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ABSTRACT

The purpose of this study is to explore the implications of the historical perspective 

when it is linked to the ecological concept of adaptive management. The vehicle for this 

exploration is a genetically distinct population of killer whales {Orcinus orca\ whose core 

coastal habitat includes the inland waters of Georgia Strait, Juan de Fuca Strait and Puget 

Sound; a geographic region referred to as the "Salish Sea." This stock of killer whales, 

known as the Southern Resident Community, is unique in having a detailed scientific 

record that spans over two decades and recently this population was listed as “threatened” 

by the Committee on the Status of Endangered Wildlife in Canada (April 1999).

The goal of this study is to take account of the specific ecological history of this 

killer whale population, and provide an assessment of the resiliency of this stock to 

withstand present levels of human impacts.

In Chapter 1 the academic concepts of historical ecology and adaptive 

management are reviewed in preparation for their application as theory. Chapter 2 is an 

inventory of the ecological domain, in which the focal population is assessed by 

temporally measurable indicators o f its ecological status: population dynamics, feeding 

ecology, and habitat use. In Chapter 3 temporally measurable indicators of stress such as 

predation, disease, food resource depletion, toxic exposure, surface disturbance, and 

underwater noise are examined for their impact upon the carrying capacity of the 

environment of the whales. Chapter 4 plots both sets of indicators historically as trends in 

variation from the Sample Mean at different time scales (months, years, decades, 

centuries), and indexes them in terms of perturbations from the historical norm.

In Chapter 5 four basic types of historical trends in environmental impacts are identified 

that are directly relevant to evaluating the resilience of the management unit. These 

historical indicators of resiliency are:

1 ) Relic impacts - potential impacts that are no longer present, but may account for 
present conditions.

2) Adapted impacts - potential impacts that have been around long enough for the 
management unit to have adapted to them.



3) Cumulative impacts- potential impacts that accumulate slowly in the 
environment or life history of the management unit before exerting 
environmental resistance.

4) New impacts - potential impacts with which the management unit has not had 
previous experience.

These four historical criteria allow the manager to identify the most sensitive 

impacts for present conditions, and identify scales of management for restorative 

intervention. This resiliency index should have application for most types of ecological 

systems, or management units, because it describes very generalized types of temporal 

outcomes, independent o f scale and life history pattern o f the management unit.

In terms o f the focal population of killer whales in this study, the historical 

assessment suggests that: 1) these whales are presently a remnant population due to killing 

and capture by European settlers from the turn of the century to the 1970s; 2) they have 

bio-accumulated toxins during the highest historical periods of environmental pollution in 

the Salish Sea, and this toxic exposure will continue to increase for the whales over the 

next few decades; 3) this killer whale population has never previously experienced a lack 

of salmon, so diminishing salmon stocks are potentially a new stress on them; and 4) these 

killer whales have adapted to vessel traffic and noise for several decades in relation to 

vessel-based salmon fishing operations, and that this influence has recently been replaced 

by record levels of whale watching traffic, which potentially poses more severe impacts 

than fishing vessels because the boats follow the whales, rather than their prey.

This historical assessment facilitates the application of “adaptive management” 

strategies for these whales by providing the basis for predicting the current “resiliency” of 

this population to adapt to environmental conditions.
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Chapter 1

Historical Ecology and Adaptive Management

INTRODUCTION

The modem discipline of "Historical Ecology" (Worster, 1984; 1990; Crumley, 

1994; Winterhalder, 1994) is a simple joining of two familiar scholarly pursuits: history - 

the branch of knowledge that systematically analyzes past events (Wells, 1920; White, 

1967; McNeil, 1971; Toynbee, 1972; Worster, 1984; Diamond, 1997), and ecology - the 

science that analyzes relationships between organisms and their environments (Odum, 

1963; 1969; Bateson, 1979; Ricldefs, 1979; Allen and Hoekstra, 1992; Ulanowicz, 1997). 

The combination of these two disciplines is nothing new, but the application of historical 

ecology to management has developed slowly (Leopold, 1949; Holling, 1973; 1978; 1986; 

Bateson, 1972; Botkin and Sobel, 1975; Walters, 1986; Winterhalder, 1994), and only 

recently has this perspective started to become standard procedure among some 

environmental scientists (Beamish and Bouillon, 1993; Francis and Hare, 1994; Bigler et 

al., 1996; Downton and Miller, 1998). The present study is a contribution towards further 

promoting the use of historical ecology in guiding management practice by applying it to 

an assessment of a “threatened” population of killer whales.

The historical ecology of this population (the “Southern Resident Community” 

after: Bigg et a i, 1976; 1987; Ford et a i, 1994 ; Baird 1999) will be constructed by 

systematically examining trends in available historical records that are deemed ecologically

Committee on the Status of Endangered Wildlife in Canada (22. April, 1999).
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relevant to these whales. Then this historical context will be applied towards the 

identification of management options for the population. The school of theory associated 

with "adaptive management" (Holling, 1986; Walters, 1986; Winterhalder, 1994) will 

serve as the conceptual framework for the recommended management strategies.

In this chapter the modem scope of historical ecology and adaptive management 

will be reviewed in preparation for their application as theoretical framework for the 

study. Following the review of theory, a description of the general methodology employed 

for the present study will conclude the chapter.

In the chapters that follow, this methodology will be implemented by assembling 

baseline information and historical indicators for the “Southern Resident” killer whale 

population (Chapt. 2), identifying indicators for potential human impacts (Chapt. 3), and 

then plotting these two sets of historical indicators at different time scales and identifying 

trends (Chapt. 4). In the final chapter the findings from this historical analysis will be 

applied to the development of a list of management options for these killer whales based 

upon an assessment of their adaptive resiliency under present conditions.

Historical Ecology

The historical examination of past events in relation to humans and the 

environment has attributed antecedents dating back to Sumer, Eygpt and Macedonia 

(White, 1967; Voget, 1975; Hardesty, 1977; Simmons, 1979; Worster, 1984; Johnston 

1987; Crumley, 1994; Diamond, 1997), and is a logical conceptual precursor to any sort 

of a planned society (Service, 1975). The systematic "scientific" investigation of recent 

historical data on past environmental conditions has been carried out by geographers, 

archaeologists, biologists, and historians, for well over a century (Marsh, 1864; 1965; 

Wells, 1920; Barrows, 1923; Sauer, 1925; 1941; Leopold, 1949; Steward, 1963; White, 

1967; Voget, 1975; Hardesty, 1977; Simmons, 1979; Worster, 1979; 1984; 1988;
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Johnston, 1987; Butzer, 1982; Thomas, 1989; Roberts 1989; Diamond, 1997). However, 

in the context of present day human impacts on the biosphere, "historical ecology" is no 

longer an esoteric exploration of past events, it is now the source of critical information 

necessary to piece together an effective adaptive response to human impacts on planetary 

resources (W"nite, 1967, Ehrlich «?/c?/., 1977; Botkin, 1990; Worster, 1984; 1990;

Crumley, 1994). Historical ecology documents the sequence of combined ecological 

pathways responsible for present conditions, as well as the ecological pathways that now 

need to be nurtured in order to redirect progress towards more stable conditions (Holling, 

1986; 1992; Popper, 1990; Botkin, 1990; Allen and Hoekstra, 1992; Crumley, 1994; 

Ulanowicz, 1997).

A compelling reason for separately identifying historical ecology as a focused 

discipline stems from its relevance for understanding the antecedents of current 

environmental issues (Marsh, 1864; Leopold, 1949; White, 1967; Worster, 1979; 1988a; 

1990; Cronon, 1983; Crumley, 1994; Marquardt, 1994). This present trend towards a 

historical perspective in environmental science has been supported by: 1 ) the necessity of 

environmental scientists to document natural conditions prior to impact (Holt and Talbot, 

1978; Soule and Kohm, 1989; Botkin, 1990); 2) by the development of new technologies 

allowing more precise dating methods, computer modeling, and remote sensing in the 

fields of geography, archaeology and resource management (Holling, 1978; Aronoff,

1989; Mitchel, 1989; Roberts, 1989; Thomas, 1989; Cmmley, 1994), and 3) the 

assimilation of these scientific data sources into the traditional "humanities only" 

orientation of history departments (White, 1967; Simmons, 1979; Cronon, 1983; Worster, 

1984; Ingerson, 1989; 1994; Diamond, 1997).

Dove-tailing with this trend, historical ecology also has a central position as a 

methodology for the recent "scientific revolutions" in the physical and natural sciences that 

have emerged during this century (Capra, 1982; Prigogine and Stengers, 1984;
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Popper, 1990; Groemer, 1993; Ayres, 1994; Ulanowicz, 1997). This new perspective 

presents history as cumulative and probabilistic, not as a predictable machine (Gould,

1977; Prigogine and Stengers, 1984; Popper, 1982; 1990; Diamond, 1997). In this view, 

history is not settling towards some universal equilibrium, but is asymmetrically increasing 

in complexity over time, and continuously re-setting to new equilibriums (Prigogine and 

Stengers, 1984; Popper, 1990; Groemer, 1993; Ayres, 1994; Ulanowicz, 1997).

Historical ecology is a natural offspring of this new scientific view of cosmology because 

its focus is explaining the unique web of temporal precursors to present conditions, and it 

provides the necessary context to understand and predict the unfolding complexity. Now 

that the universe has been shown to be ultimately ascendant (Ulanowicz, 1986; 1997), 

historical ecology offers the process by which to intelligently narrow the assessment of 

possibilities for future outcomes (Popper, 1990; Ulanowicz, 1997).

Adaptive Management

The implications o f the current "scientific revolution" in the cosmological sciences 

(Popper, 1990; Groemer, 1993; Ayers, 1994; Ulanowicz, 1997) has also found application 

in resource management theory in association with the field of "adaptive management" 

(Holling, 1973; 1978; 1986; 1992; Botkin and Sobel, 1975; Clark, 1985; Mitchell, 1989; 

Botkin, 1990; Duffus and Dearden, 1990). Adaptive management has paved the way in 

finding systematic approaches that recognize the stochasticity and complexity of natural 

systems', and incorporates these qualitative characteristics into flexible management 

strategies, rather than strict management plans (Holling, 1978; 1986; Mitchell, 1989; 

Winterhalder, 1994).

The term “sy stem” in this adaptive management scheme refers to any focal ecological system, or 
management unit, such as a specific population, habitat, ecological community, regional energy-matter 
cycle, regional economy, or ecosystem (Allen and Hoekstra, 1992; Winterhalder, 1994).
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In adaptive management the objectives are two-fold: 1) improving the system’s 

resilience for adapting to change, rather than a specifically prescribed stable condition, and 

2) maintaining flexible management strategies that are modified depending upon how the 

system behaves (after: Holling, 1978; 1986; Bateson, 1972; Botkin and Sobel, 1975; 

Walters, 1986, Duffiis and Dearden, 1990, Allen and Hoekstra, 1992; Winterhalder,

1994). To quote some of the prominent proponents of this approach,

"The [adaptive management] approach ... places emphasis on the dynamics of 
ecological systems and the need to recognize on the one hand those elements that 
are sensitive to management and on the other, those that are robust (Holling,
1986, pg. XI)."

"the most effective management will recognize the manner in which the context is 
missing, it will identify the services that the context would have offered to the 
managed unit, and it will subsidize the managed unit to as close to that extent as 
possible. ... good management will create situations that are sustainable.
Sustainable solutions can only be achieved if the manager works with the 
underlying processes in the system to be managed, not against them (Allen and 
Hoekstra, 1992, p. 276).”

Stability and Resilience

Two key concepts that have played a role in the adaptive management approach are 

ecosystem stability and resilience (Holling, 1973; Botkin and Sobel, 1975; Costanza, 

1991; Ulanowicz, 1997). Traditionally in science the concept o f stability relates to 

conditions o f systems that are very near measured equilibrium points (Holling, 1973; May, 

1973; Botkin & Sobel, 1975; Ricklefs, 1977; Ulanowicz, 1997). The equilibrium is when 

all the measurable system parameters are at, or near, their mean or average, over time 

(Botkin and Sobel, 1975; Botkin, 1990; Allen and Hoekstra, 1992; Ulanowicz, 1997). 

When a system is disturbed it fluctuates away from equilibrium in some of its variables, 

and then stabilizes back to near equilibrium values after it has adapted to the disturbance. 

In ecology this classical concept of stable equilibrium has been fundamental for the 

measurement and description of interacting relationships between variables ranging from
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biogeochemical cycles, to predator-prey interactions (Ricldefs, 1977; Ehrlich et a i, 1979; 

Botkin, 1990; Allan and Hoekstra, 1992; Ulanowicz, 1997); and it will play a central role 

in the analysis of trends for this study.

But another form of stability that has also emerged from the study of ecology, is the 

existence of relatively non-stable complex systems, that exhibit “stability" by not 

succumbing to extinction over time, despite their tendency at some scales to exist in states 

far from equilibrium (Holling, 1973; 1986; 1992; Ulanowicz, 1986; 1997; Botkin, 1990; 

Allen and Hoekstra, 1992). These are ecological systems like some parasite-host and 

predator prey relationships, and plant communities adapted to a fire ecology, flooding, or 

agriculture, that persist and remain stable over time, despite the fact that they exhibit 

fluctuating perturbations away from equilibrium at smaller scales (Holling, 1973; 1986; 

Botkin, 1990; Allen and Hoekstra, 1992; Ulanowicz, 1997).

From a historical perspective resilient systems remain stable in terms of avoiding 

extinction, they are persistent in spite of their fluctuations in some conditions, and often 

increasingly adaptive in a larger context as a result of this complexity (Holling, 1973;

1992; Allen and Hoekstra, 1992; Ulanowicz, 1997). The documentation of behavior over 

large time-scales is therefore fundamental to any characterization o f a management unit's 

resiliency. In the present study, one of the primary objectives o f viewing the data at 

different time scales is to provide a hierarchy of contexts (Allen and Hoekstra, 1992; 

Ingerson, 1989; 1994; Ulanowicz, 1997) from which to identify any potential human 

impacts that stress the resiliency of this killer whale population.

When applying this concept of resiliency to the actual management strategy, the 

logical prescription for how to manage the system distinctly changes from imposing a 

stable equilibrium according to design, to one that first must distinguish natural 

instabilities from anthropogenic ones, and then manage flexibly towards self-maintained 

stability o f the system. To quote C.F. Holling (1973) once again;
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A management approach based on resilience,... would emphasize the need to 
keep options open, the need to view events in a regional rather than a local context, 
and the need to emphasize heterogeneity. Flowing from this would be not the 
presumption of sufficient knowledge, but the recognition of our ignorance; not the 
assumption that future events are expected, but that they will be unexpected. The 
resilience framework can accommodate this shift of perspective, for it does not 
require a precise capacity to predict the future, but only a qualitative capacity to 
devise systems that can absorb and accommodate future events in whatever 
unexpected form they may take (Holling, 1973; pg.21)."

The Conceptual Framework

To place this approach in a conceptual framework for wildlife management, Duffris 

and Dearden (1990) presented the model depicted in Figure 1, for application in a 

recreational-use context. In this wildlife-use scenario the interaction between humans and 

wildlife begins with the historical relationship and evolves in a series o f phases where 

interspecific interactions are adjusted through management, modifying both the human 

users and the host ecosystem (Duffris, 1988). As illustrated in Figure 1, the management 

nodes are positioned as two related feedback loops, one in the strictly human domain and 

the other in the ecological domain, illustrating how management strategies are adjusted as 

the result o f interaction outcomes. The adaptive flexibility in both domains is critical to 

achieving a sustainably balanced relationship in which both species continue to meet their 

habitat requirements over time (DuffUs and Dearden, 1993).

In this study, the diagram in Figure 1 will be followed like a map (Figure 2); 

Chapter 2 will be the inventory of the ecological domain, in which the focal population 

will be indexed in terms of temporally measurable indicators of its ecological status; in 

Chapter 3, the hitman domain will be inventoried and indexed in terms of temporally 

measurable indicators of stress upon the theoretical carrying capacity of the focal
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Figure 1
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population, and in Chapter 4, both sets of indicators will be traced historically at different 

time scales, and indexed in terms of perturbations from the historical norm. These findings 

will provide a basis for the historical relationship described in Figure 1, and thus the 

benchmark for evaluating management practices. In Chapter 5 this information is then 

presented as a table of management options derived from the historical assessment.

As indicated in Figure 1, the historical perspective is the critical starting point in an 

adaptive management approach, but in most management situations it is distinctly missing, 

leaving managers working with indicators that are blind outside the present



Chapter 1; R.Osbonie, Doctoral Dissertation, Dept Geography, University o f Victoria

Figure 2
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context. Under circumstances where the history of the system is unknown, present 

indicators may be misleading because they are being influenced by a larger context that is 

not being accounted for (Allen and Hoekstra, 1992). Historical influences can also over­

ride or counteract the management regime, or enhance some undesired variable. To avoid 

these pitfalls the present study is an attempt to systematically reconstruct the history of the 

management unit, and its human influences, before the management strategy is devised or 

implemented.
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The Management Unit - Southern Resident Community (J,K and L-Pods)

The management unit for this study is a geographically and genetically distinct 

population of killer whales, or orcas {Orcinus area), known as the "Southern Resident 

Community" (after: M.A. Bigg etal., 1976; 1987; 1990). This population is currently 

declining, and has just been listed as a federally "threatened stock" by the Committee on 

the Status o f Endangered Wildlife in Canada (COSEWIC, 1999; Baird, 1999). This killer 

whale population presently consists of four interbreeding maternal family lines (4 Pods) 

totaling 84 members (Ford et al., 1994; Balcomb, 1997; Ginneken and Ellifntt, 1999). 

Geographically their core coastal habitat includes the various inland waters of Southern 

Vancouver Island and Washington State, an area recently referred to as the "Salish Sea" 

by some authors (Yates, 1992; Garrett, 1995; Figure 3).

The geographic name “Salish Sea” (Yates, 1992; Garrett, 1995; Figure 3), 

recognizes both the culturally distinct native bands that traditionally inhabited this region 

for millennia prior to European contact (Drucker, 1965; McMillan, 1988), and the fact 

that the Salish Sea is physiographically an identifiable unit bounded by tidal exchange and 

a finite watershed (Thomson, 1981; Figures 3 and 4). Beyond these existing physical and 

ethnic boundaries, human development patterns over the last 100 years have also 

contributed spatial uniformity to this region (Vance, 1990; Turner, 1990; Schwantes,

1996; Fleming, 1997). The Georgia and Puget Sound basins represent a single 

urban/industrial realm, with similar patterns of coastal population density and resource use 

centered upon the primary urban centers and coastal ports for western Canada 

(Vancouver/ Nanaimo/Victoria B.C) and the northwestern United States (Seattle/

Everett e/Tacoma, WA). Outside of the Salish Sea the surrounding coastal areas can be 

clearly demarcated as "hinterland" in all directions. The single term "Salish Sea" avoids 

the myriad names for this region that have resulted in part fi'om its geographic status as 

two different nations (Figure 3).
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Figure 3 The Salish Sea
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Figure 4 The Salish Sea Watershed’
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In addition to being listed as “threatened” in Canada under COSEWIC, the 

Southern Resident Community of killer whales is unique from other killer whale 

populations because their history can be readily reconstructed: 1) they have shared these 

same inland waters with humans for millennia, 2) there is an existing 20 year data base on 

many aspects of their biology and ecology, and 3) their core habitat is presently the most 

densely populated by humans of any other killer whales in the world. This allows the 

recorded history of humans in the region to be directly tied to these whales, providing a 

more complete record of their environmental history than would be possible for any other 

population.

A Methodology for a Historical Ecology

If historical ecology is to be taken as "the multi-scalar and multi-temporal study of 

the dynamics between (a management unit) and the physical environment (Marquardt, 

1994, p. 204)", then at its very foundations it will be necessary to: I) assemble a suite of 

relevant measurements over long time periods, and 2) develop a systematic approach to 

comparing temporal trends of these different types of data at different time scales (Sheail, 

1980; Reinhold, 1987; Worster, I988;Marquardt, 1994; Hassan, 1994). The process by 

which this has been undertaken for the present study will be reviewed in this section. 

Identifying Relevant Variables

The first step in assembling data for a historical ecology is identifying what might 

be relevant to the ecological system being studied; the ecological sphere of Figure 1. This 

requires a thorough review of data on the present status of the management unit being
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investigated in order to identify the best possible data, and the features of the system that 

can be represented by longitudinal indicators.

Only after this process of identifying the ecological qualities of the management 

unit, should the specific types of historical records that might serve as indicators be 

identified. Obviously, these qualitative categories are ultimately subjective and arbitrary, 

but if they are logical in terms of present measurable conditions, and clearly defined, then 

they can serve as an effective basis upon which to focus the search for existing historical 

data, and after that, the focus for management.

The historical records utilized in the study therefore, should ideally be dictated by 

how well they represent the ecological relationships being assessed, and not chosen just 

because they exist. In practice, however, unless managers are willing to wait for the 

results of their own longitudinal research, they are faced with a limited choice of available 

historical records, and must make do (Sheail, 1980; Worster, 1988; Crumley, 1994; 

Hassan, 1994). The objective is not to compile the ultimate historical archive, but to 

obtain an assessment of historical factors based upon relevant trends; and from those 

trends, distinguish resiliency from acute impacts.

Assembling Historical Data

Perhaps the biggest challenge for the construction of a historical ecology is 

obtaining long-term data sets (Sheail, 1980; Reinhold, 1987; Worster, 1988; Crumley, 

1994; Hassan, 1994). The value of the information being compiled is obviously limited by 

the quality and continuity of available records. If a variable contains a discrete 

quantitative measurement that is reliable over a long time series, then it is obviously more
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valuable than anecdotal references, but anecdotal records should rarely be ignored. 

Anecdotes at the very least provide a point of reference for further investigation (Sheail, 

1980; Worster, 1988; Hassan, 1994), and often provide information about extreme events 

that are more likely to be associated with an environmental impact.

The focus here is on environmental indicators for the marine environment. Sea 

surface temperature is one fundamental variable that should be sought in such a study 

(Roberts, 1989; Newton, 1995), and in some regions there are data bases that go back 

over 100 years for this variable (Newton, 1995; Downton and Miller, 1998). Other data 

sets of oceanographic variables covering the last 50 years are regionally available for 

measurements such as sub-surface temperature, salinity, and dissolved oxygen, and 

atmospheric measures such as precipitation and air temperature (Newton, 1995). Climatic 

indices like the El Nino Southern Oscillation Index (ENSO; Philander, 1990; Newton, 

1995) and the Pacific Interdecadal Oscillation (PDO; Mantua et a i, 1997; Downton and 

Miller, 1998) are also available. These latter indices have been constructed from a 

combination of oceanographic variables assembled from the 1950s to the present 

(Philander, 1990).

Records on the commercial exploitation of living resources can also provide very 

valuable long-term data sets on the marine environment (Holt, 1969; Holt and Talbot, 

1978; Roos, 1990; Groot and Margolis, 1991). In the present study salmon catch 

statistics and governmental salmon abundance estimates are utilized as historical variables 

to track the primary food resource of the study population of killer whales (Roos, 1990; 

Pacific Salmon Commission, 1985-1998; WDFW, 1996). Additional environmental data
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sets that are available to historical ecologists looking at the marine environment, include 

marine sediment cores and coastal archaeological sites (Siemans, 1966; Levings and 

Thom, 1994; Crumley, 1994; Marquardt, 1994). These data sources have the potential to 

yield huge amounts of information ranging from sequences of marine floral and faunal 

remains (Roberts, 1989) to sedimentation patterns of toxic wastes (Macdonald and 

Crecelius, 1994).

The best data sets are terrestrial, and have been collected by historically-minded 

natural scientists in physical geography, archaeology, geology, climatology, forestry, 

landscape ecology, and limnology (Kormondy, 1969; Sheail, 1980; Reinhold, 1987; 

Worster, 1988; Roberts, 1989; Crumley, 1994; Hassan, 1994; Newton, 1995). When 

these scientific records are then combined with less accurate governmental statistics on 

human activities, and the historical print media, there is a potential abundance of material 

from which to build corroborating historical evidence. In this study the objective is to gain 

an initial assessment of basic historical trends that can be immediately applied to 

management.

Besides finding appropriate variables to track for the specific ecological history 

being constructed, another common problem in the methodology of historical ecology is 

dealing with data sets that are either incomplete in some fashion, or have large breaks in 

their sequence (Roberts, 1989; Hassan, 1994; Crumley, 1994). In almost all cases there 

will be gaps in the temporal sequence. Yet, when tiying to extrapolate trends over 

different time scales (diurnal, seasonal, annual, decadal, centennial, millennial,...), these 

gaps are unavoidable. Under these circumstances the investigator is faced with either
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rejecting the data, systematically bridging the gaps, or creating estimates (Sheail, 1980; 

Worster, 1984; 1988; Hassan, 1994). So instead of rejecting the data in all cases, a 

systematic way of estimating needs to be employed.

In dealing with gaps in a data series, the most obvious procedure is to insert the 

calculated mean for the series, or to bridge the difference between the points at either end 

o f the gap with a simple stepwise function (Box and Jenkins, 1976; Zar, 1996). In this 

study both of these procedures are utilized depending on the nature of the gap. However, 

particularly when extrapolating to the larger time scales, outright estimates are really the 

only recourse, which has also been employed in this study where it was deemed necessaiy. 

However, in all these procedures, as long as the gap-function or the estimate is explicitly 

described, then the findings are easily traced to their original values and available to 

modification with the advent o f new information.

