlighted, Groups 3-6 all showed seasonal variance in 666 

presence in favour of the summer months, when historically SRKW are more likely to be 667 

present. Therefore, methods to limit the amount of time these vessels spend in these spatially 668 

constrained areas, particularly in the summer, should also be a priority, given that their presence 669 

is also potentially underrepresented as discussed previously.   670 

When we consider the two areas Active Pass and Boundary Pass, it is important to consider 671 

the vessel data from both areas and design a targeted management scheme accordingly. For 672 

example, Boundary Pass is shown to be dominated by Group 1 (cargo) vessels, and while they 673 

have shown to be increasing the amount of time they spend in this area every year, they also 674 

show less seasonal variability than the other vessel groups. Given their pre-assigned route and 675 

fixed destination, it is highly unlikely that they could be re-routed or their presence reduced in 676 

any other way. When we consider the speed of these vessels it is also clear that they are some of 677 

the fastest vessels transiting Boundary Pass, despite there being a trend showing a reduction in 678 

speed each year, this is still something that could be encouraged further. Questions have been 679 

raised about the implications of slowing vessels down and resulting trade-offs between the 680 

amplitude and duration of noise exposure (Williams et al., 2019). However, a recent study by Joy 681 

et al., (2019) found that despite slower vessels taking longer to transit the slow down area they 682 

analysed, the net result was lower noise footprints, particularly at lower frequency bands. Given 683 

the relative success of a trial ‘slow down’ in neighbouring Haro Strait over the past few years, it 684 

would also seem plausible that Boundary Pass is a good candidate for extending this initiative 685 

with the aim of decreasing disturbance from vessel noise and strike risk for this type of large 686 

vessel. Although strike risk is often not considered as being a primary threat to killer whales, the 687 

recent death associated with blunt force trauma from a vessel of a young adult male from the 688 

SRKW population (Fisheries and Oceans Canada, 2018b), would suggest that it should not be 689 

overlooked.  690 

The waters of Active Pass are even more spatially constrained than those in Boundary Pass 691 

and while this naturally precludes certain types of vessels, such as tankers, it is still none the less 692 

a major transiting channel between Vancouver Island, the Gulf Islands and the mainland. 693 



Unsurprisingly given its location, Group 4 (Passenger, which includes ferries) vessels were 694 

shown to dominate this waterway with a notable seasonal increase recorded during the busy 695 

summer tourist season. For safety and navigational reasons reducing the speed and re-routing 696 

vessels, particularly ferries, are both unrealistic options for this passage. Therefore, it would 697 

perhaps be advisable that other options for risk reduction be explored, such as vessel quietening 698 

technologies, cetacean avoidance protocols that limit/restrict the number of vessels in Active 699 

Pass when whales are present or scheduling restrictions that cap the number of ferry transits 700 

allowed per day. The latter, in particular, could be applied seasonally to tackle summer increases 701 

in traffic. The ability to enact whale avoidance protocols when animals are present may only be 702 

feasible for areas that have the ability to detect (e.g. through technology such as hydrophones or 703 

an observer network) and relay whale sightings/movement. There are still significant knowledge 704 

gaps around how SRKW are affected by different types of vessels and how different vessel 705 

management measures such as slow downs and re-routing compare with other mitigation 706 

measures such as changes in propeller design and hull modifications (Joy et al., 2019). In the 707 

future we recommend further investment and exploration into tools, such as AIS, to monitor 708 

vessel presence and possibly compliance with any vessel management measures put in place.  709 

 710 

5.3 Informing Future Action for SRKW Recovery  711 

There is a large body of evidence that shows the wide range of impacts that vessels can have on 712 

marine mammals and, even more specifically, killer whales (Nowacek et al., 2007; Southall at 713 

al., 2007; Aguilar de Soto et al., 2016; McWhinnie et al., 2017; Cominelli et al., 2018 and 714 

Southall et al., 2019). Not only are the risks indisputable, they are set to increase with the 715 

predicted continuous growth in marine vessel traffic (McDonald et al, 2006; McDonald et al., 716 

2008; Chapman and Price, 2011; McWhinnie et al., 2018 and Cominelli et al., 2018). If it can be 717 

assumed that fewer negative responses and incidents related to vessels from SRKW will 718 

ultimately translate into a reduction in lost foraging opportunities and increased foraging success. 719 

