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ABSTRACT  

The Northern and Southern Resident Killer Whale populations (NRKW and SRKW) that inhabit 
the waters of the Canadian Pacific coast are listed as Threatened (NRKW) and Endangered 
(SRKW) under the Species at Risk Act (SARA). The SARA recovery plan developed for these 
populations identified the assessment of the cumulative effects of anthropogenic threats 
impacting these populations as a high priority. To address this, a cumulative effects assessment 
framework was developed and applied comprising two components: a Pathways of Effects 
(PoE) conceptual model and a subsequent Population Viability Analysis (PVA) model. The PoE 
model summarises the current understanding of each priority threat (prey availability, 
disturbance and contaminants) and describes the structure of the threats in the assessment, 
including threat interactions and potential impacts to population parameters (fecundity and 
mortality). The PoE model forms the basis for the subsequent PVA model, which utilises the 
most recent available threat data to quantify the way threats impact population parameters and, 
together with demographic data, explore patterns of population growth and decline in different 
threat scenarios. The impacts of individual and cumulative threat scenarios on modelled SRKW 
and NRKW populations were compared to the observed population trajectories (2000-2017) in 
order to define a model that best captured the real world dynamics of the two populations. Of 
the various individual and combined threat models tested, the cumulative threats model, which 
incorporated all priority threats (Chinook salmon abundance, vessel noise/presence, vessel 
strike, and PCB contamination), predicted demographic rates closest to that observed for both 
populations. Population dynamics predicted by the model closely followed the observed 
demographics for NRKW and though it was the closest model to the observed population size 
for SRKW, it did not include the observed values within the bounds of uncertainty. However, 
when historical Chinook salmon model data were included in the model prediction, rather than a 
randomly chosen Chinook salmon index value, the fit improved for SRKW and the uncertainty 
bounds of both models included the observed values, suggesting that the cumulative model is a 
useful representation of the system.  

The findings of this cumulative effects assessment highlight the importance of considering 
threats collectively. Specifically, within the cumulative effects PVA assessment, Chinook salmon 
abundance and its interactions with vessel noise/presence and PCBs strongly influenced 
modelled killer whale population dynamics. The cumulative effects PVA model was also used to 
project population trajectories for NRKW and SKRW into the future. The model outputs indicate 
that the mean modelled NRKW population trajectory increased to the carrying capacity set in 
the model within 25 years. In contrast, the mean modelled SRKW population trajectory declined, 
with a 26% probability of population extinction (defined in the model as only one sex remaining), 
and in those projections, extinction was estimated to occur after 86 (± 11) years. The cumulative 
effects assessment framework developed, that combines a PoE with a PVA model, is a novel 
approach that explicitly identifies and quantifies threat linkage pathways, and associated 
uncertainties. The framework is a potentially useful tool for managers and scientists and has 
been refined and tested with the latest threat information for these populations but could also be 
applied to other populations and species. It is cautioned that as model outputs are only as good 
as the model inputs, changes in exposure to natural and anthropogenic threats can affect the 
modelôs accuracy. An iterative approach should be used so that model inputs and structure are 
regularly reviewed and updated to include new information about existing threats and the 
addition of new threats as knowledge is increased on these populations.  
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 INTRODUCTION 

1.1 BACKGROUND 

Three genetically and acoustically distinct killer whale (Orcinus orca) ecotypes inhabit the 
waters of the Northeast Pacific coast of North America: offshore, Biggôs (or transient), and 
residents (Ford et al. 1998). The resident fish-eating ecotype is further divided into the Northern 
and Southern Resident Killer Whale (NRKW and SRKW) and the Southern Alaskan Resident 
Killer Whale populations (SARKW) (Ford et al. 2000; Matkin et al. 1999; 2014). Though all 
populations of Resident Killer Whales are fish-eating cetaceans, feeding primarily on Chinook 
(Oncorhynchus tshawytscha) and Chum salmon (O. keta), and overlap to some extent in habitat 
and diet, they do not interact with one another socially and are distinct in terms of their culture, 
acoustics, and genetics (DFO 2017a).  

The NRKW and SRKW populations were listed as Threatened (NRKW) and Endangered 
(SRKW) in Schedule 1 under the Species at Risk Act (SARA) in 2003. The NRKW range 
includes the coastal waters from Glacier Bay (Alaska, USA) to Grayôs Harbor (Washington 
State, USA), and the SRKW range extends from southeastern Alaska to central California (Ford 
et al. 2000, 2006).  

Figure 1 - Overlapping ranges of Northern Resident and Southern Resident Killer whales centered in 
Canadian waters (after DFO 2018a). 

In summer, the movements and habitat use by Resident Killer Whale populations often reflects 
the timing and locations of inbound Pacific salmon migrations. The SRKW population tends to 
concentrate in the waters of southern Vancouver Island and northern Washington State while a 
portion of the NRKW population are often found frequenting Johnstone Strait and Queen 
Charlotte Strait (Figure 1; DFO 2018a). The SRKW range has a higher overlap with major 
coastal population centres (Vancouver and Seattle) than the NRKW population and 
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consequently, is more likely to be exposed to, and potentially impacted by anthropogenic threats 
such as contaminants and vessel related threats (noise and physical disturbance) (Krahn et al. 
2004; Wiles 2004; Figure 1). 

1.1.1 Population Trends  

Long-term photo-identification census surveys for both populations were initiated by Michael 
Bigg in the 1970s and continue to the present day (DFO Cetacean Research Program; Center 
for Whale Research, CWR). The SRKW census (begun in 1976) is considered to be more 
accurate than the NRKW census (begun in 1973), as not all members of the Northern 
population are seen each year (DFO 2018a). 

Population trends based on the census data indicate that the SRKW population has 
experienced an overall negative population growth rate (-0.002; 1979-2017), but experienced 
particularly sharp declines between 1995 and 2001 (Figure 2). Since then, the population has 
shown little recovery, having 77 members in December 2017. In contrast, the NRKW population 
has experienced a steady increase over the census period (population growth rate = 0.02; 
1979-2017), except for a decline between 1997 and 2001 (Figure 2). The population has since 
increased from 219 members in 2004, to 308 members in 2017 (41% increase).  

 

Figure 2 ï Resident killer whale population time series (data shown 1979-2017). 

1.1.2 Goal of the Assessment  

The Southern and Northern Resident populations were listed as Endangered and Threatened, 
respectively, under SARA in 2003. Under SARA, the federal government has a commitment to 
prevent wildlife species from being extirpated or becoming extinct, to provide for the recovery of 
wildlife species that are Extirpated, Endangered or Threatened as a result of human activity and 
to manage species of Special Concern to prevent them from becoming Endangered or 
Threatened. The Minister of Fisheries and Oceans Canada (DFO) is the competent minister for 
the recovery of aquatic species at risk. 

The three primary stressors (from hereon referred to as threats) to NRKW and SRKW identified 
by the DFO Species at Risk Program (COSEWIC 2009; DFO 2011; DFO 2017b) are:  
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1. Reduced prey availability,  

2. Acoustic and physical disturbance, and  

3. Environmental contaminants  

There is a legal requirement to assess cumulative effects within the Canadian SARA action plan 
for NRKW and SRKW (DFO 2017b).Three of the 98 Recovery Measures (RMs) in the action 
plan relate (directly or indirectly) to cumulative effects (RM 6, 11, 17), and the focus of this 
assessment is to address RM 11 (Table 1).  

Table 1 - SARA Recovery Measures for Resident Killer Whales related to cumulative effects. 

# Recovery Measure Priority 

6 
Take into account both the seasonal (acute) as well as the cumulative (chronic) effects 
of poor returns for Chinook and other important prey species on Resident Killer Whales 
when managing fisheries. 

High 

11 
Assess cumulative effects of potential anthropogenic impacts on Resident Killer Whales 
using an appropriate impact assessment framework for aquatic species. High 

17 
Review and assess project impacts on Resident Killer Whales and their habitat, and 
provide advice on avoidance and mitigation measures as required. 

High 

1.2 WHY A CUMULATIVE EFFECTS ASSESSMENT IS REQUIRED 

DFOôs Species at Risk Program has requested that the Science Branch provide an assessment 
of the cumulative effects of the three primary anthropogenic threats on NRKW and SRKW 
populations. To date, most research on threats to killer whales has studied these threats in 
isolation, for instance focusing solely on prey availability or acoustic disturbance. Assessment of 
cumulative effects, however, involves examining the combined, incremental impacts that threats 
from multiple human activities can have on individuals, populations, communities and 
ecosystems through space and time. Cumulative effects assessments evaluate the effects of 
multiple threats by converting impacts into a single currency or metric, thereby allowing for 
comparisons among threats and their combined long-term impact. 