Once the data sets are assembled they are potentially available for a multitude of 

different analytical procedures, depending upon their sampling accuracy (Sheail, 1980; 

Worster, 1988; Crumley, 1994; Hassan, 1994; Marquardt, 1994). However, the chief 

problem with historical data, particularly human records, is that there is almost always no 

measurement o f data collection effort, and so by its nature, the homogeneity of the data is 

invalid for most statistical analyses (Zar, 1996). Exceptions to this problem can be found 

in scientific data sets where uniform data collection is satisfied, such as the annual photo­

identification data for population composition of killer whales used in this study (Olesiuk 

et a i, 1990; Brault and Caswell, 1993; Ginneken and Ellifntt, 1999) or when measuring 

extant empirical environmental variables such as radio-active isotopes (Stuiver and
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Pearson, 1986), tree rings (Pierson and Turner, 1998), sediment cores (Crecelius et al., 

1995), and material stratification in archaeological sites (Borden, 1968; Thomas, 1989; 

Crumley, 1994; Marquardt, 1994). Other potentially valuable data sets, such as 

government records of vessel traffic, park visitors, recreational salmon catch, and even 

human population and sea surface temperature, are all unlikely to satisfy statistical 

homogeneity, especially when they span several human lifetimes. This then, presents a 

problem for doing analysis once the longitudinal data sets are finally assembled, and is one 

reason multi-scaler and multi-temporal systematic scientific studies o f history are so rare 

(Cronon, 1983; Worster, 1984; 1988; Crumley, 1994).

Comparing Trends at Different Time Scales

One of the primary reasons for constructing a historical ecology is to gain insights 

on the focal ecological system, or management unit, by comparing its behavior from the 

perspective of different time scales (Allen and Hoekstra, 1992, Ingerson, 1989; 1994).

This provides a mechanism for evaluating resiliency as the relationship between lower 

level chaotic behavior relative to stabilities operating at larger scales (Margalef, 1969; 

Botkin and Sobel, 1975; Allen and Starr, 1982; Holling, 1973; 1986; 1992; Prigogine and 

Stengers, 1984; Allen and Hoekstra, 1992). As mentioned in the previous section, the 

methodological problem is that the data these comparisons are to be based upon are 

almost always imperfect to the point that they are invalid for most statistical analysis (Box 

and Jenkins, 1976; Sheail, 1980; Reinhold, 1987; Worster, 1988).

The solution employed here is to stay quantitatively very close to the data and to 

only statistically compare it with itself, by using a measure of variation around the sample
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mean (Zar, 1996). The sample mean is a measure that can be calculated on any data 

series, so the behavior of the series around its mean provides a basis for comparison 

between data sets at the same time scale. The simplest measure of variation around this 

mean is its standard deviation (SD) (Box and Jenkins, 1976; Zar, 1996). Although the 

likelihood of having a data series exhibit behavior that is statistically significant to the 95% 

level in terms of standard deviations (> 2 SD) is low, it does provide a uniform translation 

of almost any data series to almost any scale, and so satisfies the ability to qualitatively 

compare and contrast trends.

In the more empirical forms of history, such as geology, climatology, and 

archaeology, some type of variance around the mean of the series is usually the basis upon 

which statistically valid data sets are analyzed (Thomas, 1976; 1989; Reinhold, 1987; 

Parker and Folland, 1989; Roberts, 1989). A classic example is the El Nino/Southem 

Oscillation Index, which is expressed as cumulative variance from the mean for several 

variables (Philander, 1990).

In this study a measurement of standard deviations around the sample mean has 

been chosen as the basis to compare all historical indices among themselves and across 

time scales. This allows the comparison of high variance incidents between indicators in 

order to identify long-term trends, sequences, and potential interactions.

Evaluating Historical Trends in Terms of Management

When long-term trends in ecological variables are compared, four basic types of 

historical trends in environmental impacts can be identified that are directly relevant to
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evaluating the resilience of the management unit. These historical indicators o f resiliency 

are:

1) Relic impacts - potential impacts that are no longer present, but may account for 
present conditions.

2) Adapted impacts - potential impacts that have been around long enough for the 
management unit to have adapted to them.

3) Cumidative impacts- potential impacts that accumulate slowly in the 
environment or life history of the management unit before exerting 
environmental resistance.

4) New impacts - potential Impacts with which the management unit has not had 
previous experience.

These four historical criteria allow the manager to identify the most sensitive 

impacts for present conditions, and more effectively identify scales of management for 

restorative intervention. To illustrate this further, in Figure 5 the predicted patterns of 

influence for each of these general types of impact are depicted as plots of the relative 

degree o f impact over time.

Relic impacts exhibit an initial strong influence and then slowly dissipate over time 

(Figure 5b). Adapted impacts should, by definition, disappear rather rapidly or be 

maintained at fairly low levels o f influence after their initial introduction (Figure 5c). The 

influences o f adapted impacts could be quite variable however, depending on the nature of 

the impact and the adaptive mechanism(s) utilized to respond to it. Cumulative impacts 

would be expected to build slowly over time, and to not exhibit their influence until after 

very long periods of exposure (Figure 5d). Ne^v impacts are unknown outside of the 

present, so in a management scheme they would likely be prioritized for more detailed 

research and/or precautionary management (Figure 5e).
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Figure 5
Idealized Patterns of Historical Impacts on 

Ecological Management Units
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This resiliency index should have application for most types of ecological systems, 

or management units, because it describes very generalized types of temporal outcomes, 

independent of scale and life history pattern of the management unit. In the present study 

this scheme will provide the basis for interpreting the historical trends relative to 

management options for the study population It will allow potential impacts to be 

prioritized on the basis of whether they are new or old impacts, whether they are still 

exerting an influence, and whether they are impacts with sources that are presently 

available for manipulation through management.

Summary

Historical ecology and adaptive management have been reviewed in preparation 

for their application as the theoretical basis for developing management options for a 

threatened population of killer whales. Following the review of theory, a description of 

the general methodology employed for the present study has been outlined. From this 

overview it is concluded that a historical assessment o f the ecology of a management unit 

provides essential information necessary for adequately explaining current conditions and 

developing effective management strategies that account for the resiliency of the 

management unit.

The diachronic method in ecological management contributes meaning and context 

to otherwise temporally one dimensional data. Historical ecology provides a record of the 

ultimate outcomes from past experiments played upon specific ecological relationships.
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and provides context for determining If current trends are natural, resilient, or acutely 

anthropogenic.



Chapter 2

Identifying Ecological Indicators for 
Salish Sea Resident Killer Whales

INTRODUCTION

The "ecology" part of a study in historical ecology requires a well-rounded 

understanding of the ecological variables most prominently affecting the management unit 

under investigation (Crumley, 1994; Winterhalder, 1994). Depending upon the 

characteristics of the ecosystem being examined the most important variables will differ 

significantly between components, but at the organism/population level they will usually 

fall into three major categories for each population (Kormondy, 1969; Holling, 1973;

1992; Ricklefs, 1979; Eisenberg, 1981; Allen and Starr, 1982; Allen and Hoekstra, 1992): 

1) population biology (recruitment and reproductive life history pattern), 2) food 

resources (energy requirements), and 3) spatial habitat requirements (behavioral ecology).

In the present study the management unit is a geographically distinct population of 

killer whales, or orcas {Orcinus area), known in the literature as the "Southern Resident 

Community" (after Bigg et al., 1987; 1990a; Ford et al., 1994; Center for Whale 

Research, 1998), and also referred to in this study as the "Salish Sea Resident 

Community." The objective is to describe this population so that measurable indicators of 

their ecology and environment can be identified and traced historically. The first step is to 

assemble what is currently known about the population and develop some measures of 

long-term trends in their ecology. This is the focus of the present chapter. Photo­

identification records and public sightings are developed as indicators o f the ecological
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condition of this population in tenus of spatial habitat requirements, population biology, 

and food resources.

In the next chapter this assessment will be used to construct an interaction matrix 

o f potentially limiting environmental variables for these killer whales, and to enumerate 

vectors o f human impact. In the final chapters, historical plots of all these variables at 

different time scales are presented in support of a discussion on adaptive resiliency in these 

killer whales, and concludes with a discussion on management options for this 

“threatened” population (COSEWIC, 1999).

The Salish Sea

The geographic core area for the "Southern Resident" killer whale population has 

recently been referred to in aggregate as the "Salish Sea" (Yates, 1992; Garrett, 1995; 

Figures 1, 6 and 7). This geographic name recognizes the distinct native culture that 

uniformly inhabited this region for most of human history (Drucker, 1965; McMillan, 

1988), and the fact that the Salish Sea can be identified as a single marine region that is 

bounded by tidal exchange, salinity gradient, temperature gradient, and a finite watershed 

(Thomson, 1981; 1994; Figures 4 and 6).

The Georgia and Puget Sound basins also represent an identifiable urban/industrial 

realm in terms of population density and resource use that are centered around coastal 

ports as the primary urban centers (Vance, 1990; Turner, 1990; PSWQA, 1994; 

Schwantes, 1996). Finally, the single term "Salish Sea" avoids the artificial political 

boundaries that have evolved for this international region, and instead, rarefies its physical 

and ecological characteristics, as well as its ethnohistory.
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Figure 6 Map of Geographic Place Names
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Species Characteristics

At the species level, killer whales are large brained (Osborne and Sundsten, 1981; 

Ridgway, 1986; Jerison, 1986), intelligent (DeFran and Pryor, 1980; Herman, 1986; Hoyt, 

1990; 1992b), social predators (Heyning and Dahlheim, 1988; Felleman et al., 1991;
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Hoelzel, 1993), with a life history pattern of ontological development that is closer to 

humans than any other species (Olesiuk et ai, 1990; Osborne, 1990; Heimlich-Boran and 

Heimlich-Boran, 1999). Killer whales are globally cosmopolitan in their distribution 

(Matkin and Leatherwood, 1986; Heyning and Dahlheim, 1988; Hoelzel, 1993; Jefferson 

et a i, 1991), culturally distinct by population and/or region (Osborne, 1986; 1990; Ford, 

1989; Morton, 1990; Jefferson e/a/., 1991; Heimlich-Boran and Heimlich-Boran, 1999; 

Whitehead, 1998), and feed upon a variety of organisms throughout the upper trophic 

levels of marine food webs (Bigg et al, 1990a; 1990b; Felleman et a l, 1991; Jefferson et 

a l, 1991; Baird et a l, 1992). They are one of the top predators of all oceans, with no 

history o f being preyed upon by another vertebrate species, except very recently by 

humans in a few instances (Jefferson et al, 1991; Hoyt, 1990). Their social organization 

appears to vary by breeding population (Osborne, 1990; Baird, 1994; Heimlich-Boran and 

Heimlich-Boran, 1999; Baird and Whitehead, in prep..), with a basic species-wide pattern 

of matrilineal family units called pods, that vary in size from the minimum of mother and 

offspring, to extended family units of up to 50 individuals (Bigg et a l, 1987; 1990a). In 

the eastern North Pacific killer whale pods appear to consistently affiliate in communities 

of related family groups, and communities are believed to represent semi-closed breeding 

populations (Bigg e/a/., 1987; 1990a; Hoelzel and Dover, 1991; Hoelzel era/., 1998). 

Cultural Characteristics

Recent evidence from studies in several different areas o f investigation on killer 

whales have bolstered the case for killer whales being a species of long-lived social 

mammals that possess culture* (Osborne, 1986; 1990; Ford, 1990; Morton, 1990; 

Whitehead, 1998; Heimlich-Boran and Heimlich-Boran, 1999). Cultural transmission in 

killer whales is suggested by; 1) their long life-span and extended childhood learning

* "culture" in this context is defined in accordance with J.T. Bonner’s definition: "the transfer o f  
information by behavioral means, most particularlv by the process o f  teaching and teaming (Bonner, 
1980, pg. 10)."
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periods (Olesiuk et a i, 1990) relative to other mammals that possess culture (Moss, 1988; 

Caro and Hauser, 1992; Boesch, 1996; Tomasello and Call, 1997), 2) their advanced 

central nervous system relative to other mammals that possess culture (Jerison, 1973;

1986; Osborne and Sundsten, 1981; Ridgway; 1986) and 3) their complex learned 

communication system (Singleton and Poulter, 1971, Hoelzel and Osborne, 1986, Bain, 

1986; 1989; Ford, 1989; 1990; Janik and Slater, 1997).

An additional way that killer whales appear to demonstrate cultural attributes is by 

exhibiting low diversity in their mitochondrial DNA (Whitehead, 1998). The reasoning is 

that females pass on behavioral traits to their offspring, such as specific feeding techniques 

or communication repertoires, and that these behaviors impart a significant reproductive 

advantage on their daughters, resulting in neutral mitichondrial DNA "hitchhiking" on the 

success of these behaviors passed from older females (Whitehead, 1998). The well known 

result o f this in humans is low diversity of mitochondrial DNA (Cavalli-Sforza and 

Feldman, 1981). Whitehead's findings on this phenomena in matrilineal odontocetes is the 

first non-human example of this cultural characteristic, and strengthens the case that 

cultural adaptation should be given consideration as an influence upon the killer whale 

population in this study.

The Study Population

The “Southern Resident Community” of killer whale pods (Bigg et al., 1976;

1987; 1990a), currently consists o f four primary interbreeding maternal family lines (4 

Pods) totaling about 90 members (Ford et a i, 1994; Ginneken and Ellifrit, 1999; Figure 

8). This population of whales has been the subject of intensive study for over twenty 

years, allowing the accumulation of a long-term records on some aspects of their ecology



Chapter 2: R.Osbome, Doctoral Dissertation, Dept, o f Geography, University o f Victoria 29

(Bigg ef or/., 1987; 1990; Felleman e/a/., 1991; Osbome, 1991; Band e/a/., 1992;

Hoelzel, 1993; Brault and Caswell, 1993; Ford et a i, 1994; Center for Whale Research, 

1998; Baird, 1999). A large part of their year-round home range includes the 

international inland waters o f Puget Sound, Juan de Fuca, and Georgia Straits (the "Salish 

Sea"; Figures 3, 4 and 6). The unknown component of their home range comprises 

regions off the Pacific coasts of Washington State and British Columbia outside the 

entrance to Juan de Fuca Strait, to as far south as the Columbia River, and as far north as 

Cape Scott on Vancouver Island (Ford et a i, 1994; Ford and Ellis, 1999; Baird, 1999; 

Figure 6).

Based on the documented site fidelity of the Southern Resident killer whale 

population over the last 30 years (Ford et a i, 1994; Center for Whale Research, 1998; 

Baird, 1999), and in respect to recent findings on genetic relatedness between these killer 

whales and the surrounding Eastern North Pacific killer whale stocks (Hoelzel et a i,

1998; Barrett-Lennard, pers.com.), it is likely that the present Salish Sea community is 

the same ancestral line of killer whales that are first described in the human record. The 

human record of these killer whales begins with the art and folklore of Coast Salish 

peoples (Drucker, 1965; Borden 1979; McMillan, 1988) and later, European settlers of 

the region (Stenzel, 1975; Scheffer and Slipp, 1948; Griffin, 1982; Hoyt, 1990; Yates, 

1992; Olesiuk et al., 1990). Existing information will now be reviewed in more detail in 

an attempt to characterize the general ecological requirements for this killer whale 

population.
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Figure 7  1994-1996 Southern Resident Killer Whale Genealogy
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Overlapping and Adjacent Killer Whale Populations

Overlapping with the "Southern Resident Community" are three other communities 

o f killer whale pods (Figure 8): two other fish-eating populations (the Northeni Resident 

Community and the Offshore Community) that are sympatric at the borders o f the 

Southern Resident's range, and the mammal-eating Transient Community, which is 

sympatric throughout the coastal range of both the Southern Resident and Northern 

Resident Communities (Ford et a i, 1994; Baird, 1999; Ford and Ellis, 1999).

Transient Community

The most distinguishing characteristic of Transient killer whales (after Bigg, 1982) 

is that they primarily prey on other marine mammals, unlike the fish-eating communities 

(Morton, 1990; Ford and Morton, 1990; Felleman e/a/., 1991; Ford e/a/., 1994; 1995; 

Baird, 1994; Baird and Dill, 1996; Ford and Ellis, 1999). Other differences between 

transients and residents include measurable differences in morphology (Baird and Stacey, 

1988; Bain, 1989), behavioral differences in group size and social organization (Baird, 

1994; Baird and Whitehead, in prep.), and acoustic repertoire (Ford, 1981; 1987; Ford 

and Ellis, 1999). The northern limit for this Transient community appears to be the Icy 

Strait and Glacier Bay region of southeast Alaska, and their southern boundary is believed 

to be Puget Sound and along the outer Washington coast (Bigg et a i, 1987; Baird 1994; 

Ford et a i, 1994; Ford and Ellis, 1999).

The Transient Community pods that have been regularly documented within the 

Salish Sea represent a subset of the population of approximately 174 Transient individuals 

that have been photo-documented for the entire community (Ford and Ellis, 1999). The 

pods frequenting the Salish Sea represent about 22 individuals in 8 pods (Baird, 1994; 

Ginneken et a i, 1998; Ford and Ellis, 1999). These Transients are completely sympatric 

with the Southern Residents, but there is no genetic evidence to suggest that they
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Figure 8 Geographic Range of the Southern Resident Killer Whale 
Community Relative to Neighboring Killer Whale Communities

(Map after Bigg et al., 1987 and Ford et al., 1994)
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STRî lT

V I C T O R I A \  IK «U

ISUMO

tffwu mm PAK
s'

WASHINGTON 
STATE125*W

I



Chapter 2: R. Osborne, Doctoral Dissertation, D ept of Geography, University of Victoria 33

interbreed other than on an evolutionary time scale (Bigg et a i, 1987; 1990a; Hoelzel and 

Dover, 1992; Hoelzel et a i, 1998; Baird, 1994). All behavioral evidence in fact suggests 

that Transients actively avoid the resident pods (Felleman et al., 1991; Ford and Morton, 

1995; Baird, 1994; Ford and Ellis, 1999), and on at least one occasion where a clear 

interaction between residents and transients was obsen-ed, the small group of transients 

was documented being chased and harassed by the much larger Southern Resident group, 

J-Pod (Morton, 1990; Baird and Dill, 1996; Ford and Ellis, 1999; Baird, in press).

From a recruitment perspective the major difference between residents and 

transients is in their group size (Felleman et a i, 1991; Baird et a i, 1992; Baird, 1994; 

Baird and Dill, 1996). In long-lived, social predators like killer whales, social structure is 

going to be the primary factor maintaining group size (Eisenberg, 1981; Baird and Dill, 

1996; Baird and Whitehead, in prep ). Social structure in the Northern and Southern 

Resident pods has been thoroughly described (Bigg, 1982; S.L. Heimlich-Boran, 1986; 

Bigg e /a /., 1987; 1990a; Waite, 1988; Bain, 1989; Jacobson, 1990; Rose, 1992; Ford e/ 

a i, 1994; Figure 9). Unfortunately, the photo-identification record on Transients has only 

recently reached a size and consistency that allows it to be analyzed to the same extent as 

the Northern and Southern Resident pods (Baird and Whitehead, in prep ).

These recent findings on Transient social organization confirm the structure 

proposed by Baird in his doctoral dissertation (Baird, 1994). In Figure 9 a kinship 

schematic contrasting these two matrilineal social structures is presented. The "Resident" 

pod structure is characterized by the absence of offspring dispersal, so pods continue to 

grow, initially limited only by mortality and fertility (Bain, 1989). The "Transient" social 

structure involves offspring dispersal in both sexes (Baird, 1994; Baird and Whitehead, in 

prep.). Females disperse from the maternal pod with their first offspring and form a new 

pod. First bom males stay in the maternal pod for life, and all subsequent male offspring 

disperse upon adulthood (Baird, 1994; Baird and Whitehead, in prep ).
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Figure 9 Differences in Social Structure Between
Resident and Transient Killer Whales (after Baird, 1994)
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Northern Resident Community:

The Northern Residents represent approximately 200 individuals in 15 pods that 

range from Northern Georgia Strait along the B.C. coast into Southeast Alaska (Ford et 

a i, 1994; Figure 8). The Northern Residents are fish-eaiers, and like the Southern 

Residents have been the subjects of continuous photo-identification cataloging (Bigg et 

al., 1987; 1990a; Ford e/a/., 1994; Dahlheime/a/., 1997), and numerous short-term 

studies of behavior, acoustics, genetics, and management (Spong et a!., 1970; Kirkevold 

and Lockard,

1986; Ford, 1984; 1989; 1991;Duffus, 1988; Waite, 1988; Bain, 1989; Morton, 1990; 

Nichol and Shackleton, 1996; Jacobson, 1990; Kruse, 1991; Rose, 1992; Barrett-Leonard
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et a i, 1996; Dufflis and Dearden, 1992; 1993). Of all the pod communities that have 

overlapping ranges with the Southern Resident Community, the Northern Residents are 

considered to be the most similar to the Southern Residents in terms of behavior and 

ecology (Bigg e/or/., 1987; 1990a; Felleman e/a/., 1991; Ford ef o/., 1994; Baird, 1999), 

and logically provide the best model for comparison with the Southern Residents in terms 

of historical ecology.

Offshore Community:

The Offshore Community is not as well understood as the other two fish-eating 

populations, due to their recent discovery (late 1980s), and the still incomplete photo­

identification catalog of all individuals (Walters e/a/., 1992; Ford era/., 1992; 1994; 

Dahlheim et a i, 1997). They apparently live in the coastal and open ocean in the Eastern 

North Pacific (Figure 8), hence, almost all that is known about the Offshore Community 

comes from opportunistic encounters when they have ventured into coastal areas. Recent 

systematic work by researchers in the Queen Charlotte Islands (Ford et a i, 1992; 1994), 

Southeast Alaska (Dahlheim et ai, 1997), and California (Black et a i, 1996) is yielding 

some intriguing information about the Offshores.

The Offshore Community isbelieved to total between 200 and 250 individuals that 

are assembled into an unknown number of large "Resident-like" pods that have been 

documented feeding on fish (Ford e ta i\  1994; 1998; Ford and Ellis, 1999). From the 

little that is known, it is thought that they spend most of their time in open ocean habitat 

that includes areas beyond the continental shelf. Photo-identification matches currently 

have their range stretching from Southeast Alaska to California (Black et a i, 1996; 

Dahlheim et a i, 1997). Genetic analysis of skin biopsies collected from the Offshore 

Community, and compared with the other communities, indicates that they exhibit high 

amounts o f genetic similarity with the other fish-eaters in the region, and are more closely 

related to the Southern Residents than the Northern Residents (Hoelzel et a i, 1998).
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Characterizing Indicators for the Southern Resident Community

As mentioned in the introduction to this chapter, descriptions of the ecology of a 

population of organisms are usually organized into several broad functional categories for 

heuristic purposes (Kormondy, 1969; Holling, 1973; 1992; Ricklefs, 1979; Eisenberg, 

1981; .Mien and Hoekstra, 1992). In the present study three classes of ecological 

requirements are utilized: 1) spatial requirements, 2) reproductive requirements, and 3) 

food requirements. Available information on the Southern Resident population of killer 

whales will be reviewed in respect to these three categories in order to provide a context 

for evaluating year-round sighting data, photo-identification data, and salmon catch data 

as longitudinal indicators for the ecology of these whales.

Spatial Requirements

Descriptions of spatial requirements for killer whales should include both 

geographic habitat range and three dimensional use of space above and below the surface 

o f the ocean (Norris and Dohl, 1980; Hoelzel and Osborne, 1986; Baird, 1994). The 

geographic distribution of the Southern Resident killer whale population within the inland 

waters o f the Salish Sea has been well documented except in the northern half o f Georgia 

Strait (Bigg era/., 1987; Osborne era/., 1988; Ford era/., 1994; Olson, 1998). In 

Northern Georgia Strait human population density and public participation in sighting 

networks is the lowest, and distances between shorelines are the greatest (Figure 8; 

Osborne, 1991; Olson, 1998). Outside of the Salish Sea, information on resident killer 

whale distribution along the coasts north and south of Juan de Fuca Strait is sketchy 

(Figure 8; Ford et a/., 1994). The information that does exist, however, is the most 

complete distribution record available for any population of killer whales in the world.

The geographic distribution of the Southern Resident killer whale population 

appears to be year-round in the adjoining waters o f Puget Sound, Georgia Strait, Juan de 

Fuca Strait, and the outer coastal waters of the continental shelf (Figure 8). On a 24 hour
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cycle these resident killer whales are constantly traveling, with an average speed of 4 

Knots (Osborne, 1986), and they have been tracked covering between 75 and 100 

miles/day (Balcomb et a i, 1980; Heimlich-Boran, 1988). The extreme edges of their 

range encompasses most of the Washington Coast to unknown distances off shore, and all 

o f Vancouver Island (Ford et a i, 1994). Seasonal distribution has been described in 

numerous publications, but has not been subjected to very thorough analysis (Bigg et a i, 

1987; 1990a; Felleman et ai, 1991; Osborne, 1991; Ford et a i, 1994). This is primarily 

because the lack of information on their distribution outside the inland waters, severely 

restricts the potential for a valid seasonal analysis of habitat use.

In the present study an attempt is being made to examine seasonal patterns more 

thoroughly, by considering long-term records of killer whale occurrence in two sub- 

regions of the population's habitat where sampling efforts have been the highest (J.R. 

Heimlich-Boran, 1986a; 1988; Osborne, 1991).

Seasonal Geographic Cycle

The published literature on the basic seasonal pattern of the Southern Resident 

killer whales (Balcomb ef a/., 1980; J.R. Heimlich-Boran, 1986a; 1988; Bigg e/a/., 1987; 

1990a; Felleman et a i, 1991; Osborne, 1991; Ford et a i, 1994; Olson, 1998), is for the 

majority of the population to be distributed in the core waters of northern Juan de Fuca 

Strait, Haro Strait and southern Georgia Strait during summer months (Figures 6, 8). In 

fall, a part of the population makes regular forays into Puget Sound (primarily J-Pod), 

while the rest o f the population (primarily L-Pod) makes increasingly extended trips west 

out Juan de Fuca Strait, until they essentially disappear from the inland waters by 

December. After December, with few exceptions, K- and L- Pods (about 75% of the 

population) are consistently undetected in the Salish Sea region until May or June (J.R. 

Heimlich-Boran, 1986a; Felleman e/a/., 1991; Osborne, 1991); when these two pods
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regularly return within a week or so of each other (Center for Whale Research, 

unpublished data; Osborne unpublished data).

One extended family unit, J-Pod (currently 22 individuals), is consistently detected 

in the inland waters during all months of the year, and has never been documented further 

west than Barkeley Sound, along the west coast of Vancouver Island (Felleman et a i, 

1991; Ford et a i, 1994). It is assumed by most local investigators that J-Pod's year-round 

habitat is essentially restricted to the waters of the Salish Sea, but in the winter months 

they spend less time in the Haro Strait region and more time in Puget Sound, northern 

Georgia Strait, and other peripheral reaches of the inland waters (Heimlich-Boran 1988; 

Felleman e/a/., 1991; Osborne, 1991; Balcomb, 1995).