Then implementing targeted management measures that reduce negative interactions between 720 

whales and vessels will result in improved quality of important habitats and foraging sites in 721 

regions that overlap with heavily trafficked areas. 722 

 Therefore, further collection and analysis of vessel data are imperative to ensure that appropriate 723 

management and mitigation measures are established. Information related to vessel type and 724 



spatio-temporal distribution is highly important, not only for informing risk and impact 725 

assessments, but also to ensure that measures and resources can be specifically targeted to 726 

maximise their effectiveness. For example, this information could be used to explore and inform 727 

the implementation seasonal ‘no go areas’ specifically targeting vessel types that are shown to be 728 

repeatedly spending time in important SRKW areas such as foraging grounds. It is also essential 729 

that for every management measure that is implemented, an integrated monitoring system is also 730 

developed to ensure that the management action employed is achieving its objective.  731 

 732 

Conclusion 733 

This study highlights the need for targeted and adaptive/variable management approaches to 734 

minimising the likelihood of vessel impacts on SRKW while allowing continued use of their 735 

critical habitat by marine vessels. Given the higher likelihood of seasonal overlap in whale and 736 

vessel presence, we suggest that initial efforts should be targeted at these summer months. Other 737 

studies have begun to explore the application of various vessel management schemes that are 738 

often specifically targeted at a type of vessel or an industry/sector (Cominelli et al., 2018). When 739 

we consider the heterogeneity in vessel traffic in the Salish Sea as displayed in this study, it is 740 

only logical that a multi-tool, site-specific approach must be applied to bring about change 741 

beyond the individual fleet level. Furthermore, any management measures should be initially 742 

focussed on key areas within the critical habitat in order to potentially have the greatest value, 743 

not just for a localised area but throughout the wider range of their habitat. 744 

 745 

Acknowledgements  746 

Funding for this study was provided by the Marine Environmental Observation Prediction and Response 747 

Network (MEOPAR) through the Noise Exposure to the Marine Environment from Ships (NEMES) 748 

project. We would like to express our gratitude to exactEarth for providing AIS data and the Institute of 749 

Big Data at Dalhousie University for the use of their facilities to process the AIS data used in this study. 750 

We would also like to thank Norma Serra for the time invested in coordinating meetings and data sharing 751 

for the NEMES project. 752 

  753 



References 754 

Aguilar de Soto, N., Gkikopoulou, K., Hooker, S., Isojunno, S., Johnson, M., Miller, P., 755 
Tyack, P., Wensveen, P., Donovan, C., Harris, C. M., Harris, D., Marshall, L., 756 
Oedekoven, C., Prieto, R., and Thomas, L., (2016). From physiological to policy: A 757 
review of physiological noise effects on marine fauna with implications for 758 
mitigation. Acoustical Society of America. 27: 040008. 759 
http://doi.org/10.1121/2.0000299.    760 

Allen, C. J., (2017). The Salish Sea Boundary Straits: “Historic Internal Waters” of 761 
Territorial Seas?. Ocean Development & International Law. 48(2): 81-127 762 
https://doi.org/10.1080/00908320.2017.1285662  763 

Au, W. W., Ford, J.K., Horne, J. K., and Allman, K. A., (2004). Echolocation signals of free-764 
ranging killer whales (Orcinus orca) and modelling foraging for chinook salmon 765 
(Oncorhynchus). Journal of the Acoustical Society of America. 115: 901-909. 766 
https://doi.org/10.1121/1.1642628  767 

Ayres, K.L., Booth, R. K., Hempelmann, J. A., Koski, K. L., Emmons, C. K., Baird, R. W., 768 
Balcomb-Bartok, K., Hanson, M. B., Ford, M. J., and Wasser, S. K., (2012). 769 
Distinguishing the impacts of inadequate prey and vessel traffic on an endangered 770 
Killer Whale (Orcinus orca) population. PLoS ONE 7(6): e36842. 771 
http://doi:10.1371/journal.pone.0036842.  772 

Baird, R. W., (2001). Status of Killer Whales, Orcinus orca, in Canada*. Canadian Field 773 
Naturalist, 115(4): 676-701. 774 
http://www.cascadiaresearch.org/files/Projects/Hawaii/kwstatus2001.pdf 775 

Barrie, J. V., Hetherington, R., and Macleod, R. (2014). Chapter 22 Pacific margin, Canada 776 
shelf physiography: a complex history of glaciation, tectonism, oceanography and 777 
sea-level change. Geological Society, London, Memoirs, 41(1), 305–313. 778 
doi.org/10.1144/M41.22 779 

BC Ferries, (2019). The Annual Reports of British Columbia Ferry Services Inc. & BC Ferry 780 
Authority and Business Plan. British Columbia Ferry Services Inc. Victoria, British 781 
Columbia. https://www.bcferries.com/files/AboutBCF/AR/bcfs_annualreport_2018-782 
2019.pdf 783 