This study provides an opportunity to incorporate the best available scientific information into a 
single assessment that includes all three threats, the interactions between these threats, and 
the resulting long-term impacts on the population. Previous cumulative effects assessments 
(CEAs) fall into three categories: risk assessment, statistical analysis, and population viability 
analysis (Lawson and Lesage 2012; O et al. 2015; Williams et al. 2017; Lacy et al. 2017). An 
example of risk assessment is the general framework to evaluate the relative additive 
cumulative risk for a range of activities and ecosystem components that was developed by O et 
al. (2015). Statistical models have been used to evaluate the impact of single threats on 
mortality and fecundity of Resident Killer Whales (Ward et al. 2009; Vélez-Espino et al. 2014b). 
Williams et al. (2017) developed a cumulative population viability analysis (PVA) model to 
quantify factors limiting the recovery of the St. Lawrence Estuary Beluga population and Lacy et 
al. (2017) evaluated the cumulative effects of anthropogenic threats on SRKW using a PVA. 
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A DFO framework has been developed to quantify and cumulate risks of impacts for marine 
mammal populations, the Cumulative Effects Risk Assessment Framework (CERAF) (Lawson 
and Lesage 2012; DFO 2017c; Figure 3). While the current work does not explicitly utilise the 
CERAF, for comparison, the current work fits within the CERAF steps (Lawson and Lesage 
2012; DFO 2017c). The scoping and relative risk phases (Box A, B, C) were conducted 
previously, either explicitly or implicitly in the various recovery documents that identified the 
most important threats to SRKW and NRKW (Figure 3). The focus of the current work 
corresponds to the last step in the CERAF (Box D), i.e., taking the highest risk threats and 
assessing them together in a viability analysis to investigate the cumulative effects on the long-
term persistence of the population. 

Figure 3 - Structure of the Cumulative Ecological Risk Assessment Framework (CERAF), adapted from 
DFO 2017c. 

The PVA method was selected as the most appropriate assessment to use to address the 
recovery measure (RM 11) as it incorporates the required threats and has been applied to a 
number of species, including SRKW. Relatively minor modifications were necessary to adapt 
the PVA to also assess NRKW. In addition, the software used to carry out the PVA (Vortex) is 
open access and available for use (Lacy and Pollak 2014).  

1.3 CUMULATIVE EFFECTS ASSESSMENT FOR RESIDENT KILLER WHALES 

The current cumulative effects assessment consists of two phases. First, a Pathways of Effects 
(PoE) conceptual model describes the impacts of threats on the mortality and fecundity of the 
species. As threats can interact over space and time, altering their respective intensities and 
consequent effects on individuals and populations, this study will also assess potential 
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interactions between threats to more accurately represent the natural system. The outputs of 
the PoE conceptual model were used to design and refine the PVA model in the next phase.  

In the second phase, impacts are parameterised (e.g., effect size for each threat and its impact 
on vital rates) and a quantitative PVA is conducted to assess the cumulative effects, building 
upon the methods and results of previous work (Taylor and Plater 2001; Ward et al. 2009; 
Vélez-Espino et al. 2014b; Williams et al. 2017; Lacy et al. 2017; DFO 2018a). Existing literature 
and data are used to parameterise the impact of each threat on killer whale vital rates and 
previously published relationships are updated with recent data and re-analysed. These 
quantitative values and relationships specific to each population (SRKW and NRKW) are used 
to define the inputs to a population model describing the combined impact on population 
persistence through time. The model structure builds upon an existing PVA model developed for 
SRKW by Lacy et al. (2017). To capture the unique population structure and threat exposure, a 
PVA model is run for each population separately (SRKW and NRKW).  

An overview of the steps used in the current work to assess cumulative effects on NRKW and 
SRKW is outlined in Figure 4. 

1.3.1 Assumptions for this A ssessment  

�x The mechanisms and consequences of threats on individuals are assumed to be the same 
for both Resident Killer Whale populations, whereas the level of exposure to threats is 
assumed to be population-specific. 

�x Impacts from threats to population vital rates (mortality and fecundity), based on the best 
available information at the time of the assessment, are assumed to be accurately described 
in the Pathways of Effects model  

�x The analysis assumes impacts only from the focal threats examined (reduced prey 
availability, disturbance, and contaminants), and does not consider other threats and the 
effects of broader impacts such as changing climate conditions and increasing human 
populations. 

�x The way that impacts are parameterised in the PVA model is assumed to represent the 
impacts of the entire threat (e.g. impacts of PCBs represents the Contaminants threat). 
Specific limitations and assumptions for each threat are described in detail in section 5.3.  

�x Information used to quantify threat impacts to vital rates was assumed to represent threat 
conditions throughout the range and throughout the year, despite primarily being obtained in 
the Salish Sea area in the summer/fall period.  

�x The assessment assumes no spatial or temporal variation at the sub-population level, even 
though variation between matrilines could affect their exposure to threats. 

�x Projections of the RKW population dynamics into the future assume that current threat 
levels remain the same. It is also assumed that that no threat mitigation measures and 
management actions are taken.  

�x The population model chosen to be used for predictions is assumed to be an effective 
surrogate for the real population dynamics for SRKW and NRKW populations. 
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Figure 4 ï Steps in the current cumulative effects assessment framework. 

1.4 OBJECTIVES 

The current working paper has four major objectives:  

1. Develop a Pathways of Effects (PoE) conceptual model to visually represent threat-impact 
pathways, limited to the primary threats identified by the Species at Risk Program (DF0 
2017b). Provide supporting text to accompany the PoE model diagram to describe and 
justify the linkage pathways presented and explain how threats act on population 
parameters based on evidence in the literature and elsewhere. The PoE conceptual model 
will be generic to include both SRKW and NRKW populations, as the mechanisms of impact 
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are expected to be similar in both populations but the levels of exposure to each threat are 
different. 

2. Quantify threat linkage pathways identified in the PoE model by determining the best 
available and most recent data or information from data mining, literature review and expert 
elicitation. This information will be used to develop and parameterise a quantitative PVA 
model. 

3. Assess the cumulative effects acting on Resident Killer Whales by running single and 
cumulative PVA model scenarios to evaluate and compare the effects of each scenario to 
the observed population dynamics.  

4. Identify uncertainties in data and methods and highlight knowledge gaps 

1.5 SCOPE OF THIS STUDY 

The aim of the current assessment is to evaluate the cumulative effects of anthropogenic 
threats on Resident Killer Whales. The study is limited to considering the primary threats 
identified in the (SARA action plan for NRKW and SRKW (DFO 2017b, 2018a). The effects of 
low probability but high impact events, such as catastrophic oil spills, are not included in the 
current assessment. Future changes in anthropogenic activities are not included or assessed. 
Potential mitigation measures and management actions will not be evaluated, but this 
assessment can be used as a tool to evaluate future changes and mitigation measures once the 
cumulative effects model has been reviewed.  

 PATHWAYS OF EFFECTS CONCEPTUAL MODEL  

2.1 DEFINITION, STRUCTURE AND OUTPUTS 

PoE models are widely used conceptual modelling tools that can guide assessments by 
providing a science-based foundation for decision-making (Government of Canada 2012). They 
can be useful for scoping different types of cumulative effects assessments (activity, threat, 
species, and area) and they help identify the threats and clarify links between human activities 
and potential impacts on aquatic ecosystem components. The Government of Canada has 
developed national guidelines for the format of these models (Government of Canada 2012). 
PoEs can range from small scale, simple impact links, suitable for a species-specific habitat, to 
more complex, large scale networks, suitable for a bioregion (Government of Canada 2012). 
PoEs have typically been used to describe activities, such as aquaculture, but can also be used 
to illustrate the linkage pathways between anthropogenic activities, threats and population 
parameters, such as changes in mortality and fecundity.  

This assessment uses a species-based PoE model to elucidate the linkage pathways between 
threats and their impacts on a particular species, which then informs a cumulative effects 
assessment. 

PoE models provide useful outputs for the scoping phases of cumulative effects assessments 
as they can identify all linkage pathways (including interactions between threats), and the 
literature available to guide further investigations into quantifying the linkage pathways. The 
outputs of a PoE conceptual model consist of a visual representation of the threat linkage 
pathways, with supporting justification text. This can be in the form of a table or linked text 
presenting the evidence that is available to describe and quantify each linkage pathway shown 
on the diagram.  
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2.2 RESIDENT KILLER WHALE SPECIFIC POE MODEL  

The first step in developing a PoE model is to scope the threats and endpoints (in this case 
fecundity and mortality) that the model will examine. In the present case this is not required, as 
the identification of the primary threats to the RKW populations has already been completed by 
DFO Species at Risk (DFO 2017b, 2018a). This PoE model does not explicitly include the 
source activities of threats as is traditionally found in such models because the focus is on 
specific threat impacts well defined by SARA, and we do not have sufficient knowledge or a time 
series of the activities to be able to include these. 

The proposed PoE conceptual model (Figure 5) outlines how the potential impacts to RKW from 
these primary threats might manifest. In addition to describing the direct linkage pathways from 
threats to vital rates, as in a standard PoE model, this relatively data rich model allowed a novel 
approach whereby known and potential threat interactions linkage pathways to vital rates were 
also included. The overall PoE conceptual model (Figure 5a) identifies the important conceptual 
connections between threats and RKW populations, based on literature review and expert 
opinion. The diagrams consists of two to three rows of boxes; grey boxes represent threats of 
interest, dashed line boxes represent any interactions between threats, and black boxes 
indicate the population parameters (vital rates) affected by the impacts. Each linkage pathway is 
tagged with a numerical value that links it to the subsequent text to justify and provide 
supporting evidence for that specific linkage pathway. For clarity, direct and interaction effects 
are presented separately below the main diagram to simplify their interpretation and to aid the 
identification of the correct numbered linkage pathways, Figure 5b illustrates the direct linkage 
pathways between threats and vital rates, and Figure 5c the (indirect) interaction linkage 
pathways between threats and vital rates.  
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Figure 5 - a. Overall Resident Killer Whale Pathways of Effects (PoE) conceptual model, including priority 
threats, interactions, and impacts on Resident Killer Whale fecundity and mortality. The main diagram (a) 
is broken up to clearly illustrate linkage pathways and numbering for direct linkage pathways (b) and 
interaction linkage pathways (c). Numbers next to each linkage pathway refer to descriptions in the text. 