Three Dimensional Habitat-Use

Three dimensionally, killer whales have a dependence on regularly reaching the 

ocean surface to breath (Bateson, 1974; Herman, 1991), though they are underwater close 

to 95% o f the time (Baird, 1994; Baird et ai, 1998). Breathing, resting, percussive 

behavior, and aerial displays are the primary things killer whales do at or above the ocean 

surface. These are the behaviors that almost all scientific observations of killer whale 

behavior are based upon, and they have been described thoroughly in the literature 

(Martinez and Klinghammer; 1970; 1978; Salden, 1979; Jacobson, 1986; 1990; Osborne, 

1986; Hoelzel and Osborne, 1986; Heimlich-Boran, 1988; Waite, 1988; Ford, 1989; 

Morton, 1990; Felleman e/a/., 1991; Kruse, 1991; Rose, 1992; Hoelzel, 1993). Yet the 

majority of killer whale behavior, including feeding, reproduction, socialization, and 

acoustics (both écholocation and social communication), takes place below the surface. 

This inability to directly monitor killer whale behavior underwater has severely restricted 

any real understanding about how they use their three-dimensional habitat until recently 

(Baird, 1994; Baird et ai, 1998).
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Using suction cup tags with time-depth recorders, R.W. Baird and his colleagues 

have been conducting field studies on the underwater behavior of Southern Resident and 

Transient killer whales since 1991. The initial findings indicate that resident killer whales 

spend about 60-70% of their time between the surface and a depth of 20 meters, and they 

regularly make deep dives of over 200 meters (Baird, 1994; Baird eî a i, 1998). The deep 

dives consistently involve a direct trip to the bottom, often to the upper reaches of 

underwater sea mounts. Further research using this technology is on-going, and providing 

a host o f additional insights into the underwater behavior and ecology of both resident 

and transient killer whales (Baird et a i, 1998).

The preliminary findings indicate a contrast between the diving patterns of 

residents and transients. Transient killer whales rarely dive deep, and appear to spend the 

majority of their time within 5 meters of the surface (Baird, 1994; Baird et a i, 1998). 

Resident killer whales primarily use the upper 20 meters of the water column, secondarily 

use deep bottom habitat, and are not spending very much of their daily lives in the water 

column between these two zones (Baird, 1994; Baird et a i, 1998; depicted in Figure 10).

Figure 10 Southern Resident Killer Whale Underwater Zones (after Baird. 1994).
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Reproductive Requirements

The continuous photographic record on individual killer whales in the Southern 

Resident population dates back to matches with "capture photographs" from the mid- 

1960s (Bigg t?/a/., 1990a; Hoyt 1990; Olesiuke/a/., 1990; Balcomb, 1995; 1997) to 

essentially all individual whales alive after 1974 (Ford et al., 1994; Ginneken and Ellifnt, 

1999), when systematic individual photo-identification was first initiated by Michael Bigg, 

Graeme Ellis, and Ian MacAskie (1976). Thus, the demographic history of this population 

has been completely documented for over two decades, and has allowed their life history 

patterns and social structure to be described in detail (S.L. Heimlich-Boran, 1986; Haenel, 

1986; Bigg et al., 1990; Olesiuk et al., 1990; Ford et al., 1994; Ginneken et al., in prep.; 

Baird and Whitehead, in prep.).

Life History Pattern

The photo-identification records show that killer whales exhibit a life history 

pattern closer to humans than any other species (Figure 11 ). Average life expectancy for 

the Northern and Southern Resident Communities has been calculated as 29.2 years for 

males and 50.2 years for females, with expected maximum longevity of 50-60 years, and 

80-90 years respectively (Olesiuk et al., 1990). The basic killer whale life cycle begins 

with 17 months o f gestation (Walker et al., 1988), and then a perilous first year of infancy, 

with a mortality rate approaching 50% (Olesiuk et al., 1990). Nursing is believed to last a 

minimum o f 1-2 years in the Southern Residents based on surface observations o f behavior 

(Haenel, 1986; Waite, 1988; Baird, pers. comm.; Ellifntt, pers.comm ). Stomach contents 

of a dead calf suggests that they may begin eating some solid food shortly after parturition 

(Heyning, 1988).

A long juvenile period of up to 10 years follows infancy, and extends into an 

adolescent period of 3-5 years (Haenel, 1986; Olesiuk et al., 1990). In their 

comprehensive assessment o f life history patterns in the Vancouver Island resident pods.
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Olesiuk et al. (1990) defined sexual maturity as the age when a female first gives birth to a 

viable offspring (12-16 years, mean = 14.9), and male sexual maturity as the time when a 

male's dorsal fin shape can be photogrametrically distinguished from that of a female (10- 

17.5 years, mean = 15). Sexually dimorphic dorsal fin growth in males is believed to 

indicate the onset of increased testosterone levels indicative of adolescence, and appears 

to last at least six years (J.R. Heimlich-Boran, 1986b; Olesiuk et a i, 1990). Physical 

maturity is thought to occur at the end of this dorsal fin growth period, in the individual's 

late teens or early twenties (Olesiuk et ai, 1990).

Figure 11

Life History Pattern of Southern Resident Killer Whales
(R.W. Osborne, The Whale Museum)
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Mean reproductive life span for females has been calculated by Olesiuk et al.

(1990) to be from 14.9 to 40.1 years, with some individuals appearing to stay reproductive 

into their 60th year. Reproductive life span of males is unknown. Calving intervals have 

been calculated to vary from 2 to 12 years in the Northern and Southern Resident pods, 

with a mean cal\ing interval of 5.3 years (Olesiuk et a i, 1990). This provides a mean 

female reproductive life span of 25.2 years resulting in the average production of 4.75 

calves. Infant mortality rates suggest that about half those calves will die in their first 

year, but during the rest of their life span, the surviving juveniles will experience mortality 

rates ranging from 20% to less than 5% for most of the rest of their lives until senescence 

(Olesiuk era/., 1990).

Causes of mortality in this population are sketchy, since very few carcasses have 

ever been recovered (18 carcasses out of 70 deaths since 1976; Table 1). In only one case 

was the cause of death even remotely suggested (L-8, September, 1977); which was a 

stranding of an adult male who had possible net marks on the decomposed carcass, that 

corresponded with a rumor among fishers about a whale getting caught in a gillnet around 

the estimated time of the death (Balcomb et a/., 1980; author’s records). The majority of 

other strandings are neonates (78%), and of the 14 neonates that have historically been 

recovered in the region, 86% are male (Table 1). The lack o f recovered adult carcasses is 

likely due to the fact that adult carcasses have a greater tendency to sink in deep water and 

never make it back to the surface where they can be deposited as a terrestrial stranding. 

However, the predominance of male neonate strandings raises the specter o f male 

infanticide (Lockard, 1986; Bigg e/a/., 1990a).

There are no records of killer whales being attacked by any marine predators 

(Jefferson et a/., 1991; Baird et ai, 1992). It is possible, however, that wandering infants, 

or sick or injured individuals have been taken by sharks or other killer whales (Jefferson et 

a i, 1991; Baird et a i, 1992). Parasitism and disease have been recorded for killer whales
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Table 1 Dead Stranded Killer Whales Attributable to 
the Southern Resident Community

Age
Class Date Location Sex

Length
(cm) Suspected  Pod

Lungs
Inflated Source

Neonate Sep. 28tfi.1944 Cherry Point. WA female 246 cm Unknown If ResTTrans. N o? Carl (1946) In Olesiuk. et al. 1990
Neonate Feb. 1967 Yukon Harijor. WA unknown 257 cm K-Pod Yes Olesiuk. et al. 1990
Neonate May9tti, 1976 Long Beach. B.C. male 250 cm K or L-Pods N o? Olesiuk. et al. 1990
Neonate Nov. 5th. 1976 Radar Beach male 226 cm K or L-Pods Unknown Olesiuk. et al. 1990
Adult Sep . 1977 San Juan Is . WA male L-Pod N.A. The W hale Museum
Neonate Mar. 31st. 1978 Oyster Bay male 225 cm Southem Resident Yes Olesiuk. et al. 1990
Neonate Oct 4th. 1978 Victoria. B.C. male 221 cm Southern Resident Unknown Olesiuk. et al. 1990
Juvenile Aug. 14th. 1981 Lummi Is.. WA unknown 580 cm Unknown If ResJTrans. N.A. U.S. Nat. Mar. Fish. Serv..
Neonate Nov. 15th 1983 Seattle. WA female 218 cm J or K-Pods Yes Olesluk. et al. 1990
Neonate O c t 7th. 1986 Tsawassen. B.C. male 226 cm Southem Resident Yes Olesluk. et al. 1990
Neonate Nov. 13th. 1987 Ucluelet. B.C. male 245 cm K or L-Pods Yes Olesluk. et al. 1990
Neonate Jan. 5th. 1989 Stuart Is.. WA male 230 cm J-Pod Yes The W hale Museum
Adolescent Apr.. 24th. 1989 Long Beach. B.C. male L-Pod (L-14) N.A. D.F.O.. Pac. Blol. Station
Neonate May 15th. 1991 Esquimalt. B.C. unknown unknown Southem Resident Unknown Marine Mammal Research Group
Neonate May 26th. 1991 Clallam Bay. WA unknown unknown Unknown If Res./Trans. Unknown U.S. Nat. Mar. Fish. Serv..
Adult Dec. 13th. 1995 Texada Is.. B.C. female J-Pod (J-4) N.A. D.F.O.. Pac. Blol. Station
Neonate November. 1998 B.C. male unknown J-Pod Unknown U.S. Nat. Mar. Fish. Serv..
Neonate February. 1999 Whidbey Island. WA male J-Pod Unknown O.F.O.. Pac. Blol. Station

[ N JL "
W«onat««

Not Applicable 
Sail-bom to 1 mth

Infante 1 mtti. to3yr 
Juvenile ■ 3 to 11 »ra

A dolescen t*  12-17yrs

from the region, but not as severe infestations or epidemics (Caiambokidis and Baird,

1994; Baird, 1999). Human predation has likely been a significant factor in mortality for 

this population, ranging from random shootings, to military target practice, and captures 

for the entertainment industry (Hoyt, 1990; Olesiuk et a i, 1990; Baird, 1999). Indirect 

human impacts from toxic chemicals, hazardous waste, and other forms of habitat 

deterioration would be expected to be contributing sources o f mortality, but at the present 

time these impacts are poorly understood. A primary objective o f the present study is to 

increase our understanding of these potential impacts by examining their historical context.

Population Growth

The growth rate for this population during the first 15 years of photographic data 

has been calculated between 2.5% (Brault and Caswell, 1993) and 2.9% per year (Olesiuk 

et a i,  1990) using independent methods. Both of these studies describe the Northern and
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Southern Resident Communities as similarly stable breeding populations that show an over 

all positive increase that suggests they are presently below carrying capacity (Olesiuk et 

a i, 1990; Brault and Caswell, 1993). However, due to the very long reproductive 

response times for these populations in terms of gestation, female sexual maturity, and 

calving intervals, and the relatively small sizes of the breeding populations, any 

perturbations of adult survivorship or fertility rates could strongly affect their sustainability 

(Brault and Caswell, 1993). This is particularly true for the Southem Residents with their 

much smaller breeding population (unless a portion of them are actively breeding with 

Offshores). As a population of less than 90 individuals these killer whales would not be in 

a strong position to recover from a random mass mortality event (Baird, 1999).

In Figure 12 the most recent historical compilation of annual population size 

published by the Center for Whale Research (Ginneken and Ellifnt, 1999; Ginneken et a i. 

In Prep.) is plotted relative to pod size and the 25 year mean for the Southem Resident 

Community. The 2-3% growth rate predicted by Olesiuk et a i (1990) and Brault and 

Caswell (1993), seems to have basically held true over the first 22 years; but due to a 

recent downward trend, as of 1999 the 26 year growth rate is below its sample mean for 

the first time in the history of the data set (Figure 12). In their original analyses, both of 

the above studies included the slump in the population that occurred from 1980 to 1984 

(Figure 12); suggesting that the current downward trend could still be within the natural 

stochastic fluctuations of a long-term 2-3% growth rate; though in 1999 this trend did not 

level off like it did in 1984. In summary, this population has been relatively stable over the 

last 26 years, not exhibiting the degree of growth that would be expected for a population 

below carrying capacity (Brault and Caswell, 1993), and presently it is on a downward 

trend that is longer than any that have been previously documented.



Chapter 2: R.Osborae, Doctoral Dissertation, Dept of Geography, University o f Victoria 45

Figure 12 Southem Resident Killer Whale Community
Annual Population Relative to the Population Mean (1974-1999)
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(Data from Olesiuk et al.. 1990; Ginneken and Ellifrit. 1999)

Food Requirements

The Southem Resident Community of killer whales have consistently been 

reported to have a strong specialization upon salmon as their primary food resource 

(Balcomb e/a/., 1980; J.R. Heimlich-Boran, 1986a; Bigg e/a /., 1987; 1990a; 1990b; 

Felleman et a i, 1991; Ford et a i, 1995; 1998). An inventory on the diet of these whales 

has been summarized most recently by Ford, Ellis, Morton (1995; and Ford et al., 1998), 

using 161 records of feeding events pooled from the Northern and "Southem Resident" 

populations (Table 1). Their findings show a large variety o f fish and marine mammal 

species as occasional prey for these communities of killer whale pods, but the sample is 

small, and sampling bias in terms of season and geography is high (Ford et a i, 1998). 

Given these cautions, the study shows a 93% preference for salmon, and among the five
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Table 2 Diet of Northern and "Southem Resident" Killer Whales 
Based Upon 161 Feeding Events

(after Ford, Ellis and Morton, 1995; Ford et a i, 1998)

Prey Species Sample Size % of Diet

Chinook salmon (Oncorhynchus uhawytscha) 62 38.0

Pink Salmon (O. gorbuscha) 16 10.0

Coho salmon (0. kisutch) 6 4.0

Chum salmon (O. keta) 6 4.0

Sockeye salmon (O. nerka) 4 3.5

Steelhead salmon (O. mykiss) 2 2.5

Unidentified salmon (Ortcor/tyncAuj jpp.) 50 31.0

Total Salmon 93.0

Other fish species 6 4.0

Harbor Seal (Phoca vitulina) I

Harbor porpoise (Phacoena phocoena) 4

Dali's porpoise {Phocoenoides dallï) 4 3.0

TOTAL: 161 100%

species of salmonids identified in the study, 63% were Chinook salmon {Oncorhynchus 

tshawytscha).

The other species of fish prey identified in this study include Pacific herring 

{Clupea harengus), Yelloweye rockfish {Sebastes ruberrimus), halibut, and other 

unidentified flatfish, Pleuronecties sp. (Ford et a i, 1998). The marine mammal predations 

represent sporadic attacks on pups or calves of the most common species of seal {Phoca 

vitulina) and porpoises {Phocoena phocoena and Phocoenoides dalli), and do not indicate 

that marine mammals are a very significant part of the resident killer whale diet (Bigg et 

a i,  1990b; Ford et a i, 1998 ).
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Although salmon dominate this inventory of prey species (Table 2), and 

undoubtedly dominate the feeding strategies of these whales, the importance of the other 

species of fish in their diet should not be overlooked. Baird's findings on repeated deep 

dives by Southem Residents, indicates that these killer whales regularly direct their 

effort (Baird, 1994; Baird el al., 1998). These other prey resources could be providing 

essential nutrients that are absent from a pure salmon diet, and may prove to be critical as 

supplementary or replacement resources if year-round salmon continue their current 

downward trend in abundance (Schmitt et al., 1994; Appleby and Doty, 1995; Pacific 

Salmon Commission, 1999).

The emphasis on the importance of salmon for these killer whales must also be 

placed in the larger ecological context of the regional food web that underlies it all (Figure 

13). Killer whales are at the pinnacle of this food web and as such, are dependent upon 

the stability of the entire system (Simenstad et al., 1979). They also directly consume 

resources from many of the other upper trophic levels (Figure 13). The primary prey of to 

be in habitat zones where salmon are absent and these other prey species are abundant 

resident killer whales, adult salmon, are themselves upper trophic level feeders; but in the

Figure 13 A Simplified Food Web for Salish Sea Killer Whales
(simplified from Simenstad e/o/.. 1979)

Transient Ore as Resident Orcas

Sea LionsPoipoise, Seals,

Salmon

Bottom fish Cod RockfishSc[uid '  Bait Fish ^
(Herring, Sand Lance, Surf Smelt, Anchovy —)
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context o f the salmon's entire life cycle, they probably span more trophic levels 

(phytoplankton, zooplankton, insect larvae, bait fish, con-specific smolt and fiy), and 

habitats (freshwater streams, lakes, rivers, estuaries, coastal upwelling areas, open ocean) 

than any other species in the Salish Sea bioregion (Groot and Margolis, 1991). For the 

killer whales to be dependent upon a species that is itself so vulnerable to habitat 

interference, makes the killer whales themselves equally vulnerable if they are unable to 

adapt to different food resources.

Salmon Prey

From all the available evidence salmon may be the single best indicator o f food 

resource conditions for this killer whale population (Balcomb et a i, 1980; J.R. Heimlich- 

Boran, 1986a; Bigg eta/., 1987; 1990a; 1990b; Felleman eta/., 1991; Ford e/a /., 1995; 

1998). To thoroughly assess this ecological relationship the ideal data would provide prey 

identification and predation counts for each age and sex class of killer whale in the 

population, and at representative locations, times of day, and season (Brown and 

Downhower, 1988). Unfortunately the capture of fish by killer whales is virtually invisible 

with present technology (Thomas and Felleman, 1988; Baird, 1994), so indirect methods 

must be used.

The types of salmonids that Salish Sea killer whales have been documented to feed 

on include ocean-going adult fish from all five local species, as well as the closely related 

steelhead salmon {Oncorhynchus mykiss) (Table 2; Bigg et a i, 1990b; Ford et a/., 1998). 

Ages o f salmon prey for these killer whales range from 2nd year Chinoox juveniles 

(personal observation: January 1978 w/J-Pod in Haro Strait; Balcomb et a i, 1980), to 

nearly senescent chum salmon at the estuarine mouth of their spawning stream (personal 

observation: November 1997 w/L-Pod in Dyes Inlet; Smith et a i, in prep.).

The availability of this range of salmon prey at any one time or location is controlled 

by many factors. Each salmon run varies according to genetic characteristics o f their
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stock's unique life cycle Each run also varies annually due to the environmental history 

of the particular year-class (Groot and Margolis, 1991; Schmitt et a i,  1994). For Puget 

Sound alone there are currently 208 stocks of salmon officially identified (Schmitt el a i, 

1994; Wash. State, 1999). An estimate of the total number of salmon stocks that produce 

fish available to Salish Sea killer whales has yet to be calculated, but it would have to 

include all the runs associated with the entire Salish Sea watershed (Figure 4). 

Conservatively this represents a minimum of 500 salmon runs and each of these runs will 

produce adult salmon that are available to the killer whales in different locations 

depending on their unique genetic and historical set of characteristics.

In most cases the adult fish that the killer whales are feeding on are fish returning to 

their natal stream to spawn after spending 2-6 years feeding in the Eastern North Pacific 

(Groot and Margolis, 1991). These are exactly the same size and age of salmon maximally 

sought after by humans for commercial and recreational fisheries.

As migrating salmon enter the inland waters on the journey to their natal stream they 

become more concentrated by the geography of the inland waters and begin schooling up 

with their cohorts (Groot and Margolis, 1991). It is these concentrated schools of salmon 

that the resident killer whales are likely seeking (Hoelzel and Osborne, 1986; Felleman et 

al., 1991; Baird, 1994; Nichol and Shackleton, 1996). Depending on the salmon run, a 

school can remain for days, weeks, or months in the inland waters before traveling to the 

mouth of their natal river or stream (Simenstad et ai, 1982; Schmitt et a i, 1994). Since 

each run is usually made up of several consecutive schools that pass through the inland 

waters in pulses, any given run has several pulses of schools spread along the inland route 

at the same time (Heard, 1991; Salo, 1991; Sandercock, 1991; Healey, 1991).

Since humans and killer whales both exploit the same size and age of salmon, at 

essentially the same time and in the same places, records of salmon predation by humans in 

the Salish Sea should be good indicators of salmon availability for killer whales
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(J.R.Heimlich-Boran, 1986a; Nichol and Shackleton, 1996). The types o f salmon data 

available include commercial harvest data, recreational harvest data, tribal fisheries harvest 

data, hatchery release and return data, and freshwater production and return data. Of 

these data sets, the commercial, tribal and recreational harvest data are the closest to 

sampling salmon at the same time and place as the killer whales. However, the 

commercial harvest data is usually highly skewed by management for specific runs of 

salmon, and does a poor job of sampling salmon outside the highly regulated commercial 

fishing openings. Only recreational sport fishing data samples the salmon 365 days a year.

Sport fishing data are based either on crile surveys, or the collection of salmon 

punch cards, which are probably the least reliable sampling methods used in salmon 

management (Applby and Doty, 1995). Also, of the local species of salmon, only chinook, 

coho and pink salmon can be predictably caught by sport fishers. Sockeye and chum 

salmon are much more difficult to sample using a hook and line, and are severely under­

represented by recreational fishing data (Roos, 1990). However, because sport data is 

collected all year round, it is the most useful data set for describing the year-round 

availability o f salmon as prey for the killer whales (Figure 14).

Seasonal salmon sport catch data represents monthly totals o f the number of 

salmon caught by sport fishers in different geographic zones of the inland waters of 

Washington State for each species of salmon from 1967-1994 (Washington State Dept. 

Fish & Wildlife 1993; 1994; Schmitt et a i, 1994). Calculating the percentage of the 

salmon caught by month over a 15-25 year sample gives a fairly accurate picture of the 

relative seasonal abundance for each species of salmon. This seasonal plot also allows 

Sockeye (Figure 14a) and chum (Figures 14a - 14c) to be plotted even though they are 

consistently under represented in the sample.

As can be seen in Figure 14, all salmon species, except chum, have their highest 

abundance in the inland waters during the summer and early fall, with chum reaching a
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maximum in October and November in Puget Sound and the San Juan Islands (Figures 

14b and 14c). Thus, the bulk of the Salish Sea salmon runs are available to the killer 

whales in the inland waters summer and fall, which corresponds exactly with published 

findings on the seasons when both Northern and Southem Resident killer whale 

populations are maximally found in the inland waters of Washington State and British 

Columbia (Ford et a i, 1994; J.R.Heimlich-Boran, 1986a; Nichol and Shackleton, 1996; 

Felleman et a i, 1991). From January to May chinook salmon are most consistently 

caught by sport fishers, indicating that they are available to killer whales in the inland 

waters during this 4-5 month period (Figure 15).

The seasonal availability o f chinook salmon, and to some extent coho salmon, is 

unique relative to the other salmonids, because some species naturally spend their entire 

adult life in the coastal and inland marine waters, and do not go out into the Eastern North 

Pacific to mature (Simenstad a/., 1988; Healy, 1991; Sandercock, 1991; Appleby and 

Doty, 1995). Fisheries managers have taken advantage of this characteristic of chinook 

and coho with their hatcheries for these species. This is accomplished by implementing 

"extended rearing programs" that theoretically increase the number o f fish that stay in the 

inland waters so they are more available to year-round sport fishers (Appleby and Doty, 

1995). This also results in a significant number of these salmon, at all adult sizes, being 

available as killer whale food in the inland and coastal waters year-round (Figure 14). 

These resident chinook and coho stocks would be particularly important to the resident 

killer whale pods that stay in the inland waters through the winter and early spring months 

(i.e. J-Pod), when other adult salmon stocks are oceanic in their distribution (Simenstad et 

a i, 1982; Appleby and Doty, 1995). Interestingly, chinook was the one species of salmon 

that clearly dominated the year-round sample of 161 feeding events compiled by Ford et 

a i  (1998) for the Northern and Southem resident killer whales.
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Figure 14 

14a:
Seasonality of Washington State Salmon Sport Catch 

All Inland Marine Waters (1978-94)
(Dutx Wa»h. S l  DepL Fish JSt Wildlife)

C h in o o k

C o h o

S  40

S o c k e y e  |_L

I I
Pink  !_i

D ecOct NovSepAugJulJunMayAprMarFebJan

M onths

14b: Seasonal Salmon Sport Catch in the San Juan Islands

70

Chinook
Ü  50 Coho
2  40 Chum

30 Pink

S  20

10

0
AUGAPR SEPMAR MAY JUN JUL OCT NOV DECJAN FEB

M onths

14c: Seasonal Salmon Sport Catch in Puget Sound

Chinook
o  50 Coho

Chum

Pink

5  20

JUL AUGJU N SEP OCTMAR APR NOV DECMAYJAN FEB

M onths



Chapter 2: R.Osborae, Doctoral Dissertation, DepL of Geography, University of Victoria 53

Now, within the context of the published findings on this population that have just 

been presented, the status of the Southem Resident killer whale population will be 

characterized through the use of: 1 ) photo-identification as a measure of population size 

and stability, 2) population size to estimate food resource requirements, and 3) public 

sighting data as a measure of habitat-use.

METHODS

For over two decades the "Southem Resident Community" o f killer whales have been 

inventoried through individual photo-identification (Bigg et ai, 1987; Balcomb, 1997; 

Ginneken and Ellifnt, 1999). These killer whales have also had their seasonal movements 

tracked through public sighting records (Balcomb et ai, 1980; J.R.Heimlich-Boran,

1986a; 1988; Osbome, 1991; Olson, 1998), and have been the subjects of numerous short­

term studies (see Kirkevold and Lockard, 1986; Hoelzel, 1993; Felleman et ai, 1991; 

Osbome, 1991; Baird, 1994; Kriete, 1995; Burgen and Otis, 1995). These data sets are 

able to provide quantitative indicators of some of the basic ecological variables 

characteristic of the status of this population of killer whales, and their stability over time. 

The three proposed ecological indicators are: 1) photo-identification as a measure of 

population size and structure, 2) population size and composition to estimate food 

resource requirements, and 3) public sighting data as a measure of spatial habitat-use. The 

methods for deriving these quantitative indicators will now be presented.