Campana, I., Angelleti, D., Crosti, R., Luperini, C., Ruvolo, A., Alessandrini, A., and 784 
Arcangeli, A., (2017). Seasonal variation in maritime vessel traffic and the 785 
relationship with cetacean presence in the western Mediterranean Sea. Marine 786 
Pollution Bulletin, 115(1-2): 282-291. doi.org/10.1016/j.marpolbul.2016.12.008 787 

Chapman, N. R., and Price, A., (2011). Low-frequency deep ocean ambient noise trend in the 788 
Northeast Pacific Ocean. JASA Express Letters 129 (5), 161 – 165.  789 
doi.org/10.1121/1.3567084 790 

http://doi.org/10.1121/2.0000299
https://doi.org/10.1080/00908320.2017.1285662
https://doi.org/10.1121/1.1642628
http://doi:10.1371/journal.pone.0036842
http://www.cascadiaresearch.org/files/Projects/Hawaii/kwstatus2001.pdf
http://doi.org/10.1144/M41.22
https://www.bcferries.com/files/AboutBCF/AR/bcfs_annualreport_2018-2019.pdf
https://www.bcferries.com/files/AboutBCF/AR/bcfs_annualreport_2018-2019.pdf
https://doi.org/10.1016/j.marpolbul.2016.12.008
https://doi.org/10.1121/1.3567084
https://doi.org/10.1121/1.3567084


Chittenden, C. M., Sweeting, R., Neville, C. M., Young, K., Galbraith, M., Carmack, E., 791 
Vagle, S., Dempsey, M., Eert, J., and Beamish, R. J., (2018). Estuarine and marine 792 
diets of out-migrating Chinook Salmon smolts in relation to local zooplankton 793 
populations, including harmful blooms. Estuarine, Coastal and Shelf Science, 200: 794 
335-348. doi.org/10.1016/j.ecss.2017.11.021 795 

Cominelli, S., Devillers, R., Yurk, H., MacGillivray, A., McWhinnie, L., Canessa, R., 796 
(2018). Noise exposure from commercial shipping for Southern Resident Killer 797 
Whales. Marine Pollution Bulletin, 136: 177-200. 798 
http://doi.org/10.1016/j.marpolbul.2018.08.050 799 

Coomber, F. G., D’Inca, M., Rosso, M., Tepsich, P., Notarbartolo de Sciara, G., and 800 
Moulins, A., (2016). Description of the vessel traffic within the north Pelagos 801 
Sanctuary: Inputs for Marine Spatial Planning and management implications within 802 
an existing international Marine Protected Area. Marine Policy, 69: 102-113. 803 
https://doi.org/10.1016/j.marpol.2016.04.013 804 

Erbe, C., Williams, R., Sandilands, D., and Ashe, E., (2014). Identifying modeled ship noise 805 
hotspots for marine mammals of Canada's Pacific region. PLOSone, 9(11): e114362 806 
https://doi.org/10.1371/journal.pone.0114362 807 

Fisheries and Oceans Canada, (2011). Recovery Strategy for the Northern and Southern 808 
Resident Killer Whales (Orcinus orca) in Canada. Species at Risk Act Recovery 809 
Strategy Series, Fisheries and Oceans Canada, Ottawa, ix + 80pp. 810 

Fisheries and Oceans Canada, (2016). Action plan for Northern and Southern Resident Killer 811 
Whales (Orcinus orca) in Canada [Proposed]. Species at Risk Act Action Plan 812 
Series. Fisheries and Oceans Canada, Ottawa. iii +32pp.  813 

Fisheries and Oceans Canada, (2018). Recovery Strategy for the Northern and Southern 814 
Resident Killer Whales (Orcinus orca) in Canada [Proposed]. Species at Risk Act 815 
Recovery Strategy Series, Fisheries and Oceans Canada, Ottawa, ix + 84pp. 816 
https://www.sararegistry.gc.ca/virtual_sara/files/plans/Rs-ResidentKillerWhale-v00-817 
2018Aug-Eng.pdf  818 

Fisheries and Oceans Canada (2018a). Proposed 2018 Salmon Fishery Management 819 
Measures to Support Chinook Salmon Prey Availability for Southern Resident Killer 820 
Whales. Discussion Paper: February 15, 2018. https://sportfishing.bc.ca/wp-821 
content/uploads/2018/02/SRKW-Discussion-Paper-Final-Feb-15-2018.pdf  822 