This single PoE model (Figure 5a) represents both populations of Resident Killer Whale (NRKW 
and SRKW) as the mechanisms by which threats affect individuals in the two populations are 
assumed to be the same in this assessment; it is in the details and quantification of the linkage 
pathways where differences between populations may occur. Population differences are 
explored in the PVA section (Sections 3 and 4 - Population Viability Analysis Model and 
Results) where the same linkage pathways will be assessed for each population to identify 
where differences occur and will be captured in accompanying tables of evidence. The 
components making up the PoE model outlined above are explained and justified in detail in the 
following sections (2.4 - 2.7), the numbered links on the PoE diagram connect to sections of text 
through the numbers assigned to each in this format [1]; [2]; etc. 

The subsequent PVA section (Sections 3 and 4) will contain a more specific model and will be 
presented based on the actual analysis that was done with linkage pathways containing the 
values and data used to represent each component. 
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2.3 AQUARIUM REMOVALS (A HISTORIC THREAT) 

2.3.1 Background  

The removal of killer whales from the wild for display in aquaria around the world (a ólive 
captureô fishery) was a significant historical threat to Resident Killer Whale populations and 
could still have residual effects on current populations. This historic threat is not included in the 
PoE conceptual model but will be investigated in the PVA section.  

In Canada, the absence of laws to guide interactions with killer whales or regulate their capture 
prior to 1970 meant that killer whales were classed as ówildlifeô, and permits were issued that 
allowed them to be removed and held in captivity. These permits had no catch quotas for 
Canadian netters until 1970 when initial protective legislation was introduced. In the USA, there 
were no permits or limits introduced until 1971 (Bigg and Wolman 1975; Baird 2001). In 1982 
the capture of killer whales was no longer permitted in BC, as the provincial Wildlife Act was 
amended to exclude killer whales as ówildlifeô, and the Canadian federal government included 
the protection of cetaceans under the Fisheries Act. Specific marine mammal regulations 
protecting killer whales in Canada were fully in place by 1994 (Baird 2001). In the USA, the 
Marine Mammal Protection Act prohibits the capture of killer whales without a permit, and no 
permits have been issued since 1989 (Tierney 2010). 

In addition to live captures, there is evidence that in the years before protective regulations, 
killer whales regularly suffered gunshot injuries and likely deaths due to fisheries conflicts. 
Approximately 25% of SRKW whales from the live capture fishery in Puget Sound had evidence 
of bullet wounds. The shooting of killer whales in the NE Pacific is estimated to have begun 
around 1929, and became illegal in Canada in 1970 under the Fisheries Act and in the US in 
1972 under the Marine Mammal Protection Act (Hoyt 1990; Olesiuk et al 1990; Krahn et al. 
2002). However, in the US, fishermen were still allowed to shoot marine mammals to óprotect 
their catch and gearô until the Act was amended in 1988, shootings are still thought to occur in 
Alaska (Fraker 2013). The current status of gunshot wounds in the NRKW and SRKW 
populations is uncertain, though data from the NRKW survey indicate that observations of 
injuries suspected to be a result of gunshots mostly occurred prior to the year 2000, and in the 
last 10 years there has been only one observation of an injury potentially consistent with a 
gunshot (DFO Cetacean Research Program, unpublished data). Gun shot wound mortality at 
this time is assumed to be zero for both populations. 

2.3.2 The Live Capture Fishery  

The live capture fishery removed 68 killer whales from BC and Washington State waters from 
1962-1977. Of these, an estimated 48 were from the SRKW population (removed between 
1962-1977), 15 from the NRKW population (removed between 1965-1969), and five were Biggôs 
killer whales (removed between 1970-1975) (Asper and Cornell 1977; Olesiuk et al. 1990, Table 

2). These numbers represent all whales removed from the Canadian Pacific killer whale 
populations, including those that died during a capture, or since. The majority of individuals 
removed from the SRKW population were physically immature (Table 2: 30/48, 63%). More 
males were removed than females; of those identified to sex, there were 26 males and 18 
females removed from the SRKW population (Table 2). Fewer individuals were removed from 
the NRKW population: nine juveniles and six adults, of which eight were males and seven were 
females (Table 3).  
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Table 2 - Southern Resident Killer Whales (SRKW) captured or killed by pod, year, length (m) and sex 
during the live capture fishery in BC and WA (after Olesiuk et al. 1990). Animals that were presumed to 
belong to the SRKW population based on their location of capture are indicated by the superscript1. 

Pod/Area Year 
caught 

N Physically immature Mature 

   �”�������P 3.5-4.5m 4.5- 
6m 

�• 
4.5m 

�•���P 

   M F U M F U M F M U 

South Vancouver1 1962 2 - - - - - - - - 2 - 

J01, K01 or L01 1964 1 - - - - - - 1 - - - 

J01, K01 or L01 1965 2 - - - - 1 - - 1 - - 

South Vancouver1 1966 1 1 - - - - - - - - - 

K01 1967 8 1 2 - 2 1 - - 1 1 - 

J01, L01 1968 5 - - - 3 - - 2 - - - 

South Vancouver1 1968 2 - - - 1 - - - 1 - - 

South Vancouver1 1969 3 - - - - - - - 1 1 1 

South Vancouver1 1970 2 - 1 - - - 1 - - - - 

J01, K01, or L01 1970 11 2 - 2 3 2 - 1 1 - - 

Washington1 1971 2 - - - 2 - - - - - - 

L01 1971 3 - 1 - 1 1 - - - - - 

J01 1972 1 1 - - - - - - - - - 

Washington1 1973 1 - - - - - - - 1 - - 

K01 1973 1 - - - - - - - 1 - - 

L01 1973 2 - - - - - - 1 1 - - 

South Vancouver1 1977 1 - 1 - - - - - - - - 

Total 1962-77 48 5 5 2 12 5 1 5 8 4 1 

1. Presumed SRKW based on area captured 
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Table 3 - Northern Resident Killer Whales (NRKW) captured or killed by pod, year, length (m) and sex 
during the live capture fishery in BC and WA (after Olesiuk et al. 1990). Animals presumed to belong to 
the NRKW population based on their location of capture are indicated by the superscript2. 

Pod/Area Year 
caught 

N Physically immature Mature 

   �”�������P 3.5-4.5m 4.5-
6m 

�• 
4.5m 

�•���P 

   M F U M F U M F M U 

C01 1965 1 - - - - - - - - 1 - 

I11 1967 1 - - - 1 - - - - - - 

NE Vancouver2 1968 1 - - - 1 - - - - - - 

A (A05) 1968 6 1 - - - 1 - 1 3 - - 

A05 1969 6 - 2 - 2 1 - 1 - - - 

Total 1965-69 15 1 2 0 4 2 0 2 3 1 0 

2Presumed NRKW based on area captured 

2.3.3 Effects of Removals  

Because of the proximity of SRKW habitat to population centres, the majority of whales (48, 
71%) removed for aquaria display were from this population. This removal had a 
disproportionate impact on the smaller SRKW population, as small populations are more 
vulnerable to extinction because of stochastic events (DFO 2018a). Not only did the removals 
significantly reduce SRKW population size, they also skewed SRKW population structure, as 
removals were predominantly comprised of juveniles and young males (Vélez-Espino et al. 
2014a). After most live captures ended, there was a period of growth in the SRKW population of 
19% until 1980, followed by a decline of 11% that was attributed to the skewing of the 
population structure from preferential captures (Olesiuk et al. 1990; Giles 2014). Removals are 
expected to have impacted the NRKW population less significantly than the SRKW population, 
as fewer individuals (15) were removed from a larger population. There are no mitigation actions 
for this historic threat but the long-term effects should be acknowledged in any assessment of 
cumulative effects.  

2.4 REDUCED PREY AVAILABILITY [5,6,10,11,12,13]  

Prey availability is made up of two components, prey abundance and prey access. A full 
characterisation of prey availability would involve considering the components that influence 
both whether sufficient prey is present and whether it can be accessed for consumption, which 
relates to factors such as timing and ability to forage. The current assessment captures this 
threat by examining changes in prey abundance, using a time series of Chinook salmon data. 
The prey access component is partially captured in interactions between prey abundance and 
vessel acoustic and physical disturbance.  

2.4.1 Background [ 5,6] 

Resident Killer Whales are fish-eating marine mammals with a distinct preference for Chinook 
salmon (O. tshawytscha), due to their large size, high lipid content and year round availability 
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(Ford et al. 2005; Ford and Ellis 2006). Analysis of prey remains indicates that Chinook salmon 
can comprise up to 90% of the summer diet of SRKW (Ford and Ellis 2006; Ford et al. 1998; 
Hanson et al. 2010). Changes in RKW population parameters have been directly linked to 
fluctuations in Chinook salmon stocks [5,6]. Inter-annual variability in Chinook salmon is related 
to inter-annual variability in RKW mortality (Ford et al. 2010; Vélez-Espino et al. 2014b) [6] and 
fecundity (Ward et al. 2009; Vélez-Espino et al. 2014b) [6]. There is a positive correlation 
between RKW calving probability and Chinook salmon abundance (Ward et al. 2009) [5] and a 
negative relationship between RKW mortality and Chinook salmon abundance (Ford et al. 2009; 
2010; Vélez-Espino et al. 2014b) [6]. These findings strongly indicate that Chinook salmon 
abundance plays an important role in RKW population dynamics. 