Study Area

For some discussions the geographic context will expand to the entire known 

range o f the Southem Resident killer whale pods (Figure 8): from Grays Harbor and 

Willapa Bay in the south, to Queen Charlotte Sound in the north, and unknown distances 

ofif the coast into the Pacific (Ford et ai, 1994). However, the core study area only 

includes the adjoining waters of Juan de Fuca Strait between Race Rocks and the San Juan
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Islands, Haro and Rosario Straits, Southem Georgia Strait to Point Roberts, and Puget 

Sound. This region is then divided into two sampling zones for the purposes of analysis 

(Figure 15). The southem zone corresponds to Admiralty Inlet and Puget Sound proper 

(Wash. State Fishery Reporting Areas 8-13), and the other is the straits convergence zone 

around the San Juan and Gulf Islands (Wash. State Fishery Reporting .\reas 6-7 and DFO 

Reporting Areas 18-20). The objective is to measure the number of days per month killer 

whales occur in these two zones as an indicator of trends in habitat use.

Photo-identification

Long-term photo-identification of all the individuals in a population provides a 

highly accurate measure of annual population size and composition (Bigg, 1982; Olesiuk 

et ai, 1990; Brault and Caswell, 1993; Balcomb, 1997). This allows mortality, natality, 

dispersal, and other population measures to be assessed for any and all years a complete 

photo-inventory is compiled (Olesiuk et ai, 1990; Brault and Caswell, 1993).

The focal population of killer whales in this study have had complete photographic 

inventories compiled on them for every year since 1973 (Bigger a/., 1976; 1987; 1990a; 

Ford e/a/., 1994; Balcomb, 1997; Ginneken and Ellifnt, 1999). The classification system 

utilized by these investigators is alpha-numeric, where a letter (A, B, C , ...) is used to 

designate the group, or pod (extended matrilineal family), and a number (1,2,3,...) is used 

to signify each individual within the pod (A-1, A-2, A-3 ...). Beyond this level of 

classification, pods that associate with each other are referred to as "communities" (Bigg 

et ai, 1987; 1990), and pods that share the same acoustic dialects are referred to as 

"clans" (Ford, 1990; Ford et ai, 1994).
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Figure 15:

55
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The "Southem Resident Community" are designated as J-Pod, K-Pod, L-2 Sub- 

Pod, L-12 Sub-pod and L-35 Sub-pod (Figure 7). In 1982 a few modifications were made 

to the designations of the "Southem Resident Community" (Bigg, 1982; Bigg et ai,

1987): a matemal sub-group originally designated in L-Pod was switched to K-Pod (K-17, 

18, 21 & 40) due to a reinterpretation of their association patterns, and L-Pod was sub­

divided into three "sub-pods" (L-12s, L-25s & L-35s). In the present study, records on 

annual population composition from 1974 to 1999 as published by the Center for Whale 

Research (Ginneken and Ellifnt, 1999) are utilized to show annual recmitment and total 

population count (Figure 12). These numbers will also provide the basis for calculating the 

second indicator for this population: food resource requirements.

Food Resource Requirements

The energetic requirements of both captive and wild killer whales has been the 

subject o f several studies over the last decade (Innes et ai, 1987; Kastelein and Vaughan, 

1989; Kriete, 1995). The assessment completed by Kriete (1995) employed a combination 

of techniques (respiration rate, respiratory gas analysis, urine analysis) with both captive 

and wild killer whales of different sex and age categories, and under different activity 

states. The animals in her study included captive North Atlantic fish-eaters and Northem 

Residents, and her wild data came from killer whales in the Northem and Southem 

Resident Communities (Kriete, 1995).

Kriete's findings provide the basis for an assessment o f energy requirements for any 

group o f killer whales where age (or length), sex, and reproductive condition of females is 

known (Kriete, 1995). For the purposes of the present study a quantitative "indicator" of 

food requirements for this population is needed, that is usable at scales where precise 

information about age and sex composition of the population is not available. This is 

accomplished by taking conservative mid-range estimates from Kriete's energetic estimates 

and rounding to the nearest 1,000 calories/kilogram/day (Kcal/Day).
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Using Kriete’s published values tables were constructed (Tables 3 and 4) utilizing 

her four age/sex categories (immature, juvenile, adult female and adult male), each 

assigned with the mean value rounded to the nearest 1,000 Kcals/Day (Kriete, 1995). 

These values were then combined with the number of salmon/day it would take to equal 

the daily food requirement with each of the five local species of salmon (Table 3) Caloric 

values for each of the five local species of salmon were derived from published values 

(NWAFC, NOAA, 1977) and divided by the estimated average size of the fish for that 

species (Table 3).

Table 3 Food Values for Selected Salmon Species

(100 gram portions) (1 kg. portions)
S pecies % W ater Calories Protein Fat Kcal/kg kg/Fish Kcal/Fish

Chinook 64.2 222 19.1 15.6 2,220 4.5 9,990

Chum 70.8 139 21.5 5.2 1,390 4 5,560

Coho 69.3 153 20.8 7.1 1,530 4 6,120

Pink 76 119 20 3.7 1,190 3 3,570

Sockeye 67.2 171 20.3 9.3 1,710 4 6,840

Caloric values for fish = Oept of Food Science, NWAFC, NMFS, NOAA, 1977.

Table 4 Daily Number of Salmon Needed to Sustain a Killer Whale

Species
Im m ature £1-6 yrs.£ Juvinile (7-12 y r s j Female (+ 12^rs.) Male (+12yrs.£

85,000 kcal/day 100,000 kcal/day 160,000 kcal/day 200,000 kcal/day

Chinook 8 10 16 20
Chum 15 18 29 34
Coho 14 16 26 33
Pink 24 28 45 56
Sockeye 13 15 23 29
RULE OF THUMB = 25 SALMON / D (23.6 = (ha mean for all species of salmon and all age classes oforca) 

Orca values derived from Bigg and Wotman, 1975; Innes et al, 1987: Kastelein and Vaughan, 1989; Kriete, 1995)
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This information was then used to derive an estimate that included the mean of all 

species of salmon, with the mean of all age/sex categories of killer whales (23.6 generic 

salmon/generic killer whale/day: Table 4). That number was then rounded up 1.4 fish for 

mathematical convenience, and to err on the side of over estimating their salmon 

requirements This value of 25 salmon/killer whale/day was then utilized as the energetic 

indicator for most comparisons. The next section will attempt to find a reliable 

quantitative measure o f the third indicator for this killer whale population; habitat use. 

Sighting Records

The data that forms the foundation for a measure of habitat use by these killer 

whales is calculated as the number of days per month resident whales were detected in two 

geographic zones (Figure 15a); 1) the Strait of Juan de Fuca east of Race Rocks and Port 

Angeles to Southern Georgia Strait south of Ft. Roberts (Zone 1), or 2) Whidbey Island 

to Puget Sound (Zone 2). It was assumed that if the whales were not detected in one of 

these two zones in a 24 hour period, then they were somewhere else using another area of 

their range, and did not enter those zones during the 24 hour period.

A total of 10,642 sightings were used in the study (Figure 15c). However, the 

total sample in the analysis was based on the number of days/month the killer whales were 

or were not detected by I or more of those sightings (January 1978-December 1997 = 

7,300 sighting days). Outside of the two study zones, sightings were classified as either 

north or west o f Zone 1. These sightings were also plotted as sighting days, but were 

deemed too small a sample size, and too irregular to include in the analysis (Figure 16). 

Days where whales were not detected were classified as days not in the two study zones.

Sighting data was collected in a fashion that is not possible to subject to a uniform 

test of reliability due to the large variety of sighting platforms, observers, and the variation 

in their qualifications (after Balcomb e/a/., 1980; J.R.Heimlich-Boran, 1986a; 1988; 

Felleman e/a/., 1991; Osborne, 1991; Olson, 1998). The data also violates the
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Figure 16
Annual Number of Days Killer Whales Were Detected in 

Four Different Zones of the Salish Sea (1978-97)
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assumption of homogeneity because the range of variance is exceeded by a factor of 10 in 

many places, and there is no measure of temporal or spatial effort, so it is not a statistically 

valid sample of the population (Box and Jenkins, 1976; Zar, 1996).

For the purposes of the present study, despite its unverifiability, the assumption 

will be that since the year 1985, 95% of the time the resident killer whales have entered 

these zones, they have been detected by humans at least once during a 24 hour sampling 

period, and reported to one of several sources: 1) the Whale Museum's Whale Hotline 

(which has been in place since 1976), 2) the B.C. Whale Hotline (in place since 1985), 3) 

the Center for Whale Research's Orca Survey project (in place since 1976), or 4) 

commercial whale watch operators with a daily summertime schedule (in place since 1983, 

intensively since 1990). For the years 1978-1984 sightings are Whale Museum Whale 

Hotline and Orca Survey sightings only. For this earlier period reliability will not even be 

attempted to be estimated, though it is probably reasonably complete for summer months. 

The observers contributing to the data base range from the untrained general public, to 

highly reliable long time shoreline residents, to trained naturalists, to cetologists with 

photo-identification records. Observations of the untrained general public were not
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included in the data base unless they were either: 1) Verified through interview, or 2) had 

a convincing description of the species that could be corroborated with at least one other 

sighting.

For any given daily detection of the killer whales in the data base, anywhere from 

one to over 25 sightings might have been collected for a single 24 hour sample.

Seasonally there are extreme sampling biases in terms of: 1 ) number of observers, 2) 

number of observers actively searching for whales, 3) period of daylight, and 4) visibility 

in terms of sea surface and atmospheric conditions. For summer data (June-August) the 

bias of all these variables have been minimized close to zero in recent years (since 1992) as 

a result of the huge increase in (commercial) observer effort, coupled with the consistently 

ideal environmental conditions for detecting killer whales during those months. Outside of 

the summer months all the variables of potential bias become problematic.

The only reliability tests of this data have been opportunistic. Since 1991 the 

spring through Fall season has been thoroughly tested for reliability due to the effort 

applied to tracking killer whales with the paid subscription sighting networks for 

commercial whale watch operators. The commercial networks use aerial surveys, vessel 

surveys, as well as dedicated cliff observers to track the killer whales. The other 

opportunistic reliability test has been the use o f 24 hour hydrophone surveillance through 

the winters of 1978-80, 1986-88, 1991, and 1995-98, but with inconsistant effort. 

However, in none of these instances did the periods of increased winter sighting effort 

increase the overall number of sighting days.

Bias in sighting effort is then further controlled by scoring killer whale presence as 

days/month and then coding the data as a percentage for each month separately over the 

entire 240 month study period (1978-97). These 20 year means by month, serve as the 

basis for deriving the seasonal pattern of habitat use in the study sites, and as the central 

tendency upon which to compare variations characteristic of specific years.
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RESULTS 

Southern Resident Killer Whale Ecological Indicators

The ecological status of the Southern Resident Community of killer whales in 

terms of reproductive requirements, food resource requirements, and habitat-use 

patterns, can be roughly monitored using a combination of an annual individual photo­

inventory of the population, and maintenance of a year-round public sighting network to 

uniformly detect them in portions of their range.

Recruitment Status

Long-term assessment of the recruitment status of this killer whale population 

through photo-identification has been thoroughly demonstrated (Balcomb and Bigg, 1986; 

Olesiuk et al., 1990; Brault and Caswell, 1993), and already serves as an important 

management tool and monitor of their ecological health (Calambokidis and Baird, 1994; 

Balcomb, 1997; Baird, 1999; Ross et al., in press). This record provides the basis for 

assessing the population in terms of the standard analytical procedures available to 

demographers (Olesiuk etal., 1990; Brault and Caswell, 1993; Baird and Whitehead, in 

prep.; Figures 7, 12 and 17), and therefore serves as a longitudinal measure o f the 

recruitment status of this population.

In Figure 17 this is demonstrated graphically as an age distribution pyramid, 

where the reproductive potential of the population into the immediate future can be seen 

as the percentage of breeding age females. For this age structure information, 

reconstructions on the estimated birth-year of each individual prior to 1974 were used, as 

published by Bigg et ai, (1987; 1990); Ford et al., (1994); and the Center for Whale 

Research (Balcomb, 1997; Ginneken and Ellifnt, 1999). The Salish Sea Resident Killer 

Whale Community presently has a large percentage of breeding age females in the early 

years of their reproductive life span, suggesting a strong potential for population growth in
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Figure 17 Southern Resident Killer Whale Community
Age Distribution Pyramid 1997
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the absence of any decreases in survivorship of these females (Brault and Caswell, 1993). 

Additionally, age distribution pyramids can serve as historical markers of generational 

mortality and fertility events, potentially allowing associations with historical 

environmental conditions (Chapter 4).

Food Requirements

The amount o f food required to maintain the Salish Sea Resident Community of 

killer whales is going to be a function o f the number of individuals in the population 

(Figure 12), their age/sex composition (Figure 17), the basic energetic requirements for 

killer whales of those age and sex categories (Kriete, 1995; Table 4), and the energetic 

value of their food species (Table 3). In Table 5 the results of such an assessment are 

presented for the population as a whole based upon their composition in 1997 (Center for 

Whale Research, 1998), and the unlikely assumption that they eat nothing but salmon. 

This results in an estimate that the whole population needed to consume 817,673 salmon 

in 1997. Using the even more conservative "rule of thumb estimate" the number is
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857,750 salmon. Since it is known that some percentage o f their diet also includes other 

species, this is explicitly a high estimate; a salmon diet of 90% would be 735,906 and 

771,975, respectively.

In Table 6 consumption estimates based upon the composition of only J-pod, and 

just for the period from December through April are presented. Published evidence 

suggests they are the only portion of the Salish Sea resident population exploiting salmon 

resources from the inland waters of the Salish Sea during this time of year (J.R.Heimlich- 

Boran, 1986a; 1988; Felleman e/a/., 1991; Ford e/a/., 1994). These findings indicate that 

J-Pod needed to consume 70 to 80,000 salmon over that five month period in 1997.

Table 5 Southern Resident Community
Salmon Consumption Estimates for 1997

Age/Sex Class Daily Calories

Daily Mean # 

of Salmon

Number of 

Individuals

Annual # 

of Salmon

Immature (1-S yrs.) 85,000 kcal/day 14.8 19 102,638

Juvinile (7-12 yrs.) 100,000 kcal/day 17.4 21 133,371

Female (+12 yrs.) 160,000 kcal/day 27.8 40 405,880

Male (+12 yrs.) 200,000 kcal/day 34.4 14 175,784
TOTALS: 23.6 94 817,673

Generic Killer Whale Rule of Thumb: 26 salmon x 94 Individuals x 365 days = 857,750
(Killer whale energetic values derrived from Kriete, 1995; salmon from NWAFC, NMFS, NOAA, 1977)

Table 6 J-Pod Salmon Consumption Estimates
for December - April 1997-98

Age/Sex Class Daily Calories
Daily Mean # 

of Salmon
Number Of 
Individuals

Number of 
Winter Salmon

Immature (1-6 yrs.)_ 85,000 kcal/day 14.8 7 15,644
Juvinile (7-12_yrs.) 100,000 kcal/day 17.4 3 7.882
Female (+ 12yrsJ 

Male (+12 yrs.)
160,000 kcal/day 

■f0Ô,0Ô0kcâl7day
27.8
34.4

9
3

37,780
15,583

TOTALS: 23.6 22 76,889

Generic Kiiier Whale Rule of Thumb: aimon x 22 individuals x 161 days = 83,050
(Killer Whale energetic values derrived from Kriete, 1995; salmon from NWAFC, NMFS, NOAA, 1977)
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This method of calculating food requirements from population composition, and 

energetic values for killer whales and their food resources, appears to satisfy the criteria of 

a longitudinal indicator of the ecological status of this population relative to salmon food 

resources. This allows an assessment of the salmon resources necessary to sustain 

this population, or portions of the population, over specified time scales by utilizing annual 

population estimates. However, it does not account for food requirements relative to non- 

salmonid prey.

H abitat Use

The degree to which a population of organisms utilizes different parts of their 

range will vary according to the benefits and costs of utilizing those parts of their habitat 

(Cox and Moore, 1985; Brown and Downhower, 1988). In this study the number of 

days/month the killer whales are detected by humans reporting to a sighting data base, is 

used as an indicator of the benefits and costs the killer whales receive from entering these 

two zones. The comparisons are annual values relative to the mean values of 15 to 20 

year samples. In this fashion the average seasonal habitat use pattern of the entire 15 to 

20 year sample can be used as a baseline indicator of stable ecological conditions. This 

then allows extreme variant years to be identified and later compared diachronically with 

other variables (Chapter 4).

The two zones in the habitat of the Southern Resident Community of killer whales 

being sampled are the San Juan & Gulf Islands (Zone 1) and Puget Sound (Zone 2).

These zones each have similarities and differences in how often and at what season the 

Southern Resident killer whales use them. But the main difference between the two zones 

is their geographic position relative to the entire range of these whales (Figure 18).
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Figure 18

Study Zones Relative to the Entire Habitat Range 
of the Southern Resident Killer Whale Community
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Zone 1 (the San Juan & Gulf Islands) encompasses the central node connecting 

the travel routes of the whales between the Salish Sea and the Outer Coast; and within the 

Salish Sea, between Puget Sound and Georgia Strait. This central location in the travel 

network makes Zone 1 a good indicator of killer whale habitat-use o f the Salish Sea as a 

whole.

Zone 2 (Puget Sound) is off the central travel routes and encompasses the southern 

extreme o f their distribution within the Salish Sea (Figure 18). Zone 2 is also the most
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densely human populated portion of their habitat, and so the most likely place to see 

changes in habitat-use in response to human impacts.

Site Fidelity and Habitat Partitioning

The Southern Resident Killer Whale Community’s site fidelity to specific habitat 

regions over time has been documented using photo-identification records of where and 

when pods were identified (Balcomb e/a/., 1980; J.R. Heimlich-Boran, 1986a; 1988; 

Felleman er a/., 1991; Osborne, 1991; Hoelzel, 1993; Ford e/a/., 1994). When photo­

identification is combined with sighting data, seasonal partitioning of the habitat between 

pods can be inferred more completely for all months of the year (Figure 19).

Photo-identification serves to verify the actual pods that are associated with 

sequences o f public sightings, and to directly sample the range and seasonality of each pod 

over time. It has also been demonstrated that acoustic identification of pod vocalization 

dialects can similarly be used to document pod range and seasonality over time (Ford, 

1989; 1990; Bain, 1989), but acoustic identification was rarely applied in this study (Two 

identifications in the data set).

In the present study 1,392 out of 3,310 sighting days (42%) included pod 

identification information. In Zone 1, 49% of the sighting days included pod 

identification. Zone 2 had only 14%. Zone 1 exhibited a regular mix of all three pods in 

the summer, and then primarily only J-Pod fi-om December until April. Zone 2 was 

dominated by J-Pod (70%), with K and L-Pods visiting Zone 2 primarily in the fall. This 

pattern supports previous findings on seasonal patterns of habitat partitioning among this 

community o f killer whales (J.R Heimlich-Boran, 1986a; 1988; Felleman et al., 1991).

In Figure 19 apparent habitat partitioning by the pods is depicted spatially in the 

map, and as a matrix that shows the arrival and departure months for K & L-Pods from 

the Salish Sea over the last 22 years. Variations in this longitudinal pattern can clearly be 

utilized as indicators of potential shifts in use of these zones, such as K-Pod's sporadic
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spring appearances in 1976, 1978, 1981 and 1989, and the four years when all three pods 

stayed around Zones 1 & 2 into December (1977, 1987, 1989, and 1992; Figure 20).

Seasonal Habitat Use

Seasonal habitat use can be shown by calculating the mean number of sighting 

days/month that killer whales are detected in each geographic sub-area over the entire data 

set. In figure 20, Zone 1 and Zone 2 are plotted along with the mean number o f sighting 

days/month they were not detected in those two zones. The assumption is that when the 

whales are not in Zones 1 or 2 they are using other parts of their habitat. This serves as a 

potential indicator of their seasonal interest in these other parts o f their habitat.

As depicted by the site fidelity and habitat partitioning data (Figure 19), on average 

the resident killer whales are in the inland waters of the Salish Sea most often during the 

summer months. This finding is well known in the literature (Bigg e/a/., 1976, 1981;

1990; Balcomb e/a/., 1980; Baird e/a/.. 1992; Ford e/a/., 1994) and has been clearly 

linked with seasonal peaks of most salmon species (J.R.Heimlich-Boran, 1986a; Felleman 

et a i, 1991; Figure 15). Over the whole sample resident killer whales were detected in 

Zone 1 (San Juan/Gulf Islands) for over half the days of the month for May through 

August, with a peak in June and July; and on average, continue to be detected regularly in 

Zone 1 during the boundary months at either end of this period (Figure 20). This 

represents 5 months out of the year where the daily presence o f the killer whales in this 

component of their habitat can annually be accounted for 50 to 80% of the time. However, 

as can also be seen in Figure 19, J-Pod is being detected in either Zone 1 or Zone 2 during 

every month of the year (see also Figure 20).
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Figure 19

Spatial and Temporal Habitat Partitioning 
in Salish Sea Resident Killer Whales 
(Year-Round 1976-1997)

Based upon 1,392 pod identification days. Pod 
identifications are primarily from investigators associated 
with the Orca Survey, Center for Whale Research or 
verified records supplied to The Whale Museum's Whale 
Hotline sighting network. The map depicts spatial partition­
ing between J-Pod and the rest of the community. The matrix 
shows temporal and seasonal partitioning.
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Zone 2 shows a low overall year-round presence of a couple o f days per month, 

with a slight peak October through January. This peak appears to roughly correspond 

with the chum and chinook salmon peaks in the sports catch data presented in Figure 14. 

The difference in the level of activity in Zone 2, as compared to Zone 1, seems attributable 

to the fact that the whales do not use Zone 2 as often. Sighting effort in Zone 2 has 

always been consistant due to the elevated human density and narrow channels, (see 

Figure 15).

As previously mentioned, photo-identification indicates that most of Zone 2 

activity can be attributed to J-Pod (70%) and appears to be exclusively J-Pod for 

November through May. The only exception to this was in 1997 when a sub-group of L- 

Pod stayed in Dyes Inlet in Puget Sound for 30 days in October and November (Osborne, 

1998; Smith et ai, in prep.). The unusualness of this event becomes quite clear when 

placed in the context of this longitudinal photo-ID and sighting data, and illustrates how 

this data base can be used as an "indicator" of changes in the environmental conditions for 

the population.

Longitudinal Habitat Use

The longitudinal record of sighting days/month in these two zones provides a 

continuous sequence of monthly activity for 240 months. When this data is plotted with 

the 20 year mean (Figure 20), it allows extremes in variation from the mean to be 

examined in the context of preceding and following trends (Figures 21 and 22).

The twenty year plot of sighting days/month for Zone I (Figure 21) shows an 

overall lower level of activity in the earlier years (white space below the mean), which is 

probably attributable to the lower sighting effort during this period. Correspondingly, 

later years show a tendency to be above the mean probably because sighting effort has 

improved with time. Between these obvious trends of bias are, mostly, chaotic 

fluctuations around the mean; and these are relatively minor when considered in terms of
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Figure 20
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their values as days per month. However, in some places there are extreme perturbations 

in the data set either above or below the mean (i.e. 1984, 1988 and 1997 in Figure 21), 

that can potentially be used as indicators of ecologically significant events. In this respect, 

extreme perturbations showing an increase in sighting days are more reliable as indicators 

o f ecological events, than perturbations that suggest the killer whales were not present in 

the habitat zone, due to the lattefs greater sensitivity to a sighting effort bias.

Zone 2 displays a relatively lower level of overall activity indicating its status as an 

outlying habitat area for these whales (Figure 22). This lower level o f sighting days means 

extreme perturbations below the mean are even more dubious as indicators o f ecological 

conditions than in the case of Zone 1. However, it also makes perturbations o f high 

sighting days even clearer indicators of potential ecological events.

In Figure 22 the early spring of 1979, the summer of 1981, December of 1995 and 

fall o f 1997, all show very large increases in sighting days that strongly suggest some
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Figure 21

Number of Days/Month Resident Killer Whales were Detected 
in the San Juan / Gulf Islands relative to the Mean (1978-97)
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Figure 22

Number of Days/Month Resident Killer Whales were Detected 
in Puget Sound Relative to the Mean (1978-97)
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significant ecological event must have occurred. In the case of the autumn of 1997, the 

perturbation is clearly attributable to L-Pod's extended stay in Dyes Inlet (a significant 

ecological event; Osborne, 1997; Smith et ai, in prep.). The other perturbations require 

further investigation (Chapter 4), but they demonstrate that assessing habitat-use with 

public sighting data and photo-identification can provide a useful indicator of ecological 

fluctuations in this population in some instances.

Another way o f assessing these longitudinal variations in habitat-use is presented in 

Figures 23 and 24. This is the same data as Figures 21 and 22, except: 1) it only samples 

the last 15 years as a further precaution against including unequal sighting effort, 2) it is 

grouped into three-month seasons (Dec-Jan-Feb, Mar-Apr-May, Jun-Jul-Aug, Sep-Oct- 

Nov), and 3) it is plotted in relation to standard deviations above or below the seasonal 15 

year mean. Similar to figures 21 and 22, these plots also serve to identify extreme 

variations of habitat-use that can be used as historical markers of potentially important 

ecological events.

Starting with the winter in Zone 1 (Figure 23), we do not see any variation that is 

far enough away from the mean to suggest an effect. The spring in Zone 1 however, does 

have one notable trend from a low in 1984, that consistently shifted to a high over the next 

5 years. It serves as an indicator that something may have changed in the whale's habitat 

which caused an increase of their use of Zone I during the spring. From Figure 19 it can 

be seen that during this period, only J-Pod was present during the spring months, until 

1986 when K-Pod began showing up in May, and by 1989 so was L-Pod. The summer 

and fall annual variation plots for Zone 1 (Figure 23) do not show any indications of 

extreme ecological events. All variation is close to the mean.