Fisheries and Oceans Canada, (2018b). Review of the Effectiveness of Recovery Measures for 823 
Southern Resident Killer Whales. March 15, 2018. https://waves-vagues.dfo-824 
mpo.gc.ca/Library/40680071.pdf  825 

Fisheries and Oceans Canada (2019). Update on Recovery Measures for Southern Resident 826 
Killer Whales: Overview of potential measures for 2019. Presentation: April, 12, 827 

https://doi.org/10.1016/j.ecss.2017.11.021
http://doi.org/10.1016/j.marpolbul.2018.08.050
https://doi.org/10.1016/j.marpol.2016.04.013
https://doi.org/10.1371/journal.pone.0114362
https://www.sararegistry.gc.ca/virtual_sara/files/plans/Rs-ResidentKillerWhale-v00-2018Aug-Eng.pdf
https://www.sararegistry.gc.ca/virtual_sara/files/plans/Rs-ResidentKillerWhale-v00-2018Aug-Eng.pdf
https://sportfishing.bc.ca/wp-content/uploads/2018/02/SRKW-Discussion-Paper-Final-Feb-15-2018.pdf
https://sportfishing.bc.ca/wp-content/uploads/2018/02/SRKW-Discussion-Paper-Final-Feb-15-2018.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/40680071.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/40680071.pdf


2019. http://www.pac.dfo-mpo.gc.ca/consultation/fm-gp/srkw-eprs/potential-meas-828 
mes-poss-eng.html#actions  829 

Ford, J. K., (1989). Acoustic behaviour of resident killer whales (Orcinus orca) off 830 
Vancouver Island, British Columbia. Canadian Journal of Zoology. 67: 727-745. 831 
https://doi.org/10.1139/z89-105   832 

Ford, J. K. B., and Ellis, G. M., (2006). Selective foraging by fish eating killer whales 833 
(Orcinus orca) in British Columbia. Marine Ecology Progress Series, 316: 185-199. 834 
https://doi.org/10.3354/meps316185   835 

Ford, J. K., Ellis, G. M., Olesiuk, P. F., and Balcomb, K. C., (2009). Linking killer whale 836 
survival and prey abundance: food limitations in the oceans’ apex predators? 837 
Biological Letters, 6: 139-142. https://doi.org/10.1098/rsbl.2009.0468  838 

Ford, J. K. B., Wright, B. M., Ellis, G. M., and Candy, J. R., (2010). Chinook Salmon 839 
predation by resident killer whales: seasonal and regional selectivity, stock identity of 840 
prey and consumption rates. DFO. Can. Sci. Advis. Sec. Res. Doc. 2009/101.iv + 841 
43p. 842 

Ford, J. K. B., Pilkington, J. F., Reira, A., Otsuki, M., Abernethy, R. M., Stredulinsky, E. H., 843 
Towers, J. R., and Ellis, G. M., (2017). Habitats of Special Importance to Resident 844 
Killer Whales (Orcinus orca) off the West Coast of Canada. DFO Can. Sci. Advis. 845 
Sec. Res. Doc. 2017/035. Viii + 57 p. https://dfo-mpo.gc.ca/csas-846 
sccs/Publications/ResDocs-DocRech/2017/2017_035-eng.html 847 

Foster, E. A., Franks, D. W., Morrell, L. J., Balcomb, K. C., Parsons, K. M., van Ginneken, 848 
A., and Croft, D. P., (2012). Social network correlates of food availability in an 849 
endangered population of killer whales, Orcinus orca. Animal Behaviour, 83: 731-850 
736.https://digitalcommons.unl.edu/cgi/viewcontent.cgi?referer=https://www.google.851 
com/&httpsredir=1&article=1338&context=usdeptcommercepub 852 

Gaydos, J. K., Dierauf, L., Kirby, G., Brosnan, D., Gilardi, K., and Davies, G. E., (2008). 853 
Top 10 Principles for Designing Healthy Coastal Ecosystems Like the Salish Sea. 854 
EcoHealth, 5:480. http://doi.org/10.1007/s10393-009-0209-1 855 

Gaydos, J. K., and Pearson, S. F. (2011). Birds and mammals that depend on the Salish Sea: 856 
A compilation. Northwestern Naturalist, 92, 79–94. http://doi.org/10.1898/10-04.1 857 

Giles, D. A., and Koski, K. L., (2012). Managing Vessel-Based Killer Whale Watching: A 858 
Critical Assessment of the Evolution From Voluntary Guidelines to Regulations in the 859 
Salish Sea. Journal of International Wildlife Law and Policy. 15(2): 121-151. 860 
https://doi.org/10.1080/13880292.2012.678792 861 