Aerial photogrammetry has provided information on the link between mortality rates and body 
condition, or the fat stores, in individual whales (Durban et al. 2015). Declines in the Eye Patch 
Ratio (EPR, measured as the proportional head width) have been linked to short-term mortality. 
In 2008 and 2013, 43 individuals from the SRKW population were measured and eleven had 
significant reduction in EPR, indicating depletion of fat stores (Durban et al. 2015). Animals that 
were not pregnant or nursing (life stages where body metric changes are expected Kriete 1995; 
Kastelein et al. 2003), with reduced EPR died shortly after being photographed in this condition.  

Though the majority of the summer diet of RKW consists of Chinook salmon, they also consume 
other species of salmonids and non-salmonids. It is estimated that overall, 96% of the RKW diet 
comprises salmonids, and within this, 71.5% is Chinook, 24% chum, and 0.5% other salmonids 
such as Coho salmon (O. kisutch). The non-salmonid fish in the diet are Pacific herring (Clupea 
pallasi), sablefish (Anoplopoma fimbria), yelloweye rockfish (Sebastes ruberrimus), quillback 
rockfish (Sebastes maliger), and Pacific halibut (Hippoglossus stenolepis) (Alava et al. 2012; 
Ford et al. 2006; 2009).  As chum salmon can comprise 24% of the salmonids in RKW diet, its 
availability and abundance may also be a contributor to RKW population growth. Chum salmon 
become more important in the RKW diet in autumn, surpassing the contribution of Chinook 
salmon at that time (Ford and Ellis 2006; Ford et al. 2010). However, the two studies that have 
examined the role of chum and other salmon species in killer whale demography did not find 
any statistical evidence for a relationship between these fish stocks and RKW with mortality or 
fecundity (Vélez-Espino et al. 2014b; Ward et al. 2009).  

2.4.2 Important Salmonid Stocks  

There is evidence from genetic analysis of prey samples that the two Resident Killer Whale 
populations may exploit different combinations of Chinook salmon stocks. The dominant 
Chinook salmon stocks found in SRKW diet from late spring to early autumn are the Fraser 
River and Puget Sound Chinook salmon (Vélez-Espino et al. 2014b; Hanson et al., 2010). Over 
the season (late spring to early autumn), the proportion of Fraser Chinook salmon in Juan de 
Fuca Strait increases in relation to Puget Sound stocks as populations travel through the area 
on their return migrations to the Fraser river (DFO 2018b1). Chum salmon stocks consumed by 
SRKW are assumed to be from Puget Sound stocks (Vélez-Espino et al., 2014b). 

For NRKW, the dominant Chinook salmon prey stocks are mainly Fraser River, but also 
Northern and Central BC, west coast of Vancouver Island, Georgia Strait, Puget Sound and the 
upper Columbia stocks, in the same season (late spring to early autumn) (Ford and Ellis 2006; 

                                                

1 DFO. 2018b. Discussion Paper: February 15, 2018. Proposed 2018 Salmon Fishery Management Measures to 

Support Chinook Salmon Prey Availability for Southern Resident Killer Whales (internal).  
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Ford et al. 2009; Vélez-Espino 2014b). Chum salmon stocks consumed by NRKW are Fraser, 
East coast Vancouver Island (ECVI), and South BC Coast (Vélez-Espino et al. 2014b). 

Some salmon stocks may be consumed by more than one population of RKW, such as those 
salmon stocks with a more northerly distribution that may encounter killer whale populations 
throughout their migrations. For example, Fraser Summer (age-4 ocean type) Chinook salmon 
migrate to the Fraser River in August through Johnstone Strait and Strait of Juan de Fuca (DFO 
2018b).  

2.4.3 Trends in Chinook Abundance  

Chinook salmon production mainly happens in major river systems such as the Fraser and 
Yukon rivers, with some in smaller streams (Healey, 2003). Chinook salmon stocks have 
experienced widespread population declines, especially in the 1990s (Figure 6; Riddell et al. 
2013). Since the 1980ôs, Chinook salmon productivity is estimated to have declined by 25-40% 
for many BC stocks (DFO 2018b1). Chinook salmon populations have also shown a trend 
towards smaller body sizes (Wiles 2016; Ohlberger et al. 2016). The productivity of wild chum 
salmon stocks has also undergone widespread declines in Washington (WA) and British 
Columbia (BC), with 81% of stocks having recent declines in productivity (Malick and Cox 
2016). 

2.4.4 Threshold Effects/Nonlinearities  [10,11,12,13] 

The ability of killer whales to successfully catch and consume prey (access to prey) may be 
affected by vessel disturbance, as will be discussed in Section 2.5.6. The prey-disturbance 
interaction [10,11] effectively reduces killer whales access to prey, which can have effects at the 
individual and population levels. The interaction between prey abundance and physical and 
acoustic vessel disturbance may also potentially include reduced access to foraging habitat, in 
addition to reduced foraging. It is not well understood whether prey distribution becomes 
increasingly patchy with reduced abundance, and whether patchy prey distribution might impact 
prey access / foraging for Resident Killer Whales.  

The consumption of prey items contaminated with persistent, bioaccumulative and toxic 
chemicals (PBTs) can also affect killer whale vital rates. Salmonids have been found to contain 
a range of contaminants that are also found in killer whale tissues, which is further discussed in 
section 2.7.1. The prey-contaminants interaction [12,13] potentially affects the mortality and 
fecundity of these populations.  

In addition, there may be other factors and non-linearities that are masking or confounding the 
detection of stronger interactions between RKW vital rates and prey abundance (Vélez Espino 
et al. 2014b). For example, large-scale climate changes, genetic factors, and other 
environmental and anthropogenic variables are also changing in this system and make the 
isolation of single threat impacts more difficult.  
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Figure 6 ï Time series of modelled Chinook salmon ocean abundance (thousands) for stocks of interest 
to RKW. Total is the coastwide index (excluding southeast Alaska stocks), FE+PS+URB is the Fraser 
Early, Puget Sound and Upper River Basin, WCVI+FL+OC is the West Coast Vancouver Island, Fraser 
Late, and Oregon Coast stocks; WCVI is the West Coast Vancouver Island stock. 

2.5 DISTURBANCE (ACOUSTIC) [1,2,9,10,11] 

Increasing amounts of vessel traffic, industrial activities and other anthropogenic activities are 
affecting the physical and acoustic habitat of killer whales, as well as their behaviour. The 
impact of disturbance on cetaceans at both the individual and population level is not well 
understood (Nowacek et al. 2007; DFO 2011). Vessel disturbance has been identified as a 
principal threat to the two Resident Killer Whale populations in the DFO SARA Recovery 
Strategy (DFO 2011, 2018a). As it is as yet not possible to separate the impacts of vessel noise 
from the impacts from vessel physical presence, this threat captures both of these aspects. 

2.5.1 Background  

Vessels are one source of underwater noise; commercial ships, recreational vessels, whale 
watching vessels, and military vessels are active in the range of the two Resident Killer Whale 
populations. Noise can also come from military and research activities (e.g., sonar, explosions), 
aircraft overflights, construction (e.g., pile driving, blasting), and from dredging. Different types 
of noise can potentially result in various levels and types of disturbance, a level of complexity 
out of scope for this work. The impact of noise on killer whales can be acute or chronic, with the 
effects dependent on frequency range, source level and signal structure of the sound 
(Richardson et al. 1995; National Research Council 2003; Nowacek et al. 2007). Acute impacts 
are intermittent and less predictable in the environment. The impacts of acute sound exposure 
(e.g., blasting) can include direct mortality if whales are in the affected area at the time of noise 
emittance, and are difficult to predict in space and time [2].  
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Though there are many potential sources of noise disturbance that could impact Resident Killer 
Whales, this assessment is limited in scope to considering the impacts of acoustic disturbance 
from vessels, the main source of chronic underwater noise in the assessment area. Vessel-
related disturbance has been specifically identified as a risk to recovery by DFO (DFO 2017b). 
How to discern or measure the impacts of such acoustic disturbance can be challenging and the 
acoustic component of vessel disturbance on RKW can cause impacts via a number of 
mechanisms: behavioural changes, auditory masking, fitness reduction, and resultant 
population consequences. Another potential impact caused by vessel disturbance is due to the 
physical presence of a vessel, and it is difficult to separate the impact of the physical presence 
of a vessel from the impact of the noise it produces. For dolphins, boat presence alone can 
disturb behaviour (Pirotta et al. 2015), and impact their ability to rest and reach deep sleep 
(Tyne 2015).  