In Figure 24, the Zone 2 winter plot shows a lot of variability around the mean, 

with a notable shift to an increase for the years 1995 and 1996. The spring and summer 

plots for Zone 2, show a significantly high detection rate for the killer whales in 1982 and



Figure 23

Seasonal Variations in Habitat-Use o f Zone 1 from 1982-1997
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Seasonal Variations in Habitat-Use o f Zone 2 from 1982-1997
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1983 and then there is a shift to an extended period of lower detection rates in the spring 

since 1992. The autumn variations in habitat use in Zone 2 are very uniform,except for the 

Dyes Inlet incident mentioned earlier, which clearly demonstrates its severity as a habitat- 

use event.

In summary, habitat use of these two zones by the Southern Resident Community 

over the last 20 years indicates that annual seasonal variations can be detected using this 

method, and in at least one extreme case (i.e. Dyes Inlet) a specific environmental event 

can be linked with the variation. But in Zone 1, where the data is the most reliable, annual 

and seasonal variations in detection do not vary much beyond one standard deviation 

above or below the mean over the last 15 years (Figure 24), suggesting that recent habitat 

use patterns o f this population are fairly stable overall.

Conclusions

The objective of this chapter was to describe the ecology of this resident killer whale 

population according to current findings, and to develop measurable baseline indicators of 

their ecological status that could be traced historically. The first step was to assemble 

what is currently known about the population, and then three indicators of their ecological 

status were developed based upon individual photo-identification records and public 

sighting records as the measurements.

These three indicators of the ecological status of this population represent three of 

the most basic ecological requirements of any population of organisms; recmitment, food  

resources and spatial habitat-use. Annual photo-identification o f every individual in a 

population allows fluctuations in population ecology to be monitored directly (Figures 7, 

12, and 17), and serves as the ultimate measure o f ecological stability on an evolutionary
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time scale. Utilizing recent findings on the energetics of killer whales and their prey, 

allows annual and seasonal food resource requirements to be calculated directly from the 

photo-identification data (Tables 4, 5, and 6) and serves as a nearly direct indicator of 

food resource needs at different population levels. Finally, public sighting data, when 

collected over decades, allows fluctuations of spatial activity to be identified relative to 

average patterns, thus serving as an indicator of habitat-use in selected zones Figures 19 to 

24).

In assessing the present ecological status of this threatened population of killer 

whales in the absence of a historical perspective (Chapter 4), the three indicators suggest:

1) Recruitment is on a downward trend since 1995 (presently 0.6% annual growth 

rate), but the population is still theoretically within the range of fluctuations for a stable 

population at or just below carrying capacity (Figure 12), and there is an up-coming 

increase in the number of breeding females that could counter the current increase in 

mortalities (Figure 17).

2) The population as a whole requires an annual salmon resource of around 800,00 

fish (Table 5), and J-Pod alone requires about 80,000 salmon during the winter months of 

December through April (Table 6).

3) Habitat-use by these killer whales can be quite variable from month to month, 

but appears stable overall relative to the seasonal sample means over the last 15 years. 

However, 1997 was an unusual year for the killer whales, with record highs in the number 

o f days they were detected during the fall in both sampling zones (Figures 21 and 22).

As potential indicators of the historical ecology of these killer whales, total 

population, and related food resource requirements, are variables that can more easily be 

extrapolated backwards at different time scales than can habitat-use. The former 

indicators are derived from population estimates, that vary only due to the birth or death 

o f individuals on an annual time scale. The latter is an indicator of group behavior.
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sampled at smaller time scales (days, months, seasons), and is temporally tied to a public 

sighting data base with statistically unreliable effort. However, monthly habitat-use is 

potentially more sensitive to detecting variations in the ecological status o f these killer 

whales than population measures, precisely because it is sampling behavior over shorter 

time samples. Furthermore, when a data base spans two decades, time begins to make the 

data more homogeneous, reducing the effect of effort biases, and increasing its value as a 

historical indicator (Hassan, 1994). In this respect, and as demonstrated by the example of 

the Dyes Inlet incident of 1997, the continuation of this sighting data set as a historical 

indicator should provide an increasingly powerful tool for detecting important events in 

the ecology o f these killer whales.

In what follows, these ecological indicators for the Southern Resident Killer Whale 

population will be effectively linked with anthropogenic environmental variables, and 

examined at different time scales in order to build a historical context for management 

strategies.



Chapter 3

Identifying Indicators of Potential Human Impact 
on Salish Sea Resident Killer Whales

INTRODUCTION

A review of the Information currently available on the ecology of the "Southern 

Resident Community" of killer whales (Chapter 2), provides a reasonable basis for 

choosing the salient limiting environmental factors with which this population of killer 

whales has to contend. Once these factors are identified, two other relationships also 

become apparent; I) the human activities that are most likely contributing to 

environmental resistance on the killer whales, and 2) the sub-set of human activities that 

can be historically plotted as indicators of these anthropogenic influences. The primary 

objective o f the present chapter is to systematically characterize this environmental 

resistance, and to link measurable indicators of human activities in the Salish Sea that are 

available for historical analysis at different time scales.

Over the last 25 years geographers, applied ecologists, and resource managers 

have developed methods for systematically identifying interacting ecological variables as 

part o f simulation models (Holling, 1973; 1978; 1986; 1992; Clark, 1985; Mangel, 1985; 

Allen and Hoekstra, 1992), particularly in relation to standard environmental impact 

assessment (Leopold, 1971; ORiordan, 1971; Mitchel, 1989; Allen and Hoekstra, 1992). 

These methods are applicable to analyses in historical ecology because of their similar lack 

of restrictions on the quality and completeness of available quantitative data, and the 

degree of complexity in the interacting variables (Holling, 1986; Worster, 1990;
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Winterhalder, 1994). In a historical ecology of a population, the autecological concepts of 

"carrying capacity", and "limiting factors", would probably be the most widely accepted 

context within which to address these limiting environmental variables (Ricklefs, 1988; 

Mitchel, 1989; Botkin, 1990; Allen and Hoekstra, 1992), so they will form the basis for 

framing the categories presented here

Human Contributions to Limits on Carrying Capacity

Paramount to Identifying the most important ecological variables affecting a 

management unit is defining the boundaries of the system (Allen and Hoekstra, 1992;

Ulanowicz, 1997). Boundary conditions in a biological population (autecology) are 

ultimately measured in relation to population size and composition over time, essentially 

birth and death rates of different age and sex classes (Watt, 1962; Kormondy, 1969; 

Ricklefs, 1988; Allen and Hoekstra, 1992). Given a stable environment, the point at 

which a population stops growing over time is known as its carrying capacity, and the 

most influential variables responsible for maintaining these upper limits on population 

growth are known as the "limiting factors", or the "environmental resistance" on the 

population (Hardesty, 1977; Simmons, 1979; Ricklefs, 1979; Botkin, 1990; Allen and 

Hoekstra, 1992; Ulanowicz, 1997).

The original concept of carrying capacity grew out of the logistic equation of P. F. 

Verhulst (1849), which characterizes population growth in terms o f the biotic potential of 

the individual relative to the detrimental effects of other individuals in the population on 

that biotic potential (Street, 1969; Ricklefs, 1979; Botkin, 1990; Allen and Hoekstra,

1992). A more recent definition has been generalized to mean the maximum size o f a 

population over time, that cent be supported by the habitat without damage to other 

species, or to the functioning o f the ecosystem o f which it is a  part (Botkin, 1990). 

Limiting factors are those key variables in the environment that implement carrying
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capacity, by serving as negative feedback on growth of the population (Simmons, 1979; 

Botkin, 1990; Allen and Hoekstra, 1992). How carrying capacity is lowered for a 

population by anthropogenic impacts has always been of key interest to geographers, 

anthropologists and environmental scientists (Marsh, 1864; Sauer, 1925; 1941; Leopold, 

1949; Steward, 1963; Street, 1969, Holling, 1973, 1978, Hardesty, 1977, Holt and Talbot, 

1978; Simmons, 1979; Worster, 1979; Butler, 1980; Hardin, 1986; Allen and Hoekstra, 

1992; Ulanowicz, 1997), and the specific focus of modem "historical ecologists" as well 

(Bilsky, 1980; Turner, 1990; Schmidt, 1994).

In the present study the management unit is a population of approximately 80-90 

killer whales who have long, socially complex life spans, a very low reproductive output, 

and who exhibit a high preference upon a single food resource for their primary sustenance 

(Chapter 2). Due to the life spans involved, natural carrying capacity for a population like 

this is only going to be reached over very long periods of fairly stable environmental 

conditions (Eisenberg, 1981; Botkin, 1990; Allen and Hoekstra, 1992; Ulanowicz, 1997).

Human population growth and industrial development in the Salish Sea region 

over the life spans of the oldest individuals in this killer whale population (since approx. 

1910; Bigg et al., 1987; Olesiuk et ai., 1990), is clearly documented in the historical 

records as an over-all increase in human environmental influences that has been increasing 

up to the present (McKervill, 1967; Gregson, 1970; Kimerling and Jackson, 1985; Lyons, 

1989; Levings and Thom, 1994; Schwantes, 1996). When this basic human history is 

combined with the demographic studies that have been conducted on this population of 

killer whales (Olesiuk et a!., 1990; Brault and Caswell, 1993; Baird, 1999; Ginneken and 

Ellifnt, 1999; Center for Whale Research, in prep ), it appears likely that the present 

population is not at historical levels of "carrying capacity", but it is not known what those 

historical levels might have been.
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For the Southern Resident killer whales, increases in mortality will be the result of 

predation, starvation, accidents, disease, toxic poisoning, or some combination of these 

limiting influences (Calambokidis and Baird, 1994; Baird, 1999). Fertility will be 

negatively affected due to any reductions in the percentage of breeding females, or their 

physiological ability to produce offspring (Ricklefs, 1979; Eisenberg, 1981; Robinson and 

Bolen, 1989; Allen and Hoekstra, 1992). Thus, on a population-wide scale, fertility is also 

affected by disease, toxic poisoning, and/or behavioral disturbance (Robinson and Bolen, 

1989; Allen and Hoekstra, 1992). Increases in mortality and reductions in fertility are 

further compounded if there are periods of insufficient food resources for the population 

(Ricklefs, 1979; Robinson and Bolen, 1989; Allen and Hoekstra, 1992). It is within the 

scope of these "carrying capacity" impacts that the overriding constraints on the stability 

of the population will be found, whether they be human induced or not.

As a corollary to carrying capacity, Liebig's "law of the minimum", has also been 

applied ad hoc in biology and ecology for over 100 years, as a way of further identifying 

critical components in ecological systems that are the "bottom line" in the persistence of 

the system (Erhlich e/fl/., 1977; Ricklefs, 1979; Ulanowicz, 1997). In chemistry this law 

is well known simply as a special case of either the Ideal Gas Law and/or the Arrhenius 

Law o f chemical kinetics (Nebergall et ai, 1980, and after Ulanowicz, 1997). When 

applied in ecology, this concept of minimum conditions, provides a narrower focus for 

identifying the potentially limiting variables affecting the population. If these minimum 

conditions aren't met, any other potential impacts are erroneous. A "law of the minimum" 

delimitation for the killer whale population in this study can be narrowed to include six 

vectors o f potential human impacts (after categories suggested by Calambokidis and 

Baird, 1994; Baird, 1999): I) human predation, 2) toxic poisoning, 3) disease, 4) impacts 

on the availability o f food, 5) behavioral disturbance from vessels, and 6) behavioral 

disturbance from underwater noise. Non-anthropogenic factors such as climate.
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lithographic change, and ecosystem stability, will be considered as background noise for 

the purposes of this chapter.

Comparing Ecological Variables with an Interaction Matrix

Interaction matrices have been the standard systematic process managers have 

used for identifying environmental impacts (Leopold, 1974; Holling, 1978; 1986; Mitchell, 

1989), and they have served as important heuristic devices for theoretical ecologists when 

they are framing ecological relationships for the development of dynamic computer models 

(Holling, 1978; 1986; 1992; Clark, 1985; Mangel and Clark, 1988; Ulanowicz, 1997).

The classic example of an interaction matrix is the Leopold Matrix, which was 

developed by the U.S. Geological Survey in order to comply with the U.S. National 

Environmental Policy Act of 1969 (Mitchell, 1989). The purpose of the matrix was to 

quickly assess impacts for a wide range of variables in relation to a potentially diverse 

number o f projects, but with limited empirical information (Holling, 1978; 1986; Mitchell, 

1989). The matrix itself contains 100 project actions on one axis, in relation to 88 

environmental conditions and characteristics in the other dimension. All actions of the 

project are identified in relation to the 88 environmental variables, and each interaction is 

given two scores on a scale o f 1-10 for the magnitude o f the impact and its relative 

importance (Leopold, 1974; Holling, 1978). The scores in a Leopold Matrix are not 

added or otherwise manipulated beyond this (Leopold, 1974), but simply serve as 

identifiers of components in the system that can be analyzed further using other methods 

(Mitchell, 1989). However, in some of the many varieties of interaction matrices that have 

been developed for different management situations, these qualitative scores are often 

cross-tabulated into simple rank scores for relative comparisons (Holling, 1978; Mitchell, 

1989; Allen and Hoekstra, 1992; Ulanowicz, 1997).
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There are many other variations on these systematic matrices that have been 

utilized in resource management (Holling, 1978; 1986; Clark, 1985; Mitchell, 1989) and in 

the heuristics of dynamic computer modeling (Holling, 1978; 1986; Mangel and Clark, 

1988; Allen and Hoekstra, 1992; Ulanowicz, 1997). Interaction matrices have also been 

recommended as a useful device for directly dealing with the framing o f interacting 

variables in historical ecological analysis (Winterhalder, 1994). To that end, the following 

interaction matrix for "Southern Resident" killer whales is presented for the purpose of;

1) formalizing the list of limiting environmental variables that will be used to characterize 

impacts on this population of killer whales, 2) identifying the vectors of human activities 

that most directly contribute to those impacts, and 3) linking these vectors of human 

impact with quantifiable indicators of recorded human history.

METHODS

In an attempt to understand the nature of ecological interactions between humans 

and Salish Sea resident killer whales better, an interaction matrix has been constructed that 

compares areas where these killer whales are vulnerable to impact, with vectors of human 

activity. The interaction matrix provides the basis for a systematic evaluation of these 

categories relative to each other, and facilitates identification of the types of human 

activity that will best serve as indicators of historical change in the environment of these 

killer whales. The objective is to then plot these indicators of human impact with the three 

indicators of the ecological status of these killer whales identified in Chapter 2, and 

compare them at different time scales (Chapter 4). It is this comparison of historical 

trends in multiple indicator variables that will form the basis for assessing the resiliency of 

this killer whale population relative to both past and present potential impacts.
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The Matrix

The simple 6 X 5  interaction matrix constructed for the purposes of the present 

assessment lists six limiting environmental factors to growth of this killer whale population 

on one axis, and five vectors of human interaction on the other (Table 7). The six limiting 

factors attempt to address the main areas of environmental resistance in this population 

relative to their theoretical carrying capacity. The five vectors of human interaction 

attempt to list the primary human activities that would be expected to affect the habitat of 

these whales based upon a survey of existing information on human impacts upon the 

Salish Sea ecosystem (Ward and Sullivan, 1980; Chasen, 1981; Fleming, 1987; Lyons, 

1989; Kruckeberg, 1991; PSWQA, 1992; Yates, 1992; Levings and Thom, 1994; Schmitt 

et ai, 1994; 1995; Crecelius e/a/., 1995; West, 1997; PSWQAT, 1998). The assumption 

is that by starting with these general categories of potential human impacts, measurable 

historical indicators can be identified, and a more empirical historical assessment of these 

potential impacts can be performed.

The values in the matrix are simple scores in relation to how the human 

vector would theoretically be expected to contribute as a limiting environmental factor on 

the killer whales. A score of /  = a perceived increase in environmental resistance on the 

killer whales, and 0 = no known potential effect on environmental resistance.

The scores are then tallied to provide a rank score for each category in both 

directions: a) in terms of which limiting factors were potentially the most vulnerable to 

human impacts, and b) which vectors of human activity potentially contribute to impacts 

for the largest number of limiting factors. The distribution of rank scores for each 

category are then plotted in both directions to illustrate the comparisons (Figures 25 and 

26).
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Table 7
Matrix Design for Comparing Limiting Environmental Factors 

with Potential Vectors of Human Influence on "Southern Resident" Killer Whales

Vectors o f H um an Interaction

Lim iting
Environm ental Factors

Killing. Capture 

& Shooting

Salmon

Elimination

. \ i r &  W ater Am bient Seasonal 

Contam ination Vessel T raffic Vessel Pursuit Score:

Predation

Disease

Fi od Resource Depletion 

Toxic Exposure 

Surface Disturbance 

Underwater Noise

3

0

0

0

0

Score; 0 0 0 0 0

Definitions of Matrix Categories:

In this section the rational for each category listed in Table 7 is presented. These 

are the definitions for categories of potential anthropogenic influences that will ultimately 

form the basis o f the historical analysis that follows in the next chapter.

I. Limiting Environmental Factors:

The objective o f this axis of the matrix (Table 7) is to identify the primary classes 

o f variables that are imposing environmental resistance on the carrying capacity o f these 

killer whales. This environmental resistance is considered to be ultimately expressed as 

either, increased mortality outside of senescence, or anything that reduces female fertility.

Under pristine Holocene conditions the carrying capacity o f the "Southern 

Resident" population of killer whales can only be imagined, but it is possible that the 

ancestral line o f this population did have as much as 5,000 years o f the existing Salish Sea 

ecosystem (Borden 1968; Thomson, 1981; 1994; Knox, 1983; Kruckeberg, 1991) in 

which to actually exhibit a theoretical carrying capacity. The limiting factors impinging 

upon the killer whales under these prehistoric conditions should be essentially the same 

ones they are confronting today, minus any modem anthropogenic sources.
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Under pristine conditions the limiting environmental factors can be categorized as 

predation, disease, food resource depletion, and unpredictable catastrophic accidents. 

However, for environmental conditions that have existed over the last 100 years it is 

necessary to add a few over-riding variables that have come with the advent o f human 

domination of the ecosystem. These latter categories are anthropogenic limiting factors 

that, by analogy with research findings on other species, would also contribute 

environmental resistance to these killer whales. Unpredictable catastrophic accidents are 

considered background noise for the purposes of present analysis and so it has not been 

included as a category in the matrix.

Predation:

Predation on this population would include outright killing by other species and/or 

conspecifics, shooting and killing by humans, live capture for removal into captivity, and 

parasite infestation (Calambokidis and Baird, 1994; Baird, 1999). The most direct effects 

of predation are expressed as mortalities outside of senescence, but predation can also 

have a significant effect on fertility by deleteriously impacting age distribution in the 

population; or in the case of parasitism, by directly interfering with reproductive systems, 

or indirectly by reducing overall fitness in the population through infestation stress to 

individuals.

Disease:

Disease outbreaks have never been documented in wild populations o f this species, 

but regional viral epidemics have been documented in other species of coastal odontocetes 

in recent decades (Kennedy, 1996). However, very few post mortems have ever been 

undertaken on wild-stranded killer whales that would be capable of identifying disease 

conditions even if they were present (Olesiuk et al., 1990; Baird, 1999).

Historically there are no known or suggested records of an epidemic disease 

outbreak among killer whales, but there is no reason to believe they are any less
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susceptible to infectious diseases than any other mammals. The environmental resistance 

on carrying capacity from disease finds expression equally as the source of mortalities 

outside of senescence, and as both direct and indirect impacts on the fertility of females.

Food Resource Depletion:

Food availability is always going to be a fundamental limiting variable affecting the 

reproductive output of a population (Ricklefs, 1979; Robinson and Bolen, 1989) and must 

be given consideration in any assessment of the population’s carrying capacity (Street, 

1969; Botkin, 1990; Allen and Hoekstra, 1992). The variety of food items that have been 

documented for killer whales worldwide (Jefferson el ai, 1991; Felleman et ai, 1991; 

Baird and Dill, 1996; Baird, in press) make it hard to believe free-roving killer whales 

would ever starve to death; unless they were accidentally trapped in a sterile environment, 

or had lost the physical ability to process food due to an accident, parasites or disease.

The availability of species-typical food in the environment o f Southern Resident killer 

whales has probably always been sufficient to sustain population growth, except possibly 

until very recently during some seasons (i.e. since the late 1980s: Schmitt et ai, 1994; 

1995; Beamish and Riddel, 1995; and in 1999: Wash. State, 1999; Pac. Salmn. Commis., 

1999). The environmental resistance on carrying capacity from malnutrition finds 

expression equally as a source of mortalities outside o f senescence, and as both direct and 

indirect impacts on the fertility of females.

Toxic Exposure:

As predators at the top of several different food chains in the environment, killer 

whales are especially vulnerable to the bioaccumulation of toxic substances (Calambokidis 

and Baird, 1994; Jarmen et al., 1994; Ross et al., in press). Natural toxic disasters such as 

toxic algae blooms (Cherfas, 1990; Homer, 1995) and toxic geochemical releases from 

seismic activity (Thomson, 1981; Kruckeberg, 1991) are extremely rare, and are relegated 

to the category of unpredictable catastrophic accidents in this study. However,
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anthropogenic contamination of Salish Sea marine food webs by a host of toxic chemicals 

has been chronic for the last 100 years (Ward and Sullivan, 1980; Lyons, 1989;

MacDonald and Crecelius, 1994; Homer. 1995), and now is an ever-present source of 

environmental resistance for this killer whale population, as well as most other organisms 

in the bioregion.

Examination of the remains from both resident and transient forms of killer whales 

stranded in the study area have produced some extremely high levels of mercury, DDT, 

and PCB compounds (Calambokidis et ai, 1990; Calambokidis and Baird, 1994; Jarman 

et ai, 1996; Ross et ai, in press). Concentration of contaminants found in these killer 

whales are some of the highest reported for marine mammals globally, and are at levels 

thought to cause reproductive problems in other species (Calambokidis, 1995; Johnston et 

a i, 1996; Jarman ef a/.. 1996).

The environmental resistance of toxic exposure in mammals is expressed as 

mortalities outside of senescence, particularly in terms of failed pregnancies and neonate 

deaths, and has a significant effect on fertility by deleteriously impacting age distribution in 

the population; or by directly interfering with reproductive systems in both males and 

females (Addison, 1989; Johnston et ai, 1996; Ross et ai, in press).

Surface Disturbance:

The surfacing and breathing space of marine birds and mammals is a critical aspect 

o f their habitat (Bateson, 1974; Norris and Dohl, 1980; Ridgway, 1986; Osborne, 1996). 

Access to the surface is an over-riding priority for their survival and it potentially effects 

carrying capacity at all levels. The way in which surface impacts are most likely 

manifested in marine birds and mammals falls roughly into three types: 1) collisions, 2) 

collision avoidance, and 2) respiratory stress from exhaust inhalation (Osborne, 1996).

Under prehistoric conditions the natural chronic sources of surface disturbance were 

sea ice (which disappeared from this environment some 8-9,000 years ago), and floating
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logs and other debris which may have caused impacts for several years following a major 

seismic, pyroclastic, or forest blow-down event (Kruckeberg, 1991). These environmental 

circumstances were rare and therefore are categorized as unpredictable catastrophic 

accidents in this study.

Under present conditions surface disturbance is primarily an anthropogenic factor 

produced as the result o f intensive vessel use of the ocean surface at the same time and 

location as the whales (Watkins, 1986; Mayo et ai, 1989; Blane and Jaakson, 1996). In 

one case interactions with the killer whales occur because of focused human vessel activity 

around their primary food resource (e.g. salmon harvesting), in the other case it is because 

of focused human vessel activity specifically around them (e.g. whale watching).

The environmental resistance on the carrying capacity of these killer whales from surface 

disturbance would rarely be from direct mortalities, but would mostly be a result o f long­

term indirect impact on the fertility of females as a result o f reduced returns from feeding 

and breathing efforts, and increased behavioral stress (Ray et ai, 1986; Kriete, 1995).

Underwater Noise:

For cetaceans the underwater sound environment is a critical component of their 

sensory and behavioral lives (Herman and Tavolga, 1980; Norris and Dohl, 1980; Reeves 

et a i, 1996). Killer Whales acoustically communicate with each other over both long and 

short distances in order to coordinate their social existence. They actively employ 

écholocation as a primary sensory channel, and likely also rely heavily on passive listening 

as a primary sensory source (Herman and Tavolga, 1980; Norris and Dohl, 1980; Ford, 

1989; 1991; Bain, 1986; 1989; Hoelzel and Osborne, 1986; Barrett-Lennard e/a/., 1996; 

Baird, 1994; Heimlich-Boran and Heimlich-Boran, 1999).

Extrapolating fi-om studies world wide, noise in the underwater habitat o f these 

whales must have changed significantly over time in relation to anthropogenic sources 

(Myerberg, 1990; Richardson et ai, 1995; Gordon and Moscrop, 1996), and has likely
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required adaptive responses on the part of the whales that have remained undetectable by 

managers up to this point (Miller and Willis, 1997; Bain, 1999). Recent interest in this 

subject by mangers however, has brought to light the potentially serious acoustic impacts 

that whales have been exposed to over the last 70-80 years in relation to: military 

operations, geologic and oceanographic testing, commercial fishing operations, shipping 

traffic, and whale watching (Myerberg, 1990; Richardson et ai, 1995; Gordon and 

Moscrop, 1996).

Long term impacts from noise pollution would likely be exhibited as noticeable 

behavioral changes in habitat use when the impact is spatially discrete, and as sensory 

damage or gradual reduction in population health (Richardson et a/., 1995; Gordon and 

Moscrop, 1996; Miller and Willis, 1997). The environmental resistance on carrying 

capacity from underwater noise would be similar to surface disturbance. Underwater noise 

stress would rarely, if ever result in direct mortalities, but would mostly be a result of 

long-term indirect impact on the fertility of females as a result of increased behavioral 

stress (Ray et al., 1986; Kriete, 1995; Richardson et al., 1995).

n . Vectors of Human Interaction

The objective of this axis of the matrix (Figure 25) is to identify the main 

anthropogenic factors that are contributing environmental resistance to the carrying 

capacity o f these killer whales. This assessment of human contributions to environmental 

resistance will then provide the basis for identifying specific human activities that can serve 

as measurable indicators in a historical analysis (Chapter 4).