Hatch, L., Clark, C., Merrick, R., Van Parijs, S., Ponirakis, D., Schwehr, K., and Thompson, 862 
M., (2008). Characterizing the Relative Contributions of Large Vessels to Total 863 
Ocean Noise Fields: A Case Study Using the Gerry E. Studds Stellwagen Bank 864 

http://www.pac.dfo-mpo.gc.ca/consultation/fm-gp/srkw-eprs/potential-meas-mes-poss-eng.html#actions
http://www.pac.dfo-mpo.gc.ca/consultation/fm-gp/srkw-eprs/potential-meas-mes-poss-eng.html#actions
https://doi.org/10.1139/z89-105
https://doi.org/10.3354/meps316185
https://doi.org/10.1098/rsbl.2009.0468
https://dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_035-eng.html
https://dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_035-eng.html
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?referer=https://www.google.com/&httpsredir=1&article=1338&context=usdeptcommercepub
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?referer=https://www.google.com/&httpsredir=1&article=1338&context=usdeptcommercepub
http://doi.org/10.1007/s10393-009-0209-1
http://doi.org/10.1898/10-04.1
https://doi.org/10.1080/13880292.2012.678792


National Marine Sanctuary. Environmental Management, 42(5): 735-752. 865 
http://dx.doi.org/10.1007/s00267-009-9386-5  866 

Hauser, D. D. W., Logsdon, M. G., Holmes, E. E., VanBlaricom, G. R., and Osborne, R. W., 867 
(2007). Summer distribution patterns of southern resident killer whales Orcinus orca: 868 
core areas and spatial segregation of social groups. Marine Ecology Progress Series, 869 
305: 301-310. https://doi.org/10.3354/meps07117  870 

Holt, M. M., Noren, D. P., Veirs, V., Emmons, C. K., and Veirs, S., (2009). Speaking up: 871 
killer whales (Orcinus orca) increase their call amplitude in response to vessel noise. 872 
Journal of the Acoustical Society of America, 125, EL32, 873 
https://doi.org/10.1121/1.3040028  874 

Huntington, H. P., Daniel, R., Hartsig, A., Harun, K., Heiman, M., Meehan, R., Noongwook, 875 
G., Pearson, L., Prior-Parks, M., Robards, M., and Stetson, G., (2015). Vessels, risks 876 
and rules: Planning for safe shipping in Bering Strait. Marine Policy, 51: 119-127. 877 
https://doi.org/10.1016/j.marpol.2014.07.027 878 

IMO, International Maritime Organisation (2002). Guideline for the Onboard Operational 879 
use of Shipborne Automatic Identification Systems (AIS). 880 
ASSEMBLY/22/RES/917,2002,p.14 881 
(http://www.navcen.uscg.gov/pdf/AIS/IMO_A_917(22)_AIS_OPS_Guidelines.pdf)  882 

Joy, R., Tollit, D., Wood, J., MacGillivray, A., Li, Z., Trounce, K., and Robinson, O., (2019). 883 
Potential Benefits of Vessel Slowdowns on Endangered Southern Resident Killer 884 
Whales. Frontiers in Marine Science. https://doi10.3389/fmars.2019.00344   885 

Krahn, M. M., Hanson, M. B., Schorr, G. S., Emmons, C. K., Burrows, D. G., Bolton, J. L., 886 
Baird, R. W., and Ylitalo, G. M., (2009). Effects of age, sex and reproductive status 887 
on persistent organic pollutant concentrations in “Southern Resident” killer whales. 888 
Marine Pollution Bulletin 58(10): 1522-9. 889 
https://doi.org/10.1016/j.marpolbul.2009.05.014  890 

Lachmuth, C. L., Barrett-Lennard, L. G., Steyn, D. Q., and Milsom, W. K., (2011). 891 
Estimation of southern resident killer whale exposure to exhaust emissions from 892 
whale-watching vessels and potential adverse health effects and toxicity thresholds. 893 
Marine Pollution Bulletin, 62(4): 792-805. 894 
https://doi.org/10.1016j.marpolbul.2011.01.002  895 

Leaper, R., and Panigada, S., (2010). Ship strikes in the Mediterranean Sea: assessment and 896 
identification of conservation and mitigation measures. Journal of Cetacean Research 897 
and Management. SC/61/BC2:5p.  898 