2.5.2 Behavioural Change  [10,11] 

There can be energetic costs to any disturbance that causes an animal to switch behavioural 
states (e.g. from resting to travelling) or results in more time spent performing energetically 
costly activities such as evasive or surface active behaviours (Williams et al. 2009). These costs 
increase with the severity and duration of the response (Erbe 2002; Williams et al. 2006; 
Lusseau et al. 2009; Ayres 2012; Williams et al. 2014). Coping mechanisms can range from 
short-term avoidance to long-term habitat abandonment (Kruse 1991; Williams et al. 2002a,b; 
Lusseau and Bejder 2007). In nearshore core areas in the summer and fall, Resident Killer 
Whales spend 40-67% of their time engaged in foraging behaviours (Ford 2006; Noren et al. 
2009). The onset of behavioural changes (affecting 50% of observed killer whales) has been 
observed to begin at received levels of �ý130 dB re: 1 �…Pa (broadband, root-mean-square) 

(Williams et al. 2014). Noise or vessel disturbance that causes an animal to reduce foraging 
time can have impacts on mortality and fecundity similar to that of lowered prey abundance 
[10,11]. Increased swimming velocity (associated with vessel avoidance behaviours) can result 
in an estimated 20% increase in energetic expenditures (Kriete 1995, 2002), meaning less 
energy is available for other vital functions and increasing caloric requirements.   

2.5.3 Auditory Masking  [10,11] 

Vessel noise overlaps with the sound frequency range used by killer whales (Watkins et al. 
1987; Berchok et al. 2006; Mouy et al. 2009; Tervo et al. 2011; Hatch et al. 2012), and can 
mask the receiving of acoustic signals used for foraging, navigation, communication and social 
interaction (Erbe 1997, 2016; Weilgart 2007; Clark et al. 2009; Castellote et al. 2012). Masking 
can interfere with echolocation of prey and the effectiveness of foraging activities [10,11]. 
SRKW have been shown to increase call duration and amplitude in the presence of boats, 
which has been suggested to be an adaptation to masking effects but one that may come with 
energetic costs (Foote et al. 2004; Holt et al. 2008). There is an additional energetic cost if 
masking prevents or inhibits successful foraging events, causing increased energy to be spent 
on foraging activities and less available for other life history processes, such as mating and 
fecundity [10,11].  

2.5.4 Fitness Reduction  due to Stress  [1,9] 

When individuals cannot reduce or avoid proximity to disturbance, stress levels may increase 
causing a reduction in fitness that may be manifested in reduced reproductive success 
(Lusseau and Bejder 2007) [1]. Individuals with higher levels of stress may be susceptible to 
other causes of mortality, such as disease, parasites, and vessel strikes (Fair and Becker 2000) 
[9]. Humpback whales have been shown to be more susceptible to entanglement after acoustic 
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trauma (Todd et al 1996; Ketten et al 1993). However, Ayres et al (2012) concluded that 
elevated stress in SRKW, measured by a combination of hormone levels, is linked to prey 
abundance, rather than vessel disturbance.  

2.5.5 Population Consequences of Disturbance  [1,2,9,10,11] 

Population effects of noise can manifest through behavioural or physiological changes, which 
can have impacts on health and vital rates [1,2].  A Population Consequences of Disturbance 
(PCoD) model (NRC 2005; Tolitt et al. 2017) has been used to quantify the chronic and acute 
impacts of noise disturbance on killer whales (Figure 7). A noise exposure model combined with 
the PCoD model has been used to estimate lost foraging time for SRKW as a combination of 
behavioural response and masking (Tolitt et al. 2017). In the Salish Seaôs busy traffic areas, 
individual noise disturbance events can combine to have potentially substantial impacts (Tollit et 
al. 2017). The SMRU (2017) model predicted that in the Salish Sea, SRKW foraging time was 
decreased by 20-23% of each whale day (i.e. days when SRKW pods were predicted to be in 
the study area). Two-thirds of those effects were estimated to be from commercial vessels and 
one-third from whale watching vessels. Prey detection range was decreased as a result of 
masking of echolocation clicks by vessel noise. The combined effect of both vessel types was 
estimated to reduce the range of prey detection by 12-37%. Reductions in foraging time and 
efficiency can result in the same impacts to vital rates as that of reduced prey abundance 
(increased mortality and reduced fecundity) [10,11]. 

 

Figure 7 - Population Consequence of Disturbance (PCoD) model and the pathways of impact that lead to 
changes in population dynamics (adapted from Tollit et al. 2017) 

2.5.6 Interactions/Thresholds/Non -linearities [9,10,11] 

The impacts of vessel noise disturbance could be exacerbated when prey abundance is low, 
and conversely, vessel noise disturbance may have little or no effect on overall feeding 
efficiency when prey abundance is high [10,11]. In killer whales, glucocorticoid hormones (which 
increase in response to nutritional or psychological stress) in scat samples have been found to 
be low in summer, when vessel and salmon (Fraser River) abundance is high, and high when 
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vessel and salmon abundance are low, indicating that short-term physiological effects of prey 
abundance appear to overshadow impacts from vessels (Ayres et al. 2012) [10,11]. However, 
the study did not collect samples from periods of time when vessels were high but salmon levels 
were low. The temporal relationship between vessel disturbance and stress levels has not been 
quantified and there may be an unobserved delay between exposure and stress hormone 
production that makes these results difficult to interpret.  

Alternately, when prey abundance is extremely low, predators may ignore disturbance because 
the fitness consequences of abandoning a predation event would be higher and this may 
increase other mortality risks (e.g., vessel strike) if adaptive disturbance responses (e.g. startle) 
are overridden or ignored during pursuit of limited prey [10,11]. This is supported by basic 
ecological principles relating to a predator-prey relationship in the context of resource 
availability: prey species are only forced to forage in areas of higher risk of predation when food 
is scarce The basic energy requirements of an individual mean that they may have to accept 
predation risk to meet their energy budget in instances where conditions make the cost of 
predator avoidance high (Sansom 2009; Stevens 2010). Human disturbance can be analogous 
to risk from predators, and similar fitness impacts can result from predation and non-lethal 
disturbances such as noise (Frid and Dill 2002). In the case of killer whales, impacts from vessel 
avoidance could be analogous to those from predator avoidance.  When Southern Resident 
Killer Whales are food limited, mechanisms of energetic impacts such as this are of concern 
(Lusseau et al. 2009). The effects of masking are another component that killer whales would 
have to overcome in the presence of vessels if they chose to take the risk to forage. An 
additional possible interaction is that whales could be more likely to abandon foraging activities 
in a low abundance/poor quality prey patch if disturbed, because the energetic returns under 
those circumstances are so poor (Kuningas et al. 2013; Pirotta et al 2015).  

Noise may have the potential to cause accidental beaching or entrapment, and loud noises 
have been demonstrated to cause strandings (DFO 2018a) [9]. It has been suggested that the 
reason a group of SRKWs spent 30 days in an inlet in Puget Sound in 1997 was due to an 
aversion to passing under a noisy bridge (Shore 1998). The evidence for interaction between 
acoustic disturbance and other threats is sparse and not thoroughly understood for killer whales 
and other cetacean species.  

2.6 DISTURBANCE (PHYSICAL) [3,4] 

The second component of vessel disturbance is physical disturbance, identified as a principal 
threat to the Resident Killer Whale populations in the DFO SARA Recovery Strategy (DFO 
2011, 2018a) [4]. For this study, this threat is captured by vessel strikes only.  

2.6.1 Background  

Killer whales can be injured or killed as a result of a vessel collision, the outcomes of the 
collision can be particularly damaging if moving propeller blades are encountered (Ford et al. 
2000; Baird 2001) [3,4]. The spatial overlap between Resident Killer Whale populations and 
maritime traffic suggests that there is a risk of injury and mortality from ship strikes (Williams 
and OôHara 2010). Observations have found that recreational vessels in proximity to or 
engaging in SRKW-watching are increasingly being driven in a manner that heightens the risk of 
a collision, such as stopping in the path of the whales, chasing whales, approaching whales 
head on or crossing their paths (Ferrera et al. 2017). The number of vessels in proximity to the 
whales and vessel speed are likely to have a strong influence on the rate of collisions and the 
severity of injury (Conn and Silber 2013; Ferrara et al. 2017). 
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2.6.2  Reports of Injuries and Mortalities  

Injuries [3] 

The frequency and severity of injuries from ship strikes on Resident Killer Whales is uncertain, 
but there are some anecdotal accounts available as well as observed physical evidence of 
injuries from regular population surveys. These sources provide some insight into the proportion 
of the population that may have experienced injuries from vessel strikes. Table 4 summarises 
information on known vessel strike incidents that resulted in injuries (that the authors were able 
to locate from the literature and from experts) for NRKW and SRKW. In many cases the injured 
killer whales recovered, even in severe cases (Ford et al. 2000; Baird 2002). 

Table 4 ï Timeline of known incidents of vessel strikes causing injury in NRKW and SRKW 

Year Population Individuals 
(#) 

Description 

1995 NRKW 1 Struck by a speed boat, dorsal fin was wounded, recovered (Baird 2002; 
Williams and OôHara 2010) 

1998 SRKW 1 Non-fatal strike in Haro Strait (Baird 2002; Williams and OôHara 2010) 

2003 NRKW 1 Injured by a high-speed boat but recovered (Federal Register 2007; 
Baird 2002) 

2005 SRKW 1 K25 injured by collision with the skeg of a whale watch vessel (drifting 
power off) (K. Balcomb, Center for Whale Research, WA, pers. comm.) 
and resulted in a minor injury to the whale, which recovered (Williams 
and OôHara 2010) 

2006 NRKW 2 One calf A59 injured near Campbell River; 
One serious injury to G39 (Williams and OôHara 2010) 

2014/5 NRKW 1 Superficial wounds to NRKW A61 from a propeller strike, since 
recovered (B. Wright, DFO, pers. comm.) 