Htiman Predation:

For the purposes of the present study, the primary vectors o f human interaction 

involved in direct physical attack on these killer whales include: 1) opportunistic 

shootings, 2) military operations that use killer whales for target practice, and 3) live 

capture for public display.
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Accounts of human attacks on killer whales are scattered in the historical human 

record from late in the last century to the mid-1970s (Scheffer and Slipp, 1948; Pike and 

MacAskie, 1969; Olesiuk e?/a/., 1990; Hoyt, 1990). Initially a few Southern Resident 

killer whales were probably opportunistically killed as part of commercial whaling in 

Georgia Strait, however killer whales were never a target species o f the commercial 

whaling industry (Olesiuk et al., 1990). The whaling stations were shore-based operations 

that used catcher boats to kill the whales, and then the bodies were towed back to shore 

for processing (Pike and MacAskie, 1969; Merilees, 1985). Whaling in Georgia Strait 

ended by about 1910 because all the commercially valuable species (primarily humpback 

whales and fin whales) had by then been extirpated (Merilees, 1985).

Prehistorically, the local killer whales were revered in the myth and art of Salish 

Sea aboriginal peoples (Drucker, 1965; Cavanagh-Ford, 1984; Hoyt, 1990; Yates, 1992), 

and although these cultures regularly hunted marine mammals, only one killer whale has 

ever been recovered from coastal archaeological digs of the region (Olesiuk, 1990). 

However, for most of this century, the majority of humans in the Salish Sea region have 

believed that killer whales are voracious competitors for salmon resources, and a threat to 

humans in small boats (Griffin, 1982; Hoyt, 1990; Olesiuk et a/., 1990). This belief lead to 

regular attacks on the killer whales from humans in large boats and from shore (Hoyt, 

1990; Olesiuk et al., 1990). Old gun shot wounds were commonly noted on living 

individuals from the Southern Resident Community during capture operations (25%), and 

in strandings from that era (Olesiuk e/a/., 1990; Hoyt, 1990; 1992a).

Other attacks by humans on the Southern Resident Community came from military 

operations that were sanctioned to use killer whales for target practice. During the 1940s 

the Royal Canadian Air Force regularly used killer whales for bombing practice, and in 

1960, the Department of Fisheries and Oceans temporarily installed a machine gun in
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Georgia Strait in an attempt to cull the population, though records indicate no killer 

whales were culled at that time (Olesiuk et ai, 1990).

Human attacks on these killer whales continued until the 1970s, after a decade of 

repeated live captures on the population (8 captures w/46 individuals removed: Hoyt,

1981; 1990; 1992a; Olesiuk et ai, 1990). As a result of increased familiarity with killer 

whales in the captive setting, cultural attitudes among Salish Sea humans again returned to 

where the overwhelming majority of people revered the killer whales and made it illegal to 

attack or capture them (Dufflis, 1988; Hoyt, 1992b; Dufflis and Dearden, 1993).

Salmon Elimination:

The elimination of salmon in the marine waters of the Salish Sea to the point that 

there are not enough left to support this killer whale population year-round, would not 

have seemed possible until very recently (Pac. Salmn. Comm., 1999; DFO, 1999; Wash. 

State, 1999). However, direct human exploitation of salmon resources through over­

fishing (Schmitt et ai, 1994), in combination with the destruction of salmon habitat 

(Groot and Margolis, 1991; Beamish and Riddel, 1995; Wash. State, 1999), has now 

managed to diminish these salmon resources to the point that some stocks are considered 

threatened under the U.S. Endangered Species Act (Wash. State, 1999). As a result it is 

quite possible that the Southern Resident Community of killer whales will likely have to 

rely more heavily on other food resources (Chapter 2).

The primary vectors of human interaction that have led to the elimination of 

salmon include: 1) commercial and sport fishing of salmon, 2) interference with pelagic 

food webs in the Eastern North Pacific through over-fishing and climate change, 3) habitat 

destruction from blockage of fresh water rivers and streams by dams and upland 

development, 4) alteration of fi’esh water flow rates, temperatures, and silting by forest 

harvesting practices and upland development, and 5) elimination of estuaries through 

coastal development (Schmitt et ai, 1994; Washington State, 1999).
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Air and Water Contamination:

Air and water contamination is the most diffuse vector o f human ecological 

interaction with these killer whales. It includes the release of any unusual proportions of 

both natural and artificial chemicals into the Salish Sea environment as a result of human 

activities. The chemicals enter the killer whale’s habitat through non-point sources via the 

Salish Sea watershed (Figure 4) and regional atmosphere, and as point sources at waste 

outfalls for sewage as well as industrial by-products (Segal et ai, 1980; Lyons, 1989; 

Macdonald and Crecelius, 1994; Johnston, et ai, 1996; Ross et a i, in press). The 

chemicals become incorporated into the physiology of the killer whales primarily through 

bioaccumulation in their food (salmon and other fish), but killer whales also likely 

incorporate some contaminants through respiration and directly from the sea water in 

acute situations; such as an oil or chemical spill (Dahlheim and Matkin, 1994), or when the 

killer whales are in the immediate vicinity of an outfall (Johnston et. al, 1996).

The primary vectors o f human interaction that acutely contribute to air and water 

contamination include: a) sewage outfalls, b) industrial waste outfalls, c) vessel spills, d) 

spills from shoreline facilities, and e) combustion by-products from vessels (Lyons 1989; 

P.S.W.Q.A., 1988; P.S.W.Q.A.T.,1998). The secondary human vectors that contribute to 

non-point air and water contamination are so diverse that it would be inappropriate to try 

and enumerate them here. They potentially include any release of toxic or hazardous 

chemicals, or excess natural chemicals from human activity that enter the habitat o f these 

killer whales through atmospheric and hydrological processes.

Vessel-Based Whale Watching:

Whale watching involves boats targeting killer whales for hours at a time and 

repeatedly driving up to them whenever they surface. Vessel pursuit o f these killer whales 

was originally practiced during periods of whaling and military target practice, and more 

recently, in relation to capture operations. Since the early 1970s, however, whale
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watching from vessels as part of scientific research and recreational wildlife viewing has 

been the primary source of vessel pursuit (Mayo et al., 1989; Osborne, 1991; Kruse, 1991; 

Burgen and Otis 1995; Hoyt, 1995; Williams, 1998).

Ambient Vessel Traffic:

Ambient vessel traffic in the Salish Sea amounted to dugout canoes for most o f its 

history, and progressed to occasional square-rigged sailing ships and rowing dories from 

the late 1700s to the 1850s. By the 1860s steamships started to become the preferred 

form o f commercial shipping (Chasen, 1981; Schwantes, 1996; Fleming, 1997), but sail 

and human powered craft have remained prevalent into modem times. By 1891 over 

2,600 vessel transits were recorded for Victoria Harbor alone (Gregson, 1970), and this 

has increased fairly steadily right up to the 1980s, when Salish Sea shipping began to level 

off at about 200,000 commercial ferry and shipping transports per year (Chasen, 1981 ; 

USCG, VTS records, 1989; DOE, 1998). The original steamships were paddle wheelers, 

but this rapidly shifted to propeller driven vessels by the turn o f the century, and the 

internal combustion engine after World War I (Gregson, 1970; McNeill, 1971; Chasen, 

1981; Roos, 1990; Schwantes, 1996).

The primary vectors of human interaction that presently contribute to ambient 

vessel traffic in the Salish Sea include; 1 ) commercial shipping, 2) commercial and 

recreational fishing, 3) recreational boating, 4) vessel-based military operations, and 5) 

vessel -based scientific research.

RESULTS

The six limiting factors o f environmental resistance for this killer whale population, 

and the five vectors of human interaction that have just been defined, will be compared 

using the interaction matrix presented in Table 7. The findings will be presented in
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relation to assessing two aspects of the interaction matrix: 1) which * limiting factors on 

the killer whales are potentially the most vulnerable to cumulative human impacts from 

multiple vectors, and 2) which ^vectors o f human interaction potentially contribute to 

impacts for the largest number of limiting factors.

In Table 8 the values in the matrix are simple jexv/o scores in relation to how- 

many times the human vector theoretically contributes to the limiting environmental factor.

Table 8
Interaction Matrix Scores for Limiting Environmental Factors and 
Vectors of Human Influences on Southern Resident Killer Whales.

Vectors of Human Interaction
Limiting
Environmental Factors

H u m an  Salm on A ir & W a te r  A m bien t V essel-Based [ 

P re d a tio n  E lim ination C on tam in atio n  Vessel T ra ffic  W hale W atch ing! Score:

Predation

D isease

Food R esource Depletion 

Toxic Exposure 

S urface D isturbance 

Underwater Noise

1 0 0 0

0 ____  0 1 0

0 1 1 0

0[ _______1 1; 1

1,____  ___0 1. 0

1 0 0 1

1
Oî  1 _

. A . _

o! 2 
1

1 [ 4

.............................  . .A

1| 3

Score: 3; 2 4 2 s f l B H I

A score of /  = a perceived increase in environmental resistance on the killer whales, and 0 

= no known effect on environmental resistance. The ultimate objective of 

this matrix is to systematically relate the limiting factors exercising environmental 

resistance on "Southern Resident" killer whales, with specific human activities that can be 

used as reference points in a historical analysis of the ecology of this killer whale 

population in Chapter 4.

Italics is used throughout this section when ever "categories" identifiable in the tables and figures are 
referred to.
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Limiting Environmental Factors

In Figure 25 the distribution of matrix scores for each of the limiting 

environmental factors in Table 8 (row scores) are presented in their rank order from left 

to right. These scores represent an index of the relative contribution of environmental 

resistance from all the human interaction vectors for each limiting factor.

Toxic Exposure

Toxic exposure exhibits the highest score because it received environmental 

resistance contributions from the most vectors of human interaction (Table 8). Only 

human predation was not considered to be synergistically Involved in increasing 

environmental resistance on toxic exposure. Although the latter could conceivably expose 

the population to toxic chemicals through vessel-based components o f the activity, the 

relative infrequency of these interactions is such that any toxic chemical contributions 

along those lines were considered negligible.

Salmon elimination was scored as contributing to toxic exposure because most of 

the other species of fish, and all of the marine mammals, carry higher toxic loads than do 

salmon (Calambokidis and Baird, 1994; West and O'Neill, 1995; Casillas <?/a/., 1995; 

Johnson et ai, 1995). Prey shifting away from salmon therefore increases the toxic 

exposure of Salish Sea resident killer whales.

Air catd water contamination is obviously included as a human vector for toxic 

exposure and needs no further explanation. Ambient vessel trcrffic is scored as a 

contributor to toxic exposure in relation to air and water petroleum emissions, and the 

small toxic spills that are part of basic operations for any vessel (Goodwin, 1982; 

P.S.W.Q.A., 1988; 1995). Ambient vessel traffic is also included here in relation to 

inevitable large-scale spills that occur less frequently (P.S.W.Q.A., 1988; 1995; Johnston 

et ai, 1996).
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Figure 25
Ranked Matrix Score on the Relative Sensitivity of 

Southern Resident Killer Whales to Multiple Vectors of Human Impact.
(A0)
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Depletion
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Vessel-based whale watching is included as a contributor to toxic exposure in 

relation to petroleum emissions in the air and water, particularly in terms of the high 

concentrations of "operating" vessels that accumulate in the immediate vicinity of the 

killer whales during whale watching (Osborne, 1991). Further contributing to toxic 

exposure in this instance is the fact that the vessels pursue the killer whales, which 

increases their exposure time, and eliminates the opportunity for the whales to avoid the 

exposure (Burgen and Otis, 1995).

Surface Disturbance and Underwater Noise

The next two highest scores in Table 8 and Figure 25 are surface disturbance and 

underwater noise. Surface disturbance receives contributions of environmental resistance 

from three vectors o f human interaction. Human predation and vessel-based whale 

watching both involve direct one-on-one interactions between killer whales and humans at 

the air/water interface, often aggressively on the part o f the humans. Air & water 

contamination contributes to surface disturbance in the form of ambient air pollution, 

particularly down wind from urban areas, and in terms of buoyant debris and chemicals 

that collect on the sea surface (Hardy and Antrim, 1988).
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Undenvater noise receives human contributions of environmental resistance in 

relation to underwater vessel noise in all three of its vectors o f human interaction (Table 8 

and Figure 25). In the case of human predation the use of explosives for herding during 

captures (Hoyt, 1981; 1990; Griffin, 1982), and explosives during military target practice 

(Olesiuk et a i, 1990), are also included as contributing to noise pollution.

Food Resource Depletion

In Table 8 and Figure 25 food resource depletion receives scored contributions of 

environmental resistance from two vectors o f human interaction, salmon elimination and 

air & water contamination. In the first instance, since salmon are the primary food 

resource of Salish Sea resident killer whales (Bigg et a i, 1990b; Felleman et a i, 1991; 

Ford et a i, 1995; 1998), anthropogenic reductions in salmon resources will contribute 

environmental resistance directly. Anthropogenic contributions of air & water 

contamination contribute environmental resistance on all food resources of the killer 

whales, relative to its role in overall habitat destruction of underlying food webs (Segal et 

ai, 1980; Robinson and Bolen, 1989; Allen and Hoekstra, 1992; P.S.W.Q.A., 1988;

1995).

Predation and Disease

In Table 8 and Figure 25 predation and disease each exhibit one vector of human 

interaction that contributes to environmental resistance on these killer whales. In the first 

instance, human predation in the form of killings, shootings and captures, is appropriately 

linked with predation. Out side of human predation, the only other predators that 

Southern Resident killer whales would be subject to would be potential conspecific 

predation and parasites (Baird, 1994; Baird, 1999).

Disease as a limiting environmental factor for these killer whales was only scored 

in one vector o f human interaction, air & water contamination (Table 8). This is based 

upon the well documented connection between high levels of toxic exposure to certain
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chemicals (e.g. organo-chlotines) and increased susceptibility to disease and reproductive 

failure in marine mammals (Addison, 1989; Calambokidis and Baird, 1994; Kennedy,

1996; Reijnders, 1996).

In summarizing the results illustrated in Figure 25, it can be seen that all six 

categories of limiting environmental factors can be associated with vectors o f human 

interaction. Toxic exposure, and to a lesser extent surface disturbance and underwater 

noise, show the highest numbers of vectors potentially enhancing environmental resistance 

on these whales in a synergistic fashion.

Vectors of Human Interaction

In Figure 26 the distribution of matrix scores for each of the vectors o f human 

interaction in Table 8 (column scores) are presented in their rank order from left to right. 

These "reversal" scores represent the relative number of limiting environmental factors on 

Salish Sea resident killer whales that each human interaction vector is potentially affecting 

in terms of environmental resistance. It provides a qualitative basis to rank human 

activities in terms of the multiplicity of impacts unique to this management unit.

In Figure 26 Air and water contamination have the broadest impacts on Salish Sea 

resident killer whales, affecting their carrying capacity in relation to four limiting 

etrvironmental factors. The only areas where air and water contamination are not a 

factor, are for predation and underwater noise.

The next highest additive scores are for human predation and whale watching, 

where they each contribute to environmental resistance in three categories o f limiting 

environmental factors (Figure 26). Both contribute environmental resistance to surface 

disturbance and underwater noise as they relate to vessel activities (Table 8). Vessel- 

based whale watching additionally contributes to toxic exposure as a result o f pollution
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Figure 26

Ranked Matrix Score on the Relative Distribution of Environmental Resistance 
for Different Vectors of Human Interaction w/ Southern Resident Killer Whales

(A0)
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from high concentrations of operating vessels. Human predation has its obvious direct 

impact on predation, as a limiting environmental factor.

The lowest scores in Figure 26 were for ambient vessel traffic and salmon 

elimination. Ambient vessel traffic contributes environmental resistance to the limiting 

factors o f underwater noise and toxic exposure. Salmon elimination contributes 

environmental resistance to food resource depletion, since salmon are the killer whales 

primary food resource. Less directly, salmon elimination also contributes to toxic 

exposure, as a result of increasing the amount of non-salmonid food species the killer 

whales must consume; almost all of which are known to carry higher toxic loads than 

salmon (Addison, 1989; P.S.W.Q.A., 1992; Calambokidis and Baird, 1994; Casillas et a i, 

1995; Johnson era/., 1995; P.S.W.Q.A.T., 1998; Baird, 1999).

In summarizing the results illustrated in Figure 26, it can be seen that all five 

vectors o f human interaction can be associated with at least two categories of limiting 

environmental factors for the Salish Sea resident killer whale population. Air and water 

contamination, and to a lesser extent human predation and vessel-based whale watching, 

show the highest numbers of ways to inflict environmental resistance on these whales.
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This qualitative assessment provides useful information for management by identifying 

which vectors of human interaction are contributing impacts in multiple ways, and which 

ones are potentially acting synergistically with others (Figure 27).

Conclusions

The primary objective of this chapter was to; 1) identify and define a set of limiting 

environmental factors for the study population of killer whales, and to link these variables 

with key human activities that: 2) affect the carrying capacity o f these whales, and 3) are 

traceable to specific longitudinal measures that can be incorporated in a historical analysis.

The first two steps of this process were accomplished by utilizing an interaction 

matrix that systematically related the first two sets of variables with each other (Figure 

27). This qualitative process allowed each category of variables to be explicitly identified 

and defined, and revealed some basic characteristics about how they interrelate with each 

other. The final step in this process is to link these categories with human activities that 

have longitudinal records that are long enough to be used in a historical analysis.

Figure 27 Killer Whale / Human Ecological Interaction Web
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In Table 9 the results o f the interaction matrix are paired with each other in terms 

of their relationship with the six categories of limiting environmental factors that were 

identified as contributing to environmental resistance on the carrying capacity of this killer 

whale population. In the final column is a list of human environmental variables for which 

longitudinal data is known to exist for each of these categories. These measurable human 

environmental variables will be utilized in Chapter 4 as indicators of historical 

environmental conditions affecting the study population. The interaction matrix has 

facilitated this linkage and allows these variables to be compared with the longitudinal 

indicators of the ecological status of these killer whales presented in Chapter 2.

The utilization of interaction matrices for qualitative assessment of ecological 

interactions for management regimes and computer based dynamic modeling, have been 

proven very effective in numerous studies over the last 25 years (Leopold, 1974; Holling, 

1978; 1986; 1992; Mangel and Clark, 1988; Mitchell, 1989; Ulanowicz, 1997). Recently 

the use o f interaction matrices have also been recommended for studies in historical

Table 9
Killer Whale Limiting Factors and Human Vectors of Interaction, 

Linked with Historically Measurable Variables.

L im iting Matrix V ecto r of Matrix P o ten tia lly  M easu rab le  H um an
E n v iro n m en ta l F ac to r Score H um an  In terac tio n Score E nvironm ental V ariab les
Predation 1 Hum an Predation 3 Number o f orcas killed or captured.
Disease 1 .-\ir & W ater Contamination 4 Human population.
Toxic Exposure 4 A ir & W ater Contamination 4 Marine sediment cores. 

Human population.
Food Resource Depletion 2 Salmon Elimination 2 Salmon commercial catch data. 

Estimated salmon run sizes. 
Seasonal sport catch data

Surface Disturbance 3 Vessel-Based Whale W atching 3 Mean # o f whale watching boats w/whales. 
Number o f  commercial whale watch boats. 
Number o f commercial fishing boats. 
Number o f commercial tishing openings.

U ndenvater Noise 3 Ambient Vessel T raflic 2 .Mean ff o f boats w/out whales.
Number o f registered private vessels. 
Number o f commercial shipping transports. 
Number o f vessel custom clearcnces.
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ecology (Winterhalder, 1994). In this study an interaction matrix was found to be an 

effective tool for framing theoretical variables of carrying capacity so that they could be 

systematically linked with available empirical data on human impacts. Secondarily, the 

interaction matrix has also qualitatively identified the vectors of human interaction that are 

contributing impacts on this killer whale population in multiple ways, and which ones are 

potentially synergistic.

In chapter 4 the measurable human variables identified in Table 9 will be combined 

with the three indicators of the ecological status of these killer whales identified in Chapter 

2, in order to construct a historical ecology of this killer whale population in relation 

to the human record at different time scales. In the final chapter this historical assessment 

will be combined with the effects just described in order to cinstruct a list of management 

options where history, synergistic effects, and the resiliency of the management unit are 

combined.



Chapter 4

A Historical Analysis of Salish Sea Resident Killer 
Whale Ecology in Relation to Human Activities

INTRODUCTION

In order to understand the ecological condition of any population of organisms, 

and reasonably predict their fate, it is necessary to consider the cumulative impact of that 

population's specific ecological history (Popper, 1990; Worster, 1990; Winterhalder,

1994). The way a population behaves under present conditions is always going to be the 

result of; I) the population's species specific biological potential, 2) the historically unique 

set o f  environmental conditions the population has had to face, and 3) the population's 

learned experience and traditional adaptive response. In what follows a specific 

population of killer whales (Ordnus orcd) will be examined in relation to indicators of 

their historically unique set of ecological conditions. The objective is to review the record 

o f major events, and environmental trends that have influenced their adaptive response in 

the past and present, so that adaptive responses of this population of killer whales can be 

better predicted when making management decisions in the present.

In the preceding chapters indicators of the ecological status of this killer whale 

population that can be measured longitudinally were identified (Chapter 2), as were 

longitudinal indicators of human activities that can be expected to contribute to 

environmental resistance on these killer whales (Chapter, 3). In this chapter these 

ecological indicators are compared for similarities and differences in temporal trends.
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These temporal patterns will be distinguished by plotting trends and identifying extreme 

perturbations from the sample mean of each indicator at different time scales.

The methodological assumptions in this historical analysis are: 1) an extreme 

perturbation away from the temporal sample mean of any one variable, identifies that 

perturbation event as a potential influence on the killer whales, 2) an extreme perturbation 

away from the temporal mean in one variable is expected to temporally correspond with 

an extreme perturbation in other variables if the variables mutually influence each other, 

and 3) its corollary, an absence of temporal coincidence between extreme perturbations of 

variables means the variables do not strongly influence each other. However in the third 

case, if no perturbations occur between indicators this will not necessarily be considered 

validation of a lack of mutual influence. It would be impossible to distinguish whether an 

absence of extreme perturbations in an indicator is truly due to a lack of influences, bad 

measurements, mutual compensatory interactions, stochasticty of the system, or some 

combination o f all these effects (Popper, 1990). Hence, only the presence of extreme 

perturbations will be examined as potentially valid sources of interaction.

These findings should minimally demonstrate whether any of the variables being 

plotted are potentially useful indicators of influences on the killer whales. If obvious 

temporal patterns between extremes in indicators emerge, then an important insight on the 

resiliency of adaptive responses in these killer whales can be identified. Any measurable 

influences will also provide valuable information on how these killer whales might be 

expected to adapt to similar conditions of their habitat in the future, and would identify 

relevant variables to continue to monitor.

However, even in the absence of statistically valid correlation between extreme 

perturbations, the process of bringing the full range of ecological indicators for this 

population together at once, and subjecting them to a multi-scale examination, will present
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the unique story o f this killer whale population with a coherence and breadth that would 

otherwise not be possible.

The Historical Setting

The earliest written records that these killer whales existed are scattered among 

personal accounts and regional newspaper articles since the late 19th Century (Reekie, 

1962; Stenzel, 1975; Hoyt, 1990; Yates, 1992; Olesiuk et a i, 1990). Natural history 

descriptions were anecdotal until the early 1970s, and provide little more than a record 

that resident humans have always regularly seen pods of killer whales in the vicinity (Carl, 

1946; 1959; SchefFer and Slipp, 1948; MacAskie, 1966; Pike and MacAskie, 1969; 

Martinez and Klinghammer, 1970; Norris, 1974; Bigg and Wolman, 1975; Hoyt, 1981; 

1990; Olesiuk, et a i, 1990), and that there was a minimum of 100 killer whales in the 

population in 1854 (Stenzel, 1975).

Prior to the geologic birth of the Salish Sea, which came with the recession of the 

Vashon Glaiciation 8 to 10,000 years ago (Thomson, 1981; 1994; Knox, 1983; 

Kruckeberg, 1991), there was conceivably an existing population of fish eating killer 

whales inhabiting the coastal waters; similar to the "Offshore Community" that has been 

documented off the Queen Charlotte Islands and the entrance to Juan de Fuca Strait over 

the last decade (Ford et a i, 1994; Figure 7). Recent genetic studies of these populations 

strongly suggest that the "OfFshores" are in fact the direct descendants o f the ancestral 

populations for both the Southern and Northern Resident communities (Hoelzel and 

Dover, 1991; Hoelzel et a i, 1998), and it can’t be completely ruled out that the Offshore 

Community is still engaged in some degree of genetic exchange with either one, or both of 

the Vancouver Island pod communities.

When the glaciers receded at the end of the Pleistocene (Thomson, 1981; 1994; 

Burke and Birkeland, 1983) the existing inland marine waters soon developed an
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ecosystem with most of the same basic characteiistics as the present (Baker, 1983), but with 

an over-ail complexity and through-put that must have been many times greater than present 

conditions (Kruckeberg, 1991; Levings and Thom, 1994). Over the last 100 years this 

diminishment of the ecosystem can be measured in terms of the loss of primary production 

and biodiversity that has resulted from deforestation (Baker, 1983; Kruckeberg, 1991), the 

transformation of Salish Sea coastal wetlands (Fleming, 1977; Levings and Thom, 1994), 

and the levels of human extraction of marine fisheries (Roos, 1990; Schmitt et al., 1994; 

Appleby and Doty, 1995; West, 1997; WDFW, 1999).

Unlike most other regions of the world that exhibit temperate, moist, marine 

climates, the Salish Sea region remained essentially unaffected by human agriculture, 

mineral extraction, and over population throughout the Holocene (Kruckeberg, 1991; 

Levings and Thom, 1994; Diamond; 1997). The temperate rain forests of the Salish Sea 

region had accumulated a minimum o f 6 millennia of ecological development under 

relatively stable conditions by the time human influences came into play (Baker, 1983).

The early human inhabitants were apparently able to live within the existing carrying 

capacity o f the region, without resorting to drastic anthropogenic modifications 

(Kruckeberg, 1991; Levings and Thom, 1994).