Lusseau, D., Bain, D. E., Williams, R., And Smitht, J. C., (2009). Vessel traffic disrupts the 899 
foraging behaviour of southern resident killer whales (Orcinus orca). Endangered 900 
Species Research, 6: 211-221. https://doi.org/10.3354/esr006211  901 

http://dx.doi.org/10.1007/s00267-009-9386-5
https://doi.org/10.3354/meps07117
https://doi.org/10.1121/1.3040028
https://doi.org/10.1016/j.marpol.2014.07.027
http://www.navcen.uscg.gov/pdf/AIS/IMO_A_917(22)_AIS_OPS_Guidelines.pdf
https://doi10.3389/fmars.2019.00344
https://doi.org/10.1016/j.marpolbul.2009.05.014
https://doi.org/10.1016j.marpolbul.2011.01.002
https://doi.org/10.3354/esr006211


MacGillivray, A., Wood, M., Li, Z., Allen, A., and Hannay, D., (2016). Regional Ocean 902 
Noise Contributors Analysis: Enhancing Cetacean Habitat and Observation 903 
Program. Document 01195, version 3.0. Technical Report by JASCO Applied 904 
Sciences for Vancouver Fraser Port Authority. 905 

MacGillivray, A., Wood, M., Li, Z., Allen, A., and Hannay, D., (2017). An Analysis of 906 
Regional Ocean Noise Contributors. JASCO Applied Sciences, Markham Street, 907 
Victoria, BC,Canada, pp. 2305–4464. https://www.portvancouver.com/wp-908 
content/uploads/2017/01/Regional-Ocean-Noise-Contributors.pdf.   909 

Matkin, C. O., Moore, M. J., and Gulland, F. M.D., (2017). Review of Recent Research on 910 
Southern Resident Killer Whales (SRKW) to Detect Evidence of Poor Body Condition 911 
in the Population. Independent Science Panel Report to the Sea Doc Society. 3pp. + 912 
Appendices. https://doi.org/10.1575/1912/8803       913 

McDonald, M. A., Hidebrand, J. A., and Wiggins, S. M., (2006). Increases in deep sea ocean 914 
ambient noise in the Northeast Pacific west of San Nicolas Isalnd, California. 915 
Acoustic Society of America, 120(2): 711-718. 916 
http://cetus.ucsd.edu/Publications/Publications/PAPERS/McDonaldJASA2006.pdf 917 

McDonald, M. A., Hidebrand, J. A., Wiggins, S. M., and Ross, D., (2008). A 50 year 918 
comparison of ambient ocean noise near San Clemente Island: A bathymetrically 919 
complex coastal region off Southern California. The Journal of the Acoustical Society 920 
of America, 124(4). https://doi.org/10.1121/1.2967889 921 

McGreer, M., and Frid, A., (2017). Declining size and age of rockfishes (Sebastes spp.) 922 
inherent to Indigenous cultures of Pacific Canada. Ocean and Coastal Management, 923 
145: 14-20. doi.org/10.1016/j.ocecoaman.2017.04.019 924 

McKenna, M. F., Ross, D., Wiggins, S. M., and Hildebrand, J. A., (2012). Underwater 925 
radiated noise from modern commercial ships. J. Acoust. Soc. Am, 131(1): 92-103. 926 
https://doi.org/10.1121/1.3664100   927 

McWhinnie, L. H., Smallshaw, L., Serra-Sogas, N., O’Hara, P., and Canessa, R., (2017). The 928 
Grand Challenges in Researching Marine Noise Pollution from Vessels: A Horizon 929 
Scan for 2017. Frontiers in Marine Science, https://doi.org/10.3389/fmars.2017.00031 930 

McWhinnie, L. H., Halliday, W. D., Insley, S. J., Hilliard, C., and Canessa, R., (2018). Vessel 931 
traffic in the Canadian Arctic: Management solutions for minimising impacts on 932 
whales in a changing northern region. Ocean and Coastal Management.  160: 1-17. 933 
https://doi.org/10.1016/j.ocecoaman.2018.03.042   934 

National Ocean and Atmospheric Association (NOAA), (2010). Endangered Species Act 935 
Status of Puget Sound Killer Whales. Docket No. 041213348-5285-02; I.D.110904E, 936 
Federal Register, 70(222): 69903. 937 

https://www.portvancouver.com/wp-content/uploads/2017/01/Regional-Ocean-Noise-Contributors.pdf
https://www.portvancouver.com/wp-content/uploads/2017/01/Regional-Ocean-Noise-Contributors.pdf
https://doi.org/10.1575/1912/8803
http://cetus.ucsd.edu/Publications/Publications/PAPERS/McDonaldJASA2006.pdf
http://cetus.ucsd.edu/Publications/Publications/PAPERS/McDonaldJASA2006.pdf
https://doi.org/10.1121/1.2967889
https://doi.org/10.1016/j.ocecoaman.2017.04.019
https://doi.org/10.1121/1.3664100
https://doi.org/10.3389/fmars.2017.00031
https://doi.org/10.1016/j.ocecoaman.2018.03.042