2015 NRKW 1 Photo evidence of relatively severe prop strike wounds across the back 
of NRKW A60, since recovered (B. Wright, DFO, pers. comm.) 

2016 NRKW 1 Observed by aerial photogrammetry to have a superficial propeller 
wound (Ferrara et al 2017) 

2018 NRKW 1 A109, a juvenile (born 2014) NRKW observed with a severe propeller 
strike injury across its back behind the dorsal fin, appeared vigorous 
despite injury and was re-sighted by others some days later and again in 
late August. Injuries appeared to be healing well (B. Wright, DFO, pers. 
comm.) 

If the frequency of injuries is estimated based on the time period 1995-2016, NRKW had eight 
reported injuries in 21 years, and SRKW experienced two in 21 years. It is likely that these 
reports underestimate the true frequency of propeller wounds (Williams and OôHara 2010). If not 
killed by a strike, injured killer whales may suffer fitness consequences as a result of the injury 
(e.g. reduced ability to hunt), potentially impacting fecundity [3]. 

Mortalities [4] 

Attributing cause of death in Resident Killer Whales is difficult in many cases as carcasses often 
sink and are lost, meaning only a small proportion are recovered for necropsy examination 
(Ford et al. 1998; National Marine Fisheries Service 2008; DFO 2018a). This is a reason why 
the cause of many calf deaths in particular is unknown (Baird 2000). Most mortality events are 
not directly observed and are only recorded when the animal is not seen with its matriline in 
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subsequent encounters. Based on annual census data, it is estimated that between 1974 and 
2008, 96 SRKW and 176 NRKW died, but of these only 19 SRKW and 5 NRKW carcasses were 
recovered, a recovery rate of 20% for SRKW and 3% for NRKW (Barbieri et al. 2013). 

Data that are collected on cetaceans that are found dead, or alive on the beach and unable to 
return to sea are included in stranding databases. In Canada, DFO maintains a marine mammal 
incident database that captures stranding data (CRP unpublished data) and in the USA, NOAA 
maintains a database for both a national marine mammal stranding network and a west coast 
marine mammal stranding network which began in the 1980ôs. We have only presented 
information from stranding data that is linked to a specific killer whale population (i.e., after the 
population censuses began in the 1970ôs). Table 5 summarises the incidences of mortality 
events presumed to be due to vessel strike (vessels of any type were included). Using the time 
range in Table 5 (1974-2016), both the NRKW and SRKW populations had three mortalities [4]. 
Again, these are likely to be underestimated values due to the unknown causes of death in 
missing and presumed dead animals.  

Table 5 ï Timeline of reported mortalities resulting from ship strikes in NRKW and SRKW. Data used is 
limited to post-1970s after population censuses had begun so that mortalities of individuals can be linked 
to a specific population. 

Year Population Individuals 
(#) 

Description 

1974 NRKW 1 Fatal ferry strike, possibly NRKW (Baird 2002; Ford et al. 1994) 

2006 NRKW 2 One injured near Campbell River and died following year (A82) 

One fatal strike near Prince Rupert (C21) (Gaydos and Raverty 2010; 
Williams and OôHara 2010) 

2006 SRKW 2 One male (L98) killed by a tugboat propeller in Nootka Sound; 

One stranded female (L112) was determined to have died from blunt 
trauma presumed from a ship strike (Gaydos and Raverty 2010; Williams 
and OôHara 2010) 

2016 SRKW 1 J34, an 18 year-old male found dead in Sechelt died from blunt force 
trauma presumed to be from a vessel strike (Ferrara et al. 2017; DFO 
2017a) 

2.6.3 Interactions /Thresholds/Non -linearities  [9,10] 

Interactions of vessel strike with other threats have not been clearly demonstrated, though it has 
been hypothesised that killer whales might have a higher risk of vessel strike when exposed to 
loud sounds, which could impair the whalesô ability to detect vessels (Erbe et al. 2018) [9]. 

In addition, as outlined in the previous acoustic disturbance section (2.5.6), when prey 
abundance is low, killer whales may ignore disturbances and put themselves at greater risk of 
ship strikes during the pursuit of prey, as has been documented in other mammal species (Frid 
and Dill 2002; Sansom 2009; Stevens 2010) [11]. 

2.7 CONTAMINANTS [7,8,12,13] 

2.7.1 Background  

Resident Killer Whale populations are exposed to a variety of contaminants released into the 
marine environment historically and currently, via sources such as rivers, wastewater, storm 
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water and atmospheric deposition (Cullon et al. 2009). Exposure to contaminants is of particular 
concern for SRKW because they spend much of the spring, summer and autumn in the waters 
of Puget Sound and Georgia Basin (Krahn et al. 2007), areas which are influenced by the major 
urban centres of Vancouver and Seattle. There are a range of contaminants with the potential to 
be of concern to Resident Killer Whale populations, as outlined in a recent review by 
Environment Canada (Van Zandvoort, 2019 unpubl.2) and in a prioritised list of contaminants for 
BC killer whales (Morra and Gobas, 2017 unpubl.3). While any of the contaminants to which 
Resident Killer Whales are exposed have the potential to cause negative impacts, for most, the 
nature of their impacts on population parameters is uncertain and so out of scope for this 
assessment.  

Currently, contaminants of particular concern to killer whales are those that biomagnify, 
reaching highest concentrations in animals at the top of the food chain, and are generally ones 
classified as being Persistent, Bioaccumulative and Toxic chemicals (PBTs) (Ross et al. 2000; 
Ross 2006). Although the manufacturing of many of these contaminants has been banned since 
the 1970ôs, they still persist in the environment. When these chemicals are consumed, they 
bioaccumulate in the tissues of organisms and can elicit chronic forms of immunotoxicity and 
neurotoxicity and can result in reproductive impairment (Ross et al. 2000; Ross and Desforges 
2014, unpubl.4; Morra and Gobas 2017, unpubl.3) [7,8]. Within the PBT group, two major 
contaminant classes, polybrominated diphenyl ethers (PBDEs) and polychlorinated biphenyls 
(PCBs) have been identified as being of ecotoxicological concern for killer whales. 

2.7.2 Polybrominated Diphenyl Ethers (PBDEs)  

PBDEs are a group of synthetic contaminants that are used as flame retardants in a range of 
products including many electronic and household items. PBDEs are contaminants of concern 
due to their effects on the immune system, reproduction and development in mammals (Ross et 
al. 2006).  PBDEs are fat-soluble and so can be measured by sampling killer whale blubber. 
The levels of PBDEs in killer whale blubber is of growing concern, as concentrations have been 
noted to be increasing in killer whales over time (Ross 2006; Guy 2018 unpubl.5). 

PBDEs consist of a basic diphenyl ether structure with one to 10 bromine atoms, leading to 209 
different combinations (congeners).  The number of bromine atoms attached to the molecule 
and the degree of bromination are linked to different properties and toxicity. For example, 
congeners with 4-8 bromine atoms typically bioaccumulate more as they bind to sediment better 
than those with 9-10 bromine atoms. PBDEs have been noted to have impacts on thyroid 
hormones and neuro-development and may be carcinogenic (US EPA 2017).  

                                                

2 Van Zandvoort, A. 2019. Review of contaminants of concern to Southern Resident Killer Whales and/or Chinook 

salmon. An evergreen report prepared for Environment and Climate Change Canada. Last modified April 4, 
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3 Morra, J., and Gobas, F. 2017. Recovering British Columbiaôs resident killer whales by tackling pollution. Report 
prepared for the Department of Fisheries and Oceans Canada. Unpublished 

4 Ross, P.S. and Desforges, J.P. 2014. Towards a framework for organizing a forward-looking pollution workshop for 

SARA-listed marine mammals in February 2015. Report prepared for Fisheries and Ocean Canada, Fisheries 
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Marine Science Center. 31pp. Unpublished. 

5 Guy, J. 2018. A risk analysis of legacy pollutants, PCBs, PBDEs and new emerging pollutants in the Salish Sea 

Killer Whales. Masterôs thesis, Simon Fraser University. Unpublished 
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2.7.3 Polychlorinated Biphenyls (PCBs)  

Legacy PBTs, such as Polychlorinated biphenyls (PCBs), which are structurally similar to 
PBDEs, were assessed as being in the threat category of greatest concern to Resident Killer 
Whales in BC (Morra and Gobas 2017, unpubl.3). Further, a recent health risk-based evaluation 
of 25 different contaminants in RKW indicated that in terms of overall chemical exposure, PCBs 
were the pollutant of greatest concern to RKW (Gobas and Ross 2017 unpubl6.). 

PCBs were historically used in products such as lubricants, paints, adhesives, flame-retardants, 
and particularly in heat resistant oils in electrical equipment (such as transformers and 
capacitors) (Clark 1999; Ross et al. 2006) and were released in significant amounts into the 
environment from industrial practices beginning in the 1920ôs. It is estimated that from 1930-
1993, 1.3 million tonnes of PCBs were produced worldwide (Breivik et al. 2002a) and around 
1.4% of this entered the environment (Breivik et al. 2002b).  