Salmonid fish are one of the preeminent examples of the biological abundance and 

ecological stability that existed in the Salish Sea for millennia prior to the mass migration 

of Europeans into the region (Siemens, 1966; McKervill, 1967; Nehlsen e/a/., 1991; 

Kruckeberg, 1991; Yates, 1992). The reproductive potential of salmon (Groot and 

Margolis, 1991), combined with the extensive watersheds of the Salish Sea (Figure 4), 

provided an annual distribution of large amounts of salmonid biomass throughout 

terrestrial and marine food webs (Groot and Margolis, 1991; Schmitt et a i, 1994).

Salmon provided a stable, easily accessible, and naturally abundant food resource base for 

many species o f consumers throughout habitats along the salmon's anadromous life cycle
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particularly for killer whales and humans (Drucker, 1965; Borden, 1966, Siemens, 1966; 

McKervill, 1967; Yates, 1992).

The real changes in the ecosystem began with Euro/American settlement in the 

region after about 1850 (Hayner, 1929; Siemens, 1966; McKervill, 1967; Gregson, 1970; 

Fagen, 1987; Schwantes. 1989; Fleming, 1997). Since the turn of the century, human 

activities have singularly dominated the ecosystem in terms of resource extraction and 

habitat alteration (Kruckeberg, 1991; Levings and Thom, 1994; Fleming, 1997; West,

1997). This is most fundamentally due to the fact that human population density has 

increased one hundred fold during this period (Wash. State Dept. Finance, 1995; 

P.S.W.Q.A., 1995), as have the resource requirements of each individual human (Duming, 

1991; PSWQA, 1992). This increase in human use of the Salish Sea has therefore resulted 

in severe competition with most other local species of mega-fauna in terms of space and 

resources. Hence, long-term measures of trends in human activities over the last 100 

years should be excellent indicators of the environmental changes that have occurred 

between the post-Pleistocene ecosystem and the present for the resident killer whales.

METHODS 

Analytical Procedures

The analytical objective of this chapter is to compare the three ecological 

indicators o f this killer whale population identified in Chapter 2 with the 15 potential 

indicators of human impacts on their carrying capacity identified in Chapter 3 (Table 9), in 

order to identify historical patterns in the adaptations of these killer whales. This will be 

accomplished by plotting these sequences of indicators in terms of trends in their variance 

over different time scales. Points in the temporal sequences that represent perturbations 

from the mean of the sample greater than one standard deviation (> 1 SD) are also plotted 

separately in some instances. Perturbations greater than 2 standard deviations from the
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sample mean in a single direction (+ / -) are counted as statistically significant {P < 0.05) 

according to the Gaussian Distribution (Zar, 1996). These perturbations are then tallied in 

a matrix that allows comparison of the context of the variables for each time scale 

(months, years, decades, centuries).

In addition, as the findings on each set of variables are systematically defined and 

presented, the plots and matrices provide the basis for a historical assessment o f the 

adaptive resiliency of this killer whale population, and also allows for the systematic 

consideration of potential effects from singular historical events.

Coding of Data

There are two basic types of data being utilized for the historical analysis presented 

here: 1) empirical data that uses a multitude of different temporally based measurement 

scales, and 2) estimated longitudinal values based upon the author's "educated guess".

The priority was to use empirical data, but in order to produce the historical plots in the 

largest time scales (particularly centuries and millennia), breaks in sequences were 

estimated in some cases, rather than dropped. In all cases the distinction between 

empirical data and estimated values is explicitly indicated.

For each data set the sample mean and standard deviation are calculated as basic 

qualitative indicators of the character o f the data (Zar, 1996). In most figures, and all 

plots involving empirical data, individual values at each time scale are calculated as 

standard deviations above or below the sample mean, where standard deviation from  the 

sample mean, SDM=  (A’-jc) ISD.

In a few instances plots of data in their original scale are also presented first, in 

order to demonstrate some of that data set's unique characteristics, such as seasonality, or 

to illustrate relative scale between groups of indicators. In two cases these data are 

plotted on a logarithmic scale because the magnitude of changes over time are so large 

(e.g., salmon abundance and human population).
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Measures of Temporal Perturbations

By plotting the Standard deviation from the sample mean using the simple relation 

identified above, temporally distinct patterns can be easily identified in a comparable 

fashion between data types, without resorting to statistical procedures that would be 

inappropriate for the lowest common quality of data. Temporal perturbations can be 

defined as points along the time sequence that vary more than 1 or 2 standard deviations 

from the sample mean, thus representing perturbations < 15.87% and 

< 2.28% of the Gaussian Distribution respectively (Zar, 1996). These values also 

conveniently supply a uniform procedure for tabulating perturbations for the historical 

matrices described below.

Historical Interaction Matrices

The historical interaction matrices list all variables in the study with perturbations 

greater than 1 SD on the ordinate axis and time on the abscissa (Table 10 and Appendix 

n ) .  A different matrix is produced for each time scale (monthly, annual, and decadal; 

Appendix II, Tables 24, 26 and 28). All standard deviation values greater or less than 1 

SD from the sample mean (the extreme 31.73% of the sample) are recorded in the matrix 

cell. Values less than one standard deviation receive a score o f 0, values below 1 SD are 

negative (15.87%), and above 1 SD are positive (15.87%). Values greater than 2 SD 

above or below the sample mean (< 2.28%) are marked in bold within the matrix. 

Estimates in the historical matrices are only included in the largest time scale (decades), 

and only for historically recorded extreme events.

The historical interaction matrices are also plotted as histograms, so that they 

display the cumulative perturbations for each time period (Figures 54 to 56 and 58 to 60). 

These summary tables and histograms serve as an important heuristic device
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Table 10 Examples of Historical Interaction Matrices

Monthly Scale

Historical Variable Time Scale: 1978 Feb "78 Nov"97 D ec"97
Orca Habltat-Use: San Jyar GcS islsrds (Zone n

Food Resource Depletion: Fraser flivw Run Bdmams
Sport Salmon Catch
Southern Oseaabon Index
Active Pass Sea Surface Temperature

Annual Scale

Historical Variable Time Scale: 1978 1979 1996 1997
Orca Population Ecology: Number of Individual Orcas (Ctr. Whale Res.)

Salmon Requirements: Orca Community Salmon Requirements
Human Predation: Mean Number of Whale Watching Vessels Present

Toxic Exposure: Human Pcoulaticn
Food Resource Depletion: Fraser River Run Estimaies (Inl Paohc Salma Comm.)

Salmon Sport Catch (Wash. S t Dept Fish & W&gfe)
Surface Disturbance: Number of dedicated Whale Watching Boats

Underwater Noise: Commercial Fahing OpenngsfP.S. Gillnstters Assoc)
Shipomg Traffic U.S. Coast Guard / Wash. Dept Ecology)
Number of Commercial Fishing Boats (P.S. GIDnetters Assoc)

Decal Scale

Historical Variable Time Scale: 1800 1810 ■ ■ ■ 1980 1990

Orca Population Ecology: Pop. Growth
Salmon Requirements: Orca Food Requirements

Human Predation: Shootings
Captures

Toxic Exposure: DDT
FCBs
Mercury (Hg)
Human Population

Food Resource Depletion: Fraser River Run Estimates
Fraser River Catch
Subsustance Catch

Surface Disturbance: Number of dedicated Whale Watching Boats
Mean Number of Whale Watching Boats
Commercial Fishing Openings

Underwater Noise: Shipping Traffic
Number of Commeidal Fishing Boats
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a i, 1990; Center for Whale Research, 1998; Ginneken and Ellifritt, 1999). In the present 

study the annual population size and composition published in the above citations will be 

used directly for constructing the historical plots at the annual scale.

Pre-Photo-Identification Population Estimates

Using measures of empirical rates of population growth in relation to age- 

structure, Olesiuk et a i, (1990) applied their population model from photo-identification 

data backwards in time to reconstruct reasonable population estimates prior to the capture 

era. From this calculation they estimated the Southern Residents were at a population 

level o f around 80 individuals in 1960 (Olesiuk et a i, 1990). In the present study these 

findings will be used directly for plotting population size for the period 1960-75 (Olesiuk 

et a i, 1990).

For periods prior to 1960 reconstructing a historical population estimate is much 

more problematic. If the projections from Olesiuk et.al. (1990) are accepted, and it is also 

assumed that this killer whale population was at or near carrying capacity prior to the mid- 

19th century, then this population must have had several significant negative swings in 

population size prior to the documented impacts of captures in the late 1960s and early 

1970s (Olesiuk et a i, 1990). This low population size for the Southern Resident 

population in 1960 invites a historical explanation. To systematically address this 

historical population decrease, the number of females alive in the 1990s relative to their 

estimated birth year (Bigg er ût/.. 1987; 1990; Ford e/a/., 1994) was used. Females alive 

between 1990 and 1997 were tallied and plotted as age structure pyramids (Figure 28), 

and as a temporal projection (Figure 29) allowing identification of time periods where 

there is an absence of female whales represented in the present population. It is 

hypothesized that the non-represented age classes indicate periods where either low 

fertility, high infant mortality, or both of these factors were affecting the population in
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Figure 28 

Age Structure Pyramid for Southern Resident Killer Whales 1990-97
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Figure 29 Southern Resident Killer Whale Population
Historical Impact Retrospection

(Documented Births/Deaths 1974-99, and Female Age Class Survivorship 1989-96)

n Recorc

Periods ?I I

1'à à I
I Births Deaths Female Birth Class Representation: 1989-96 |

some fashion (Figure 29). This information was used to generate estimates as part of the 

decadal plots in the Results section.

Estimating the population size for periods prior to the last century is even more 

problematic, and represents the point at which an "educated guess" is the only choice for 

the purposes of generating a plot. The earliest written record that refers to a count o f the 

Southern Resident killer whales describes 100 whales traveling east over the length of an 

August day in Juan de Fuca Strait and then turning north up Haro Strait (Stenzel, 1975). 

What is not known is what portion of the population these 100 killer whales may have 

represented, or if in fact it was the whole population. In the present study 250 was used 

for the estimation of the population size of the Southern Resident's prior to human impacts 

associated with European settlement. The choice of 250 came from conservatively using 

the Northern Resident Community as a model of what the Southern Resident Killer Whale 

Community could be under better conditions. The present population size for the 

Northern Residents is estimated at approaching 220, with no obvious indication that they
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Definitions for Long-term Measures of Climate

Climate is considered a non-anthropogenic process, except for possible influences 

over the last 50 years due to "global warming" (Botkin, 1990; Newton, 1995), therefore it 

is treated separately from measures of human indicators. For the present study local sea 

surface temperature in three locations (over months, years and decades) serves as the 

climatic indicator. The assumption for time periods older than the present century is that 

climatic conditions were adequate for the Southern Resident killer whale population to 

have been at a carrying capacity of approximately 250 individuals.

Mean monthly sea surface temperatures collected at Race Rocks, Active Pass and 

Departure Bay were utilized as an indicator of Salish Sea climatic conditions. These are 

measurements published by the Institute of Ocean Sciences (DFO), and made available on 

their INTERNET web site (DFO, 1998). The data sets vary in the number of years they 

have been compiled and in the continuity of record keeping. They are published as 

monthly means of measurements made by various consecutive lighthouse keepers. The 

monthly means were utilized directly for the 240 month plots, and sample means were 

progressively calculated for annual, and decadal plots (N=20).

Definitions for Measures of Human Impacts on Southern Resident Killer Whale

Human variables will be the best indicators of environmental change in the habitat 

of the killer whale population resident to the Salish Sea, because these killer whales have 

likely been adapting to human activities for centuries, and the core habitat o f this killer 

whale population is currently the most densely populated by humans of any other killer 

whale population in the world.

The justifications for using the human indicators that have been chosen were 

presented in Chapter 3 on the basis o f  their association to variables that are likely 

providing environmental resistance on these killer whales. In some cases it will be
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necessary to project these indicators beyond the scope o f the empirical data sets, and to 

bridge gaps in the empirical data sets with reasonable estimates. The sources of empirical 

data for these human indicators, and the rationale behind estimates where data is 

unavailable, are presented in what follows (see also Appendix II, Table 22).

Predation Indicators

In the context of this study, human predation on the killer whales is considered 

directly in terms of captures, killings and shootings (Chapter 3). Capture data was plotted 

directly from Table 3 in Olesiuk et al.. 1990, which lists the date, location, pod (when 

known), and number of animals removed for each capture. Shootings are undocumented, 

except for three non-fatal instances between 1978 and 1985 (data archives The Whale 

Museum), and so were estimated on the basis of references to eras in which it has been 

reported to be common practice (Scheffer and Slipp, 1948; Bigg and Wolman, 1975; 

Griffin, 1982; Hoyt, 1990; Olesiuk, 1990). The estimates utilized for shooting incidents 

over large time scales prior to 1978 were as follows: 0.5/year in the 1970s, 10/year from 

the 1960s to the 1940s, 3/year in the 1930s, and an average of 1.7/year between 1850 and 

1920. For periods prior to the 19th century anthropological evidence indicates human 

predation on killer whales was exceedingly rare to non-existent (Drucker, 1965; 

Cavanaugh-Ford, 1984; Tanami, 1984; Hoyt, 1990; Olesiuk a/., 1990).

Toxic Exposure Indicators

Indicators for toxic exposure in these whales were examined directly by plotting 

published data on sediment cores in the region (MacDonald and Crecelius, 1994), and 

indirectly, by compiling and plotting published estimates on human population density for 

the Salish Sea.

The empirical measures of toxic exposure in these whales were derived by first 

identifying the three types of primary toxic chemicals that have been recorded at the 

highest levels in Southern Resident killer whale tissue samples: DDT, PCBs and mercury
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(Calambokidis e/a/., 1985; 1990; Calambokidis and Baird, 1994; Jarmen er r//., 1996), and 

then plotting published Salish Sea marine sediment core data for those three chemicals at 

three sites in Puget Sound (MacDonald and Crecelius, 1994). The toxic data was 

published as micrograms/gram based on dated sediment cores, and plotted as a decadal 

time series (1850-1990) based upon estimated residence times in the water (MacDonald 

and Crecelius, 1994). For the present study these levels were taken directly and re-plotted 

as standard deviations, from the mean over the 15 decade period of the series.

Human population density for the Salish Sea was also plotted as a non-point 

source indicator of toxic exposure, given that the primary origin o f toxic sources in any 

region is indirectly related to toxic chemical production per person (Segel et a i, 1980; 

Lyons, 1989; PSWQA, 1992). The Salish Sea human population plots were compiled 

from historical census data for southern Vancouver Island, the lower B.C. mainland, and 

the coastal counties of Puget Sound and Juan de Fuca Strait (Washington State Historical 

Society, 1950; McKervill, 1967; Kimerling and Jackson, 1985; Washington State Data 

Book, 1995; Canada, Ministry of Industry, 1996; Schwantes, 1996). For population 

estimates prior to government census data (prior to 1900), estimates from published 

histories were collected (Hayner, 1929; McKervill, 1967; Gregson, 1970; Schwantes,

1996) and averaged between data points when there were breaks in the specific plots. For 

population estimates at the centennial and millennial scales, the anthropological literature 

was utilized to come up with a Holocene base population of 60,000 for the Salish Sea 

(Drucker, 1965; McKervill, 1967; Borden, 1968; McMillan, 1988). This base population 

was then plotted with an arbitrary range of fluctuations of 32% (1 standard deviation) 

around the mean, and adjusted from there in relation to known periods o f severe 

epidemics in the native population; reaching an extreme low of 10,000 estimated for 1840 

(Drucker, 1965).
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Food Resource Depletion Indicators

Salmon has clearly been shown to be the primary food resource utilized by 

Southern resident-type killer whales (J.R. Heimlich-Boran, 1986a; Bigg et ai, 1990; 

Felleman et al., 1991; Ford et a i, 1994; 1995; Chapter 2). Therefore human measures of 

salmon escapement and/or salmon catch should provide suitable indicators of fluctuations 

in food resources, and/or levels of human exploitation on those food resources.

Washington State sport salmon catch data serves as the most consistent indicator 

of salmon abundance across all time scales (WDFW, 1967-95; Schmitt et ai, 1994; 1995). 

These data are the number of fish reported caught by anglers using Salmon Punch Cards 

that are turned into the Washington State Department of Fish and Wildlife (Appleby and 

Doty, 1994; Chapter 2). The data are presented as monthly totals by species within 

reporting areas o f the Washington State inland waters. Reporting Area 7 was used as an 

indicator of salmon in the San Juan/Gulf Islands region (Zone 1), and reporting areas 8-13 

were used as an indicator for Puget Sound (Zone 2; see Figure 15). These data were 

plotted directly in a 240 month sequence along with killer whale presence in Zones 1 & 2 

(described earlier, and Chapter 2), Fraser River pink and sockeye salmon escapement 

estimates from the Pacific Salmon Commission (Pac. Salmn. Comm., 1985-1998; Roos, 

1990; for Zone 1), and Washington State Department of Fish and Wildlife estimates on 

Puget Sound chum salmon escapement (WDFW, 1998) for Zone 2).

The annual plots included sample means calculated from the monthly sport catch 

data, and Fraser River salmon escapement estimates described above, but added Fraser 

River pink and sockeye salmon catch, and the combined Washington State and Fraser 

River native subsistence catch data from the Annual Pacific Salmon Commission reports 

(Pac. Salmon Comm., 1985-1998; Roos 1990).

The decadal salmon plots utilized the same data as the annual plots, but they were 

calculated as the sample mean for every ten years. The continuity o f these data series
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Started dropping off at different times: with the sports catch data disappearing prior to 

1967, native subsistence catch having a large hole between 1910 and 1970, and the Fraser 

River escapement and commercial catch data reliably dropping off prior to 1920 (Roos, 

1990; Schmitt e/a/., 1994).

Decadal estimates for the native subsistencc/'sports catch prior to the 1970s were 

derived from historical accounts as single year estimates (Drucker, 1965; McKervill, 1967; 

Gregson, 1970; Roos, 1990; Schwantes, 1996), and plotted over the decades as an 

equivalent percentage of the regional native and human populations, respectively. Fraser 

River escapement and catch estimates for the decades prior to 1930, were educated 

guesses derived from single-year historical estimates in the 1890s that were based upon 

Cannery records (McKervill, 1967; Roos, 1990). These estimates were a maximum Fraser 

River Run size at 60 million salmon annually, fluctuating to as low as 40 million, and 

significantly dropping after 1850 with the advent of commercial canneries, to 20 million by 

the turn of the century (McKervill, 1967; Gregson, 1970; Roos, 1990; Kruckeberg, 1991; 

Schmitt et a i, 1994), and 7 million following the Hell's Gate landslide o f 1914 (Roos,

1990). Century and millennial scale plots were not attempted for salmon resources.

Surface Disturbance Indicators

Surface disturbance as an impact on cetaceans has emerged as a variable of 

concern to managers in relation to two primary areas: 1) fishing gear entanglement (Bigg 

and Wolman, 1975; Matkin and Leatherwood, 1986; Matkine/a/., 1994; Calambokidis 

and Baird, 1994; Baird, 1999), and 2) whale watching disturbance (Watkins, 1986;

Duffus, 1988; Mayo era/., 1989; Osborne, 1991; Kruse, 1991; Dufflis and Dearden, 1993; 

Burgen and Otis, 1995; Hoyt, 1995; Williams, 1998). Southern Resident killer whales 

have been acutely exposed to both these impacts, but the limited studies to date (Osborne, 

1991; Kriete, 1995; Burgen and Otis, 1995; Otis, unpublished data) have not found any 

overt indications o f disturbance. To examine this issue historically, the present study plots
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surface disturbance variables that are linked with levels of whale watching traffic, and 

levels of commercial fishing gear (salmon gill nets and purse seines) over years and 

decades.

Whale watching vessel traffic in the immediate surfacing area of the killer whales 

was measured in terms of: 1) the mean annual number of boats documented with whales at 

30 minute intervals in the San Juan Islands by The Whale Museum's Soundwatch Boater 

Education Program for the period 1990-1997 (The Whale Museum, unpublished data 

1990-97; in prep ), and 2) the annual number of commercial whale watching boats 

recorded seasonally operating with these whales (Osborne, 1991; and Osborne, 

unpublished data 1990-97). Other whale watching measures, namely: the mean annual 

number of boats seasonally documented with whales from Lime Kiln Lighthouse when 

ever killer whales passed by, and the ambient level of seasonal vessel traffic at Lime Kiln 

Lighthouse measured 4 times per day (Burgen and Otis, 1995; and Otis, unpublished data 

1996-1997), are plotted later in the section on "underwater noise". The annual number of 

commercial whale watching boats was also used as a decadal indicator. This data set goes 

back to 1976 (Osborne, 1991), prior to the earliest recorded incident of commercial whale 

watching on these whales. At the decade scale it was plotted as the 10-year mean of 

annual means for the 1970s, 1980s, and the 8-year mean of the 1990s (through 1997); for 

the 1960s and earlier it was plotted as zero.

Surface disturbance from salmon fishing gear was measured in terms of the annual 

number of commercial salmon gill net openings in WDFW Fisheries Area 7 (San Juan 

Islands), and the annual number of gill net licenses issued for WDFW Fisheries Area 7 

(WDFW, 1988-1994). Decadal plots used the 10-year mean of annually licensed vessels 

back to 1946, when Pacific Salmon Commission records began to be kept (Roos, 1990). 

Prior to 1946, estimates were made on the basis o f historical records for 7 single years 

between 1894 and 1943 (McKervill, 1967; Roos, 1990). Decades prior to 1890, were
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estimated at 600 commercial boats for the 1880s (McKervill, 1967), 100 commercial boats 

for the 1870s, and zero for all earlier decades.

Underwater Noise Indicators

Since the source of most anthropogenic noise in the ocean is produced by propeller 

cavitation and through-hull noise of vessel engines (Myrberg, 1990; Richardson et aL,

1995), motorized vessel activity was the primary indicator used to historically plot change 

in the underwater noise environment of these whales. The other potential sources of 

underwater noise for this population of killer whales includes; coastal industrial noise, 

military operations, oceanographic and geological survey operations, and natural seismic 

activity (Myrberg, 1990; Richardson e/a/., 1995; Miller and Willis, 1997). Except for 

coastal industrial noise, these latter sound sources are sporadic single events that do not 

provide the opportunity to be measured as trends from a sample mean. However, in 

instances when one of these events can be pin-pointed in time, they opportunistically offer 

a potentially valuable marker.

Vessel indicators for underwater noise were chosen with the idea of sampling for 

both ambient noise, as well as noise levels in the immediate vicinity of the whales.

Ambient vessel noise was measured as the annual number of commercial shipping transits 

in Haro Strait. These data were recorded by the U.S. Coast Guard (1983-89, in Osborne,

1991), and from recent records by the Washington State, Office of Marine Safety (DOE,

1998). As an indicator of ambient noise from recreational traffic, boat counts made 4 

times per day for May-August (1990-1997) at Lime Kiln Lighthouse were used (Burgen 

and Otis, 1995; and Otis, unpublished data 1996-1999).

The primary indicator for vessel-generated underwater noise in the 

immediate vicinity of the killer whales was the mean annual number o f whale watching 

boats with whales whenever they passed Lime Kiln Lighthouse, May-August 1990-97 

(Burgen and Otis, 1995; and Otis, unpublished data 1996-1997). The other variable used
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as an indicator for vessel noise in the near-field of whales was the annual number of 

commercial whale watching boats operating in Haro Strait (Osborne, 1991; and Osborne, 

unpublished data 1990-97). This latter data set is the same one plotted in the "surface 

disturbance" sections described earlier.

Anthropogenic underwater noise in the Salish Sea would not have occurred prior 

to the appearance of the first steamships, canneries, and lumber mills in the 1870s 

(Chasen, 1981), so of the larger time scales, only the decadal was plotted. For this long­

term plot the number of commercial whale watch boats, number of licensed commercial 

fishing boats, and commercial shipping traffic were plotted. For the most recent decades 

the ten-year means of annual values were used. As discussed in the previous sections, the 

number of commercial whale watch boats empirically drops to zero in decades prior to the 

1970s. The records on licensed fishing boats are fairly complete to the 1940s, and can be 

reasonably estimated for the decades from 1930 to 1870 (see discussion in previous 

section), when this variable also zeros out.

The most problematic indicator is commercial shipping traffic, which appears to be 

poorly documented as a general statistic on annual transits prior to the 1980s (Chasen, 

1981; DOE, 1998; U.S.C.G., 1989). Shipping traffic data for most of the history of the 

region is embedded in measures of the import and export of commodities, and does not 

easily translate to "shipping transits", because the varieties of cargo capacity differ so 

much between vessels and eras (Chasen, 1981; Port of Seattle, 1995; DOE, 1998). 

Similarly, geographic compilations of port and tug boat records do not clearly indicate 

what route the vessel traveled to arrive there, although they do allow calculations o f mean 

cargo size per vessel (Port of Seattle, 1996). U.S. Coast Guard, U.S. Customs and naval 

defense records on commercial clearances of transiting traffic must exist in some fashion in 

government archives for the period from at least W.W.II to the 1970s, but they were 

unattainable for this study. Given these complications, estimates were not attempted
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beyond calculating shipping traffic as a rough percentage of human population for the 

period from 1800-1970.

RESULTS

The historical plots for each ecological indicator defined in the methods section are 

displayed as graphs and/or histograms and described in terms of patterns of perturbation 

from the sample mean at different time scales. For each class of ecological indicators the 

findings will first be presented at the smallest scale (months, years, decades) and described 

in relation to patterns in the plot, and any patterns already discussed from previous plots.

All perturbations greater than 1 SD from the sample mean are also tabulated in a 

historical interaction matrix for three of the time scales (Appendix II). The results from 

these matrices will then be presented at the end of the results section, and will form the 

basis for a general discussion on the adaptive resiliency of this population of killer whales.

The Chronology for Southern Resident Killer Whales:

The first step in this historical ecology is to establish the chronology of the 

management unit so that the environmental indicators have something to be compared 

with. For this historical characterization the indicators will include the three indicators 

identified in Chapter 2; population, feeding requirements, and habitat-use.