Nanaimo Port Authority (2017). Spring 2017 quarterly publication of the Nanaimo Port 938 
Authority. Nanaimo, British Columbia. 939 
https://portauthority.npa.ca/files/6114/9141/7948/spring-2017-newsletter.pdf  940 

Noren, D. P., Johnson, A. H., Rehder, D., and Larson, A., (2009). Close approaches by 941 
vessels elicit surface active behaviours by southern resident killer whales. 942 
Endangered Species Research, 8: 179-192. https://doi.org/10.3354/esr00205  943 

Nowacek D., Thorne LH., Johnston DW., Tyack PL. 2007. Responses of cetaceans to 944 
anthropogenic noise. Mammals Review 37: 81-115. https://doi.org/10.1111/j.1365-945 
2907.2007.00104.x 946 

Ocean Shipping Consultants (2016). Container Traffic Forecast Study - Port of Vancouver, 947 
2016. A report prepared for the Vancouver Fraser Port Autority by Oceans Shipping 948 
Consultants, part of the Royal HaskoningDHV group, Westminster, London. 949 
https://www.portvancouver.com/wp-content/uploads/2015/05/2016-Container-950 
Traffic-Forecast-Study-Ocean-Shipping-Consultants.pdf 951 

Pietsch, T. W., and Orr, J. W., (2015). Fishes of the Salish Sea: a compilation and 952 
distributional analysis. NOAA Professional Paper NMFS 18, 106p. 953 
https://doi.org/10.7755/PP.18    954 

Pine, M. K., Jejjs, A. G., Wang, D., and Radford, C. A., (2016). The potential for vessel noise 955 
to mask biologically important sounds within ecologically significant embayments. 956 
Ocean and Coastal Management, 127: 63-73. 957 
https://doi.org/10.1016/j.ocecoaman.2016.04.007 958 

R Core Team (2018) R: A Language and Environment for Statistical Computing.  959 
https://www.R-project.org/ 960 

Reimer, J., Gravel, C., Brown, M. W., and Taggart, C. T., (2016). Mitigating vessel strikes: 961 
The problem of peripatetic whales and the peripatetic fleet. Marine Policy, 68: 91-99. 962 
https://doi.org/10.1016/j.marpol.2016.02.017  963 

Rolland, R. M., Parks, S. E., Hunt, K. E., Castellote, M., Corkeron, P. J., Nowacek, D. P., 964 
Wasser, S. K., and Kraus, S. D., (2012). Evidence that ship noise increases stress in 965 
right whales 279: 2363-2368. https://doi.org/10.1098/rspb.2011.2429.  966 

Ross, P. S., (2006). Fireproof killer whales (Orcinus orca): flame retardant chemicals and 967 
the conservation imperative in the charismatic icon of British Columbia, Canada. 968 
Canadian Journal of Fisheries and Aquatic Sciences, 63: 224-234. 969 
https://doi.org/10.1139/f05-244  970 

Sheilds, M. W., Hysong-Shimazu, S., Shields, J., and Woodruff, J., (2018). Increased 971 
presence of mammal-eating killer whales in the Salish Sea with implications for 972 
predator-prey dynamics. PeerJ. 2018; 6: e6062. https://doi.org/10.7717/peerj.6062  973 

https://portauthority.npa.ca/files/6114/9141/7948/spring-2017-newsletter.pdf
https://doi.org/10.3354/esr00205
https://doi.org/10.1111/j.1365-2907.2007.00104.x
https://doi.org/10.1111/j.1365-2907.2007.00104.x
https://www.portvancouver.com/wp-content/uploads/2015/05/2016-Container-Traffic-Forecast-Study-Ocean-Shipping-Consultants.pdf
https://www.portvancouver.com/wp-content/uploads/2015/05/2016-Container-Traffic-Forecast-Study-Ocean-Shipping-Consultants.pdf
https://doi.org/10.7755/PP.18
https://doi.org/10.1016/j.marpol.2016.02.017
https://doi.org/10.1098/rspb.2011.2429
https://doi.org/10.1139/f05-244
https://doi.org/10.7717/peerj.6062


Shelmardine, R. L., (2015). Teasing out the details: How our understanding of marine AIS 974 
data can better inform industries, developments and planning. Marine Policy. 54: 17-975 
25. doi.org/10.1016/j.marpol.2014.12.010 976 