Evidence of the environmental accumulation and persistence of PCBs and their impacts lead to 
PCB bans in the late 1970s in the USA and Canada, and by 2001 they were banned under the 
Stockholm Convention (Stockholm Convention 20017; Jepson et al. 2016). Although Canada 
banned the production, import and sale of PCBs in 1977, a ban on environmental release came 
later (1985) and the use of PCB-containing equipment is still allowed until the end of service life. 
Despite these bans, PCBs persist in the environment due to a combination of the persistent 
nature of these contaminants, as well as continuing PCB releases as a result of  accidental 
spills, fires (Environment Canada 2018), river run-off, and long range atmospheric transport and 
deposition (Desforges et al. 2018). PCBs are also still widely present as an óinadvertentô 
contaminant in the pigments and dyes of many consumer products such as newspapers, cereal 
packaging, plastic bags and even sidewalk chalk (Stone 2016). PCBs from these sources can 
enter the ocean through improper waste disposal or management.  

PCBs consist of one or more combinations of man-made organic chemicals (biphenyls) similar 
in structure. There are 209 PCB congeners which vary based on the chlorination (number of 
chlorine atoms) and the position of those atoms (Heindel and Zoeller, 2006; Environment 
Canada 2018). The specific combination of congeners present can be an important factor in 
their impacts/toxicity. 136 PCB congeners have been found in killer whales (Addison and Ross 
2000). The composition of PCB congeners present in SKRW and NRKW populations are 
similar, with congeners 153, 138, 52, 101, 118, and 180 accounting for nearly 50 percent of the 
total PCB load (Ross et al. 2000). PCBs are linked to cancer and nervous system problems, 
infant death, birth defects, and brain damage (Sullivan et al. 2007). A description of the 
biological impacts of PCBs is provided in section 2.7.6. 

2.7.4 PCB Bioaccumulation in  Resident Killer Whales  

PCBs released into the marine environment end up in the sediment and water column, where 
they are taken up by sediment dwellers and plankton. From there, PCBs biomagnify up the food 
web (Pearce and Gobas 2018 unpubl.8). Consequently, those most affected by the toxicity and 
persistence of PCBs in the environment are the long-lived animals at the top of the food chain 

                                                

6 Gobas, F., and Ross, P.S. 2017. Health risk-based evaluation of emerging pollutants in Killer whales (Orcinus 

orca): priority setting in support of recovery. Unpublished research report.  

7 Stockholm Convention. 2001. 2256 UNTS 119; 40 ILM 532 (2001). 

8 Pearce, R., and Gobas, F. 2018. Evaluation of trends in PCB concentration and food- web transfer of PCBs to 

Resident Killer Whales. Report prepared for the Department of Fisheries and Oceans Canada. Unpublished. 
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(such as killer whales), as PCB levels can remain elevated due to bioaccumulation. This is 
exacerbated by the fact that cetaceans have a limited ability to metabolise higher chlorinated 
PCBs (Boon et al. 1997; Ross et al. 2000). PCB levels in killer whales are influenced by age 
and sex (Ross et al. 2000). For example, males become increasingly contaminated as they age, 
while levels decrease with age in reproductively active females, as they offload a percentage of 
their PCB burden to their young during gestation and lactation, potentially affecting the 
development of young calves (Ross et al. 2000).  

The consumption of Chinook salmon is a significant source of PCBs for these populations of 
fish-eating killer whales (Ross et al. 2000). The PCB loads of Chinook salmon stocks vary, and 
the majority of PCBs present in returning adult Chinook salmon are obtained while out at sea 
(Cullon et al. 2009; OôNeill and West 2009). The PCB concentrations in Chinook salmon 
sampled in BC and Washington exceed a dietary threshold (8 µg/kg) estimated as protective for 
95% of killer whales (Cullon et al. 2009). Southern Chinook salmon stocks consumed by SRKW 
have higher PCB contamination levels than the northern stocks consumed by NRKW, in 
particular the PCB load of Chinook salmon sampled in Puget Sound (in the Salish Sea) was up 
to five times higher than other populations (OôNeill and West 2009). The higher PCB loads in 
southern stocks is attributed to the fact that some Chinook salmon, termed óresidentsô, do not 
migrate, but rather remain in the Salish Sea area year round (OôNeill and West 2009), which 
includes areas highly contaminated with PCBs (Ross et al. 2004, 2006). Approximately 29% of 
hatchery subyearlings and 45% of yearlings that entered Puget Sound remained as residents 
(OôNeill and West 2009). Further increasing the exposure of SRKW to PCBs, the lipid content of 
more southerly Chinook salmon stocks is also lower, and SRKW may need to increase salmon 
consumption to compensate (Cullon et al. 2009). A small portion of RKW diet may include local 
non-salmonid fish, so consumption of fish residing in the more contaminated southern habitats 
may also contribute to the higher PCB loads observed in the SRKW population (Ross et al. 
2000; 2006).  Overall, SRKW are predicted to consume 6.6 times more PCBS through their diet 
than NRKW (Cullon et al. 2009 Ross et al. 2006).  

2.7.5 PCB Loads in  Resident Killer Whales  Over Time 

The burden of fat-soluble PCBs can be measured from samples of killer whale blubber. DFO 
began collecting biopsy samples of Resident and Transient Killer Whale blubber in 1993 (Ross 
et al. 2000). Analysis of data from the first three years of sampling (1993-1996; SRKW n=6; 
NRKW n=26; Transients n=15) found ×PCB levels in SRKW were three times higher compared 
to NRKW, likely due to different contaminant exposure from habitat and diet. SRKW have a 
higher overlap with the population centres and industrial areas of southern BC and northern 
Washington State, which contaminant studies on seals indicate is an area highly contaminated 
with PCBs (Ross et al. 2004, 2006, 2013). The sampling program by DFO continued, extending 
the time series from 1993-2009 for NRKW and 1993-2004 for SRKW (Ross et al. 2013 unpubl.9; 
Guy 2018 unpubl.5). A separate US study collected SRKW samples in 2004, 2006, and 2007 
(Krahn et al. 2007; 2009), and analysis indicated that PCB levels exceeded thresholds for health 
effects in marine mammals, and also that juveniles had significantly higher concentrations of 
POPs than adults due to maternal transfer (Krahn et al. 2009). A decrease in PCB levels was 
reported for SRKW sampled in 2004/2006 compared to 1993-1995 (Krahn et al. 2007). 
However, the analysis done by Krahn looked at 45 PCB congeners, and the analysis of previous 
samples consisted of 205 congeners (Ross et al. 2004, 2006, 2013 unpubl.9). Analysis of SRKW 
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samples collected by NOAA (USA) was conducted in 2015. In these samples ×PCBs from the 
SRKW population ranged from 10-48 (geometric mean = 24) mg/kg lipid in males and 3-44 
(geometric mean = 10) mg/kg lipid in females (Guy 2018 unpubl.5; Appendix II).  

The compilation of all ×PCB data collected to date on the killer whale populations in BC, 
allowed an analysis of trends over the complete time range (1993-2015 for SKRW, 1993-2009 
for NRKW) (Source of PCB data: Krahn et al. 2007;2009; Ross et al. 2013 unpubl; Guy 2018 
unpubl.5). PCB concentrations accumulated in killer whales varied by dietary preference, calving 
order, reproductive history, birth year and matriline membership (Pearce and Gobas 2018, 
unpubl.8). Male and female SRKW ×PCB levels did not significantly change from 1993-2015, 
indicating that PCBs continue to persist in SRKW (Table 6, Table 7; Gobas and Ross 2017 
unpubl.6). NRKW femalesô ×PCB levels also showed no significant change 1993-2009). 
However, male NRKW samples did exhibit a significant decline over the same time period 
(Table 6; Gobas and Ross 2017, unpubl.6). The lack of an observed decrease in females was 
attributed to a trend being masked by the higher individual variability in values in females as a 
result of differences in reproductive success.  

The observed differences in PCB load between males and females may indicate that 
reproductive offloading can introduce significant variability in these observations, particularly in 
populations where reproduction has been affected and pregnancy failures may be occurring. 
Male PCB levels may be a more reliable indicator of temporal PCB changes in KW exposure to 
PCBs, as they are less likely to have as much variability as females with different reproductive 
histories. This is supported by evidence from a ×PCB trend analysis from the larger and 
healthier Resident Killer Whale population in Alaska, where declines in PCB levels have been 
observed in both sexes over a similar time period (Gobas and Ross 2017, unpubl.6).  

A recent food web analysis (Pearce and Gobas 2018, unpubl.8) incorporated sediment �™PCB 
values (Guy 2018 unpubl.5) into an existing bioaccumulation model (Lachmuth et al. 2010; 
Alava et al. 2012, 2016) to examine PCB transfer from sediments to killer whales in different 
areas. The sediment measurements that inform the model indicate significant declines in total 
PCBs in samples from the North coast (2011-2015) and BC Strait of Georgia (2010-2017), 
whereas samples in US SKRW habitat showed an increase (2010-2016), although the data did 
not have a good linear fit. The model estimates of �™PCB concentrations in adult male and 
female RKW based on these sediment values were generally close to the observed, except for 
when using sediment from the US SRKW habitat. In these cases, the model greatly over 
predicted �™PCB levels in killer whales, as �™PCB levels in the sediments of Puget Sound are not 
representative of the rest of the SRKW habitat. While Puget Sound sediments are highly PCB 
contaminated, it is estimated that SRKW spend only 6% of their time in that area (Pearce and 
Gobas 2018 unpubl.8). In the BC areas of SRKW habitat, the model better predicted PCBs in 
killer whales, and SKRW are thought to spend 18% of their time in BC SRKW critical habitat and 
3% in the BC Strait of Georgia (Lachmuth 2010; Pearce and Gobas 2018 unpubl.8).   
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Table 6 - Summarised ×PCB data for male Northern and Southern Resident Killer Whales.  Age categories are based on Vélez-Espino et al. 
2014a; 2014b). The category for calves (<1) was excluded due to lack of data. Values under each mean represent the range of mean values 
within that category. Sample data where sex was unknown were excluded.  

Eco-
type 

  

 Date 
range 

  

Source 
  

Congeners 
analysed 

  

�T�W������geometric mean, and range 
 mg·kg-1 lw 

Juveniles (1-9) n 
Young 

males (10-
21) 

n 
Older males 

(22+) 
n 

All adults 
males (10+) 

n 

N
R

K
W

 1993-
1996 

Ross et al. 2000 205 17.27 
10.80-27.90 

3 20.6 
20.00-21.20 

2 25.2 
2.42-49.60 

8 24.28 
2.42-49.60 

10 

1993-
2009 

Ross et al. 2013 unpubl.9 
(collated by Guy 2018 unpubl.5) 

205 10.62 
3.27-27.90 

10 10.54  
2.60 - 23.70 

21 19.32  
0.72 - 49.60 

13 13.79 
0.72-49.60 

34 

S
R

K
W 

1993-
1996 

Ross et al. 205 - - 63.20 
sole value 

1 119.80 
5.93-192.0 

3 105.78 
5.93-192.00 

4 

1993-
2009 

Ross et al. 2013 unpubl.9 
(collated by Guy 2018 unpubl.5) 

205 - - 27.93 
8.53 - 63.20 

4 151.98 
5.93-248.00 

4 89.96 
5.93-248.00 

8 

2004, 
2006 & 
2007 

Krahn et al. 2007; 2009 45 38.00 
34.00-41.00 

3 40.43 
22.00-74.00 

7 91.33 
38.00-180.00 

3 55.70  
22.00-180.00 

10 

2015 Guy 2018 unpubl.5 209 37.60 
27.70-47.50 

2 - - 10.30 
sole value 

1 10.30  
sole value 

1 

1996-
2015 

All combined 
(Ross et al. 2000; 2013; Krahn, 2007; 

2009; Guy 2018 unpubl.5) 

45, 205 
and 209 

37.84 
27.70-47.50 

5 35.88 
8.53-74.00 

11 111.53  
5.93-248.00 

8 67.73 
5.93-248.00 

19 

1996-
2015 

All combined  
excluding Krahn data 

205 and 
209 

37.60 
37.60-47.50 

2 27.93 
8.53-63.20 

4 123.65 
5.93-248.00 

5 81.11 
5.93-248.00 

9 
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Table 7 - Summarised ×PCB data for female Northern and Southern Resident Killer Whales.  Age categories are based on Vélez-Espino et al. 
2014a; 2014b). The category for calves (<1) was excluded due to lack of data. Values under each mean represent the range of mean values 
within that category. Sample data with unknown sex were excluded. 

Eco-
type 

  

 Date 
range 

  

Source paper 
  

Congeners 
analysed 

  

�T�W�������P���}�u���š�Œ�]�����u�����v�U�����v�����Œ���v�P�� 
 mg·kg-1 lw 

Juveniles 
 (1-9) 

n 
Young 

females 
 (10-30) 

n 
Older 

reproductive 
 (31-50) 

n 
Post 

reproductive 
(51+) 

n 
All adult 
females 
 (10+) 

n 

N
R

K
W

 

1993-
1996 

Ross et al. 2000 205 40.67 
9.80-109.00 

4 7.09 
0.48-15.40 

6 1.81 
1.04-2.58 

2 19.65 
9.45-25.50 

3 9.56 
0.48-25.50 

11 

1993-
2009 

Ross et al. 2013 unpubl.9 
(collated by Guy 2018 

unpubl.5) 
205 25.76 

4.12-109.00 
12 7.79  

1.37-25.00 
21 2.38  

1.04-6.37 
5 

17.1  
9.45-25.5 

3 7.87  
0.48 -25.50 

30 

S
R

K
W 

1993-
1996 

Ross et al., 2000 205 - - 74.70  
sole value 

1 34.70  
sole value 

1 - - 54.70 
34.70-74.70 

2 

1993-
2009 

Ross et al. 2013 unpubl.9 
(collated by Guy 2018 

unpubl.5) 
205 - - 74.70 

sole value 
1 34.70 

sole value 
1 - - 54.70 

34.70-74.70 
2 

2004, 
2006 & 
2007 

Krahn et al. 2007; 2009 45 62 
sole value 

1 17.97 
4.30-45.00 

3 8.90 
sole value 

1 
67.33 

27.00-120.00 
3 37.83 

4.30-120.00 
7 

2015 Guy 2018 unpubl.5 209 - - 16.85 
3.01-44.10 

5 4.83 
 sole value 

1 - - 14.85 
3.01-44.10 

6 

1996-
2015 

Guy 2018 unpubl.5  
(collated Ross et al. 2000; 
2013; Krahn 2007; 2009; 

Guy 2018 unpubl.5) 

45, 205 
and 209 

62 
sole value 

1 23.65 
3.01-74.70 

9 16.14  
4.83-34.70 

3 67.33 
27.00-120.00 

3 30.89 
3.01-120.00 

15 

1996-
2015 

As above, but excluding 
Krahn samples 

205 and 
209 

- - 26.50 
3.01-74.70 

6 19.77 
4.83-34.70 

2 - - 24.81  
3.01-74.70 

8 
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2.7.6  Biological Impacts  of PCB s [7,8] 

PCBs can have a variety of dose-dependent toxic effects on mammals including 
immunosuppression, reproductive impairment, and impacts to the endocrine system (Buckman 
et al. 2011; Jepson et al. 2016; Lundin et al. 2016; Mongilo et al. 2016). Reproductive impacts 
are of particular note as PCBs have been implicated in decreases in cetacean reproductive 
success [6] and increases in calf mortality [8], suggesting they may have an important role in 
population declines and suppression of population recovery in some killer whale populations 
(Jepson et al. 2016; Hall et al. 2018; Desforges et al. 2018). In grey seal pups, maternally-
transferred PCBs disrupt glucose uptake and lactate production in fat (adipose) tissues, and 
POP levels in 3 week old seal pups are high enough to impact adipose function (the ability to 
regulate and generate blubber), potentially impacting survival (Hall et al. 2001; Robinson et al. 
2018). The effects that POPs have on adipose function is considered to be highest in young 
marine mammals, and are modified by nutritional state and the depth of blubber (Robinson et al. 
2018). For example, post-weaning, POP levels in fasting young seal pups can increase further 
as lipids mobilise, with lipophilic POPs concentrating in remaining blubber and less lipophilic 
POPs being released into the blood (Debier et al. 2003a; 2003b; 2006; Louis et al. 2016). This 
may be relevant to other marine mammals such as killer whales as elevated POP levels have 
been associated with altered adipose gene expression (Buckman et al. 2011).  

However, direct health effects of PCB contamination on RKW have not been clearly 
demonstrated or quantified to date due to the challenge of determining causal relationships 
amidst other factors influencing health (Hickie et al. 2007; Pearce and Gobas 2018, unpubl.8). 
One way to address this is to infer toxicological effects from other mammals and use these 
relationships in bioaccumulation models. Combining findings from related studies can be used 
in a óweight of evidenceô approach to assess population-level toxicological risk, as done by Ross 
(2000). In the absence of killer whale-specific information, a PCB bioaccumulation/depuration 
model developed by Hall et al. (2006, 2018), based on experiments on a land mammal, has 
been used to model the impact of PCBs on population growth as a reduction in survival of killer 
whale calves based on the PCB levels of their mothers at the time of their birth [8]. How PCBs 
impact male fecundity and the way this contributes to the overall impacts of PCBs on RKW 
population fecundity is uncertain, though there is some evidence that high PCB levels may 
impact testes development. An 18 year old male SRKW (J18) that died in 2000 had high PCB 
levels and undeveloped testes, unusual at that age, possibly indicating maturity was affected by 
PCB contamination (K. Balcomb, Center for Whale Research, WA, pers. comm.). Though this 
aspect has not been considered here, it is an area that may be explored further using necropsy 
data, and potentially incorporated into future iterations.  

A recent study compared PCB concentrations in worldwide killer whale populations to 
concentration-response relationships for reproductive impairment and immunotoxicity-related 
disease mortality (Desforges et al. 2018; based on Hall et al. 2018) [7,8]. The Desforges et al. 
(2018) study concluded that more than half of the worldôs killer whale populations are at risk of 
long-term population level effects as a result of the impacts of PCBs on reproduction and 
immune function. The model linked PCB impacts on immunity to the probability of survival using 
relationships between immune suppression and disease mortality (Luster et al. 1993).  

With normal reproductive activity, PCB levels in females should decrease over time due to 
offloading from mother to calf during gestation and lactation. Levels should then increase again 
after reproductive senescence (a U shaped pattern, as observed in NRKW by Ross et al. 2000). 
In cases where levels in females are not showing this decrease, but follow similar trends to 
males, it may indicate reproductive failure, such as is the case in some highly contaminated 
European populations (Jepson et al. 2016). In industrialised areas of Europe, only small killer 
















































































