Southall, B. L., Bowles, A. E., Ellison, W.T., Finneran, J. J., Gentry, R. L., Greene Jr, C. R., 977 
Kastak, D., Ketten, D. R., Miller, J. H., Nachtigall, P. E., Richardson, W. J., Thomas, 978 
J. A., and Tyack, P. L., (2007). Aquatic Mammals, 33(4): 415-426. http://sea-979 
inc.net/assets/pdf/mmnoise_aquaticmammals.pdf 980 

Southall B. L., Finneran J. J., Reichmuth C., Nachtigall P. E. Ketten, D. R., Bowles, A. 981 
Ellison, W.T., Nowacek, D. P., and Tyack, P.L., (2019). Marine mammal noise 982 
exposure criteria: updated scientific recommendations for residual hearing effects. 983 
Aquatic Mammals 45(2): 25-232. https://doi.org/10.1578/AM.45.2.2019.125 984 

Simard, Y., Roy, N., Giard, S., and Yayla, M. (2014). Canadian Year-Round Shipping 985 
Traffic Atlas for 2013: Volume 3. West Coast. Canadian Technical Report of 986 
Fisheries and Aquatic Sciences (Vol. 3091). 987 

SOLAS, Safety of Life at Sea (2012). Safety of navigation. International Maritime 988 
Organisation (IMO): 2012, p.29 989 

Transport Canada (2019). Interim protocol for the use of southern B.C. anchorages. 990 
Government of Canada, Ottawa. https://www.tc.gc.ca/en/services/marine/ports-991 
harbours/about-interim-protocol-use-southern-british-columbia-anchorages.html 992 

UNCTAD, 2017. Review of maritime transport 2016. United Nations, Geneva. 993 
http://unctad.org/en/PublicationsLibrary/rmt2016_en.pdf. 994 

Van der Hoop, J. M., Vanderlaan, A. S. M., and Taggart, C. T., (2012). Absolute probability 995 
estimates of lethal vessel strikes to North Atlantic right whales in Roseway Basin, 996 
Scotian Shelf. Ecological Application, Ecological Society of America, 22(7): 2021-997 
2033. https://esajournals.onlinelibrary.wiley.com/doi/pdf/10.1890/11-1841.1  998 

Van der Hoop, J. M., Corkeron, P., Henry, A. G., Knowlton, A. R., and Moore, M. J., (2017). 999 
Predicting lethal entanglements as a consequence of drag from fishing gear. Marine 1000 
Pollution Bulletin, 115(1-2): 91-104. doi.org/10.1016/j.marpolbul.2016.11.060 1001 

Veirs, S., Veirs, V., and Wood, J. D., (2015). Ship noise extends to frequencies used for 1002 
echolocation by endangered killer whales. PeerJ. 4:E1657 1003 
https://doi.org/10.7717/peerj1657   1004 

Veléz-Espino, L. A., Ford, J. K. B., Araujo, H. A., Ellis, G., Parken, C. K., and Sharma, R., 1005 
(2014). Relative importance of Chinook Salmon abundance on resident killer whale 1006 
population growth and viability. Aquatic Conservation: Marine and Freshwater 1007 
Ecosystems. 25(6): 756-780. https://doi.org/10.1002/aqc.2494   1008 

https://doi.org/10.1016/j.marpol.2014.12.010
http://sea-inc.net/assets/pdf/mmnoise_aquaticmammals.pdf
http://sea-inc.net/assets/pdf/mmnoise_aquaticmammals.pdf
https://doi.org/10.1578/AM.45.2.2019.125
http://unctad.org/en/PublicationsLibrary/rmt2016_en.pdf
https://esajournals.onlinelibrary.wiley.com/doi/pdf/10.1890/11-1841.1
https://doi.org/10.1016/j.marpolbul.2016.11.060
https://doi.org/10.7717/peerj1657
https://doi.org/10.1002/aqc.2494


Williams, R., Veirs, S., Veirs, V., Ashe, E., and Mastick, N., (2019). Approaches to reduce 1009 
noise from ships operating in important killer whale habitats. Marine Pollution 1010 
Bulletin. 139: 459-469. https://doi.org/10.1016/j.marpolbul.2018.05.015 1011 

Zier, J., and Gaydos, J. K., (2016). The growing number of species of concern in the Salish 1012 
Sea suggests ecosystem decay is outpacing recovery. Proceedings of the 2016 Salish 1013 
Sea Ecosystem Conference, April 13-15, 2016, Vancouver, BC. 1014 

 1015 

 1016 

https://doi.org/10.1016/j.marpolbul.2018.05.015