Killer Whale Population Plots 

Annual Scale

The trends in size and composition of this population, as documented through 

continuous photo-identification (Center for Whale Research, 1998; Ginneken and Ellifritt,

1999), have already been described in detail in Chapter 2 (Figures 7, 12, and 17), and 

previously discussed in this chapter (Figures 28 and 29). In Figure 30 the plot displays the
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Figure 30 Resident Killer Whale Population Size in
the Salish Sea Over Twenty Years (1978-97)
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distribution of annual size in terms of standard deviations (SD) relative to its sample mean 

of 20 years.

In this plot an over-all positive increase is maintained up to 1995, illustrating a net 

population growth of approximately 2.5% over this period (Olesiuk, 1990; Brault and 

Caswell, 1993; Ginneken and Ellifritt, 1999). However, there are two periods of 

population decrease, the most recent of which has continued to the present. The first one 

led to a perturbation >1 SD below the mean over a 3 year period between 1980-84, and 

was primarily the result of a low fertility period , that appears to be associated with the 

low number of reproductive age females at that time (see also Figures 28 and 29). It has 

been suggested that this dip in population size might be related to the removal of most of 

that generation during the capture era from the mid-1960s to early 1970s (Bigg, 1982; 

Olesiuk, 1990; Brault and Caswell, 1993).

The most recent decrease in population size is coming down from a 3 year 

perturbation >1 SD above the mean. This drop in size appears to be a combination of 

low fertility and higher mortality (Figure 29). The low fertility could be a shadow of the
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low fertility period from the 1980s, since it is occurring 15 years later; roughly the amount 

o f time it takes for a generation of killer whales to begin exhibiting fertility. The higher 

mortality rate since 1995, however, does not suggest any immediate explanations.

Despite the recent downward trend, it can be seen that the population is still in the 

overall range of growth above the twenty year mean, well within the boundaries of normal 

fluctuations.

Decadal Scale

The decadal plot in Figure 31 includes: 1) ten-year means from the data in the 

previous plot, 2) Olesiuk et al.'s (1990) projection for the 1960s, and 3) an educated 

estimate. The estimate bridges the 1960s projection of 86, to a mean estimated carrying 

capacity population of 250 at the turn of the century (see methods, pages 114-117). As 

part o f the estimate, low surviving female birth-years (Figure 29), were combined with 

documented periods of known increased mortality due to military target practice and 

shootings from commercial fishers (Scheffer and Slipp, 1948; Bigg and Wolman, 1975; 

Olesiuk et al., 1990; Hoyt 1990). These two periods (1940s and 1950s, Figure 29) were 

weighted to account for a decrease over the 5 decades.

Figure 31 Estimated Resident Killer Whale Population Size in the 
Salish Sea Over Twenty Decades (1800-1990)
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Trends at the decadal scale indicate that Southern Resident killer whales probably 

did not exhibit a perturbation > 1 SD below the mean until the 1940s, and that at their 

current rate of growth, it will be 4-5 decades before they could conceivably increase to 

within a standard deviation of this 20 decade mean.

Centennial and Millennial Scales

In Figure 32 means from the previous scale are plotted, along with the estimate for 

the population at carrying capacity prior to the turn of the century. In both plots the 

estimates for carrying capacity periods are graphed with arbitrary fluctuations within I SD 

of a hypothetical mean to simulate normal fluctuations.

The value of this plot stems from its demonstration of the contextual implications 

o f changing time scales. It places the current low in the population in perspective with 

what this population has hypothetically experienced throughout most o f its history.

Figure 32 
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Killer Whale Feeding Requirements

The feeding requirements of these killer whales were estimated as a function of 

their daily energetic requirements (Kriete, 1995) translated into salmon requirements 

(Chapter 2). This estimate of 25 salmon/whale/day was then used to calculate maximum 

salmon resource needs for the population over different time scales.

For example, at a hypothetical maximum carrying capacity for the killer whales of 

325 individuals (Figure 32), it becomes just under 3 million salmon per year that they 

would be consuming from the Salish Sea. Under the present population size of about 90 

individuals, it equals Just over 800,000 salmon per year.

Since this is a linear function of salmon to killer whale, plotting trends in 

consumption estimates illustrates exactly the same trends as the population plots presented 

in the previous four figures. However, later in the chapter under Food Resource 

Exploitation, the killer whale consumption estimates will be plotted at the annual and 

decadal scales for comparative purposes with sport, commercial and native subsistence 

catch.

Habitat Use

Habitat use in this population was measured as the number of days per month the 

killer whales were detected in two sub-regions of the Salish Sea: Zone 1 (San Juan/Gulf 

Islands), and Zone 2 (Puget Sound) (Figures 15, 18 and 33). The data base for these plots 

was described in Chapter 2, and plotted both as: 1) the number of days per month relative 

to the 20 year mean for each month (Figures 21 and 22), and 2) the annual seasonal 

variation from the sample mean in standard deviations (Figures 23 and 24).

This \'alue is considered a maximum because it assumes a 100% salmon diet, but it is well documented 
that these killer whales eat bottomfish and other marine mammals to some extent (Baird, 1994; Ford e t  
a i ,  1998).
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Figure 33 

Study-Zones for Southern Resident Killer Whale Habitat-Use
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In figures 34 and 35 this same data is plotted monthly and annually for both 

regions, and for their absence from these regions, to illustrate longitudinal trends. Also 

plotted are a set of monthly scale plots comparing indicators of salmon abundance with the 

presence of the killer whales in the two sub-regions (Figures 36 through 37). Since the 

data base utilized for the habitat-use indicator was not initiated until 1976, habitat use is 

not plotted beyond the annual scale.

Monthly Scale

The monthly scale is the finest grain temporal plot undertaken in this study, and as 

a result exhibits relatively more variance between points (Allen and Hoekstra, 1992). In 

Figure 34 the number of days killer whales were detected each month in Zone 1, Zone 2 

and in "other areas" are plotted together as standard deviations over the full 240 month 

period from January 1978 to December 1997. The sample mean in this plot is for all 240 

months, so seasonality is not compensated for; resulting in extreme exaggerations of the
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Standard deviations when perturbations occur in the same direction as a seasonal trend. 

This seasonality effect will be dealt with in the immediately subsequent plots of this data, 

but for the present discussion it provides a basis for emphasizing the extremes: summer 

maximum and winter minimum.

In Figure 34 the hatched area indicates variance in standard deviations from above 

or below the mean for Zone 1 (San Juan/Gulf Islands), the stippled area indicates variance 

in Zone 2 (Puget Sound), and the line indicates variance in when the whales were "outside 

detection" in Zones 1 or 2. The detection of the killer whales between Zone 1, Zone 2, 

and "outside detection" fluctuates 2 SD from the sample mean on 44 occasions over the 

240 month sequence. Zone 1 exhibited 16 perturbations. Zone 2 has 19 perturbations, 

and the "outside detection" category exhibits 9 perturbations.

For Zone I the early years show a tendency to be below the mean and a tendency 

to be above the mean in later years (Figure 34). This probably reflects the bias of 

improved sighting effort in Zone 1 in more recent years (after 1985); suggesting that any 

positive perturbations in early years, and negative ones in recent years, would be more 

indicative o f an actual change in habitat use, as opposed to just background noise.

In Zone 2 the sighting effort has been consistently low over the entire sample, 

which results in a bias introduced by a low sample mean of only 3 days/mth. (as opposed 

to 11 days/mth. for Zone I).’ This creates a tendency for extreme perturbations above 

the mean when the killer whales spend an extended time in Zone 2. In Figure 34 there are 

19 significantly extreme perturbations for Zone 2: 12 above the mean and 7 below. The 

positive perturbations in the early part o f the series (1978-1983) are primarily in the 

summer months, strongly suggesting that the whales used to spend much more time in 

Puget Sound in the summer than they do now. The next 10 years show an over-all

See Appendix I, for a comparison of means and standard deviations between samples.
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Figure 35
Southern Resident Killer Whale Annual Habitat-Use of Zones 1 and 2

(Zone 1 = S an  Juan  Gulf Islands, Z one 2  =  Puget Sound)
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absence of the whales from Puget Sound, with a few sporadic positive perturbations in the 

springtime (1984, 1988 and 1991). All the other positive perturbations are concentrated 

in the Fall and early Winter following 1994, culminating in the extreme October/November 

perturbation of 1997 which corresponds with 30 days a portion of L-Pod spent confined 

to Dyes Inlet in central Puget Sound (Osborne, 1998; Smith et ai, in prep.).

In the next two monthly plots (Figures 36 and 37), salmon indicators are plotted 

with killer whale habitat use in the two zones, but the seasonal bias is eliminated by 

plotting the data as monthly percents for each month over the entire 14 year sample. In 

this fashion each month is only compared with itself among years. In Figure 36 sports 

catch data (WDFW Area 7; WDFW, 1997), and killer whale data are plotted, but added to 

the plot are the monthly Fraser River run estimates on pink and sockeye salmon (Pac. 

Salmon Commiss. 1985-98; Roos, 1990). In this plot the removal of seasonality has
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Figure 36 
Monthly Co-Occurrence of Salmon and Killer Whales in Zone 1

(San Juan/Gulf Islands, 1982-1996)
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Figure 37 
Monthly Co-Occurrence of Salmon and Killer Whale in Zone 2

(Puget Sound, 1982-1996)
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made any semblance of coirespondence between the salmon indicators and the presence of 

the killer whales virtually invisible. This suggests that either the indicators are bad 

measures, or that the relative amount of salmon in this zone does not strongly influence 

the number o f days the killer whales are present.

In Figure 37 salmon sports catch data is restricted to just chinook and coho salmon 

WDFW Areas 8-13), and the WDFW estimates on Puget Sound chum salmon run size are 

added (WDFW, 1998). In this plot the removal of seasonal bias, and the plotting of more 

specific salmon indicators appears to have improved the semblance of some 

correspondence between the variables, particularly with the larger chum runs of the 1990s.

Annual Scale

In Figure 35 the annual scale of killer whale habitat use in zones I and 2 are 

plotted together to show patterns of variation from their independent sample means in 

terms of standard deviations. At this scale the two zones show a basic tendency to track 

each other, particularly since 1994, but in the 1970s and 80s annual increases and 

decreases in the use of the two zones rarely correspond in direction from the preceding 

year. None o f the perturbations in either variable exceeds 2 standard deviations, except in 

Zone 1 where in 1988, and 1997, the perturbations are approaching statistical significance 

(SD = 1.93 and 1.71, respectively). However, the primary finding from these plots is that 

these whales have exhibited rather stable use of the habitat during these two decades 

(Figure 35).

The Climatic Chronology:

Fundamental to assessing anthropogenic influences on the historical environment 

of the Southern Resident killer whale population, the stability of climatic factors should be 

taken into account. Published accounts on the atmospheric climate of the Salish Sea 

region during the Holocene, indicate relatively warm stable conditions over the last 6,000
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years, punctuated by occasional cooling trends during the last two millennia (Andrews et 

ai, 1981; Baker, 1983; Roberts, 1989; Kruckeberg, 1991). The focus here will be trends 

in local sea surface temperatures over the last century at three scales: months, years and 

decades.

Monthly Scale

In Figure 38 the seasonal variation in monthly sea surface temperature is displayed 

as a 20 year mean (1978-97). The seasonal variations in these three locations demonstrate 

the modifying oceanic influences on water temperature between the outer and the inner 

reaches of the Salish Sea. Race Rocks, along the Strait of Juan de Fuca, exhibits an 

annual temperature pattern closer to coastal conditions in the Pacific than the 

other two sites (Thomson, 1994). Departure Bay in the northern Gulf Islands, along 

Georgia Strait, exhibits the most extreme seasonal pattern, and Active Pass in the southern 

Gulf Islands exhibits a pattern that lies between the two.

As can be seen in Figure 38 the primary differences between the three sites is in 

how much they vary between summer and winter temperatures; with Departure Bay 

exhibiting the highest temperatures in summer months and the lowest temperatures during 

winter months.

Figure 38
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Figure 39
Active Pass Sea Surface Temperature 

& the Presence of Killer Whales in Zone 1 
(San Juan/Gulf Islands)
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In Figure 39 Active Pass sea surface temperature is plotted with the number of 

days/month killer whales were recorded in the San Juan/Gulf Islands (Zone 1), and similar 

plots were run comparing the El Nino Southern Oscillation Index (SOI) Pacific 

Interdecadal Oscillation with the number of days/month the killer whales were detected in 

both Zone I and Zone 2. In none of these plots did any particular pattern of relationship 

stand out, suggesting either that they are completely independent variables, or are beyond 

the measurements being utilized in the present study.

Decadal Scale

In Figure 40 temperature is plotted as distributions of decadal standard deviations 

from each sample mean for Race Rocks, Active Pass and Departure Bay, relative to their 

combined mean for the entire extent of each data set, which covers the nine decades since 

1900. In this larger scale plot the trend towards significantly warmer temperatures in 

recent decades, can be clearly seen. The only exception is a cooler than normal period 

between the 1950s and 1970s.

Figure 40.
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The Human Impact Chronology

Historical trends in indicators of human influences on this ancestral community of 

killer whale pods are presented in this next section. These are plots of the anthropogenic 

indicators that were identified as the most relevant to the ecolog>' of these killer whales in 

Chapter 3, namely; predation, food resource depletion, toxic exposure, surface 

disturbance, and underwater noise.

Predation on Killer Whales

The indicators of human predation on these killer whales that were plotted are:

1) documented incidents of captures, 2) reported killings, and 3) estimated rates of 

humans shooting at them.

Annual Scale

In Figure 41 variation from the sample mean is plotted in standard deviations for 

the annual number of documented shooting incidents. During the twenty year sampling 

period there were not any captures, or killings. The shooting incidents include two 

animals photographed with fresh bullet wounds and one incident which was prosecuted 

under the U.S. Marine Mammal Protection Act. In Figure 41 these 3 incidents display 

such extreme perturbations for the time period because there are so few of them, and they 

are all at the same very low rate (1 per/year). Hence, a single event is the maximum for 

the time series, and 0 is the only other possible value. The shooting incidents are plotted 

here to illustrate their current rarity, and the effect of rare events on these types of plots. 

Figure 14 also provides perspective in relation to the larger scale plots o f  this variable that 

immediately follow.
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Figure 41
Annual Indicators of Predation on Southern Resident Killer Whales
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Decadal Scale

In Figure 41 the estimated number of shootings, documented captures per decade 

are plotted. Over this span of 200 years essentially all the predatory activity is focused on 

the last 60 years, during the lifetime of most of the older killer whale matriarchs (almost 

20% of the current population = females over 48 yrs. old). This statistically significant 

perturbation of predatory activity appears in three waves beginning with shooting 

incidents in the 1930s, when references of shooting at killer whales as a nuisance 

competitor of salmon are first explicitly mentioned in historical accounts (Scheffer and 

Slipp, 1948; Pike and MacAskie, 1969; Olesiuk, 1990; Hoyt, 1981; 1990). However, a 

low level of shootings were plotted for the period 1850 to 1930 (mean of 

13/decades),given that shooting at predators was a prominent cultural attribute of 

Europeans fi"om that era (Botkin, 1990; Diamond, 1994), and from personal accounts of 

commercial fishers (C.Nash,pers. com). As one fisherman was quoted, “it was always
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Figure 41
Decadal Indicators of Predation on Southern Resident Killer Whales

(1800-1990)
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possible to know when the killer whales were coming through the gill net fleet in Haro 

Strait by listening to the sounds of gun fire” (G, Hertel, pers. com.).

The highest levels of shooting were estimated to occur in the 1940s (100/decade 

or 10/year), when killer whales traveling in Georgia Strait were subject to government 

sanctioned military target practice (Olesiuk et ai, 1990). Under these circumstances it is 

possible that whole pods may have been eliminated as a result o f repeated strafing runs in 

a single target practice session. The practice of shooting continued into the 1960s, as 

attested by the installation of a machine gun in Georgia Strait by the Canadian 

Department o f Fisheries, specifically as a means to cull killer whales and reduce their 

competition on salmon resources; though records indicate the machine gun was never 

actually used (Olesiuk et ai, 1990). It has been reported that up to 25% of the killer 

whales examined in the capture operations from the 1960s showed scars from recent 

bulletwounds (Hoyt, 1981; 1990). Hence, the estimates used for this plot are 

conservative, and primarily serve as an indicator of these anecdotal historical accounts.

The plot in Figure 41 illustrates; 1) the period in which the highest mortality rates 

for this population likely occurred, 2) the relative timing of this activity within the living
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memory o f these killer whales, and 3) the fact that this aggressive human behavior started 

to drastically disappear in the 1970s, and has completely disappeared since 1985.

The next variable that is plotted in Figure 44 is documented captures of these 

pods. This is data provided in Olesiuk et.al. (1990). The plot represents 4 captures in the 

1960s, 5 for the 1970s, and 0 for all other decades. .4gain, the objective of the plot in this 

instance, is more to illustrate the relative timing and sequence of these events in the 

memory o f the killer whales, rather than to make a quantitative comparison.

Centennial Scale

In keeping with the methodological approach of examining this history at different 

time scales. Figure 43 plots these same three indicators on a centennial scale. Again, this 

is simply a qualitative demonstration of how recent and severe these impacts are relative 

to the history these killer whales in the Salish Sea. If the millennial scale were plotted 

here, it would show the same relationship, except the perspective would be relative to the 

last 8,000 years. Hence, these findings suggest that predation from humans is not a 

condition these killer whales had to adapt to prior to the present century.

Figure 43 Indicators of Human Predation on Salish Sea Resident
Killer Whales (100 B.C. - Present)
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Toxic Exposure

The histoiical pattern of toxic exposure for this killer whale population was plotted 

using human population for the coastal region of the Salish Sea as a common indicator at 

each time scale, and published marine sediment core estimates for three sites in Puget 

Sound at the decadal scale only. The Salish Sea human population plots were compiled 

from historical census data for southern Vancouver Island, the lower B.C. mainland, and 

the coastal counties of Puget Sound and Juan de Fuca Strait (Wash. State Hist. Soc.,

1950; Drucker, 1965; Urquhart and Bukley, 1965; P.S.W.Q.A., 1992; Wash. State Dept. 

Finance, 1995; Canada, Ministry of Industry, 1996; Schwantes, 1996). The toxic data was 

originally published as wg/g values based on dated sediment cores, and plotted as a decadal 

time series (1850-1990) based upon estimated residence times in the water and sediments 

(MacDonald and Crecelius, 1994). For the present study these levels were taken directly 

and re-plotted as standard deviations from the mean over the 15 decade period o f the 

series.

Annual Scale

In Figure 44 the annual increase in human population for the Salish Sea is plotted 

over the last twenty years, under the assumption that the addition of each human to the 

Salish Sea ecosystem represents an annual incremental addition in the release o f toxic 

chemicals. In this plot the steepness of the slope varies only slightly from year to year, and 

exhibits a steady increase for the entire series. The steepest increase is in the final year, 

when it comes to just within 2 SD above the mean. Using humans as a general indicator 

o f toxic out-put on a per person basis (Segel et ai, 1980; Waldichuk, 1983; Lyons, 1989), 

would suggest that there has been a steady increase in toxic exposure over this period, but 

as mentioned in the methods section, and can be seen in the decadal plot (Figure 45), the 

relationship is not a direct one and should be interpreted cautiously.
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Figure 44 Annual Scale Human Population as an
Indicator o f  Toxic Exposure in the Salish Sea
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Decadal Scale

In Figure 45 human population for the Salish Sea is plotted along with decadal 

levels of DDT, PCBs, and mercury as measured at three sediment sites in Puget Sound. In 

this plot human population again displays a steadily increasing slope for the entire series, 

following a minor drop between I860 and 1870; which corresponds with the declining 

effects of repeated Smallpox epidemics among natives (Drucker, 1965; McKervill, 1967; 

McMillan, 1988) just prior to the major influx of European immigrants at the end of the 

19th Century.

The three toxic chemicals found at the highest levels in killer whales (mercury, 

DDT and PCBs, after Calambokidis, 1995; Jarman et ai, 1996; Ross et ai, in press) make 

their appearance in Salish Sea sediments approximately one to two decades prior to their 

actual release into the environment (MacDonald and Crecelius, 1994). This skew 

backwards from the initial deposition time is a result o f sediment settling that increases 

with time, particularly for heavy metals such as mercury (Thompson et ai, 1980; Crecelius



C hap ter 4: R .O sbom e. Doctoral D issertation, DepL o f  Geography, U niversitj- o f  V ictoria 147

Figure 45 Decadal Scale Indicators of Toxic Exposure 
for Southern Resident Killer Whales
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et ai, 1983). Figure 45 initially shows mercury levels increasing just prior to 1900, and 

DDT and PCBs beginning in the 1920s. However, historically mercury contamination 

from industrial processes did not begin in Puget Sound until 1900, and DDT and PCS 

compounds were not in regional industrial use until the 1930s and 40s (Waldichuk, 1983; 

Lyons, 1989; MacDonald and Crecelius, 1994).

The relationship between increasing toxic release and increasing human population 

displayed in Figure 14 appears steady up until the 1950s and 1960s, but due to the effects 

o f increasing government regulation and specialization of industrial effluents since the 

early 1970s, this simple relationship has recently become more complicated. Beginning in 

the 1950s, first mercury levels begin to drop, and then PCBs and DDT levels begin to 

decline after peaking in the 1960s (Figure 14). By 1990 all three o f these toxic chemicals 

are continuing to decline in the sediments, despite the increasing slope of human 

population growth. Thus, toxic exposure trends, at least for the chemicals being plotted
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here, are on a decreasing slope that is approaching the levels of these chemicals that were 

present in the environment in the early part of the century when the human population was 

about 20% o f its current levels.

These findings demonstrate that human population is not a simple indicator of 

toxic exposure, at least not since the advent of legislation controlling the release of these 

chemicals into the environment in the late 1960s and 1970s (Krukeberg, 1991; Lyons, 

1988; Nasser, 1992). It also indicates that the chemicals that are presently at the highest 

levels in the tissues o f the killer whales (Jarmen et ai, 1994; Calambokidis, 1995), are 

significantly decreasing in their environment; suggesting that the younger generation of 

killer whales is facing less of a threat from this impact than are their elders. However, 

present levels of these chemicals in sediments are still above the mean for the last 100 

years, so they are still being released at measurable levels, and the increasing human 

population of the Salish Sea illustrated in Figure 44 indicates the ambient source of toxic 

chemical release is not decreasing.

Food Resource Depletion

The historical indicators for human influences on food resource depletion for this 

population o f killer whales focuses only on salmon in this study because it has been 

conclusively shown that salmon comprises the majority of the diet for these killer whales 

(Bigg et ai, 1990; Ford et ai, 1998), and data on the history of salmon exploitation for 

the region is readily available.

Annual Scale

In Figure 46 four variables are plotted over twenty years on a logarithmic scale in 

terms o f annual numbers of salmon; I) the amount of salmon maximally estimated to be 

consumed by the killer whales based on their annual population size; 2) the sport catch of 

all species of salmon in the Washington State inland waters (WDFW Areas 6-13; WDFW, 

1996); 3) Fraser River pink and sockeye salmon commercial catch (Pac. Salmn. Comm.,
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Figure 46
Relative Levels of Annual Salmon Exploitation 

by Humans and Killer Whales (1978-96)
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1985-1998; Roos, 1990); and 4) Pacific Salmon Commission estimates of the Fraser River 

pink and sockeye salmon return (Pac, Salmn. Comm., 1985-98).

In this plot the fairly steady amount of salmon estimated to be consumed by the 

killer whales can be contrasted with the magnitude of salmon taken by humans. The killer 

whale take is roughly at the same level as all the sport fishers in Washington's inland 

waters, and only a fraction of what is annually exploited by commercial fishing for the 

Fraser River alone. Missing from this plot is the native subsistence catches in Washington 

and B.C., the B.C. sports catch, and the Washington and B.C. commercial catches of non- 

Fraser River fish.

In Figure 47 three of the indicators from Figure 46 are plotted (minus the killer 

whale consumption estimate), and the Fraser River native subsistence catch is added as a 

new variable. This plot covers the same time period (1978-1996), but is
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Figure 47
Annual Indicators of Salish Sea Salmon Depletion

(1978-96)
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plotted as annual variation in standard deviations away from the mean. In this plot 

Washington inland waters sports catch begins the series well above the mean, with a 

significantly high catch in 1979 (>2 SD), but then shows a steady decline following a 

particularly good year in 1983, to drop significantly below the mean by the end of the 

series in 1996. The Fraser River native subsistence catch starts out below the mean and 

builds to a high in 1990, and then experiences a two year decline to below the mean in 

1992; only to jump to a record high in 1993, which erodes to near the twenty year mean 

by 1996.

The other Fraser River indicators: Pacific Salmon Commission pink and sockeye 

run estimates, and commercial pink and sockeye catch, show a four year cycle of slowly 

building fluctuations above and below the mean that track each other very closely. This 

close tracking illustrates how fisheries managers have attempted to maximize the
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commercial catch of these salmon runs relative to the necessary amount o f escapement to 

keep these stocks slowly increasing (Roos, 1990).

Using the run size estimates of the Fraser River as an index of the availability of 

summer salmon for the killer whales (see Figures 14 and 36 for comparison), there is no 

indication that the Fraser River salmon resource has reached levels o f depletion for these 

killer whales over the last twenty years. The salmon were in fact becoming more abundant 

until 1998 and 1999 (Wash. State, 1999; Pac. Salmn. Comm., 1999). However, using the 

sports catch data in Figure 47 as an index (see also Figures 14, 36 and 37), then the recent 

downward trends in these indicators provide some evidence that salmon levels may be 

approaching depletion levels outside the summer season for the smaller runs of chinook, 

coho and chum salmon not associated with the Fraser River watershed (Schmitt et ai, 

1994; Wash. State, 1999).

Decadal Scale

In Figures 48 and 49 salmon depletion indicators are examined for the last twenty 

decades. The indicators for these plots include decadal means of the estimated annual 

Fraser River pink and sockeye runs sizes (Roos, 1990), the Fraser River estimated 

commercial catch (Roos, 1990; McKervill, 1967), and the estimated subsistence catch for 

the Salish Sea based on combined estimates of native subsistence catch, Washington Sport 

Catch, and salmon catch as a proportion of native and white populations (see methods).

In Figure 48 the estimated maximum salmon requirements o f the killer whales 

based on estimated population size are plotted for comparison with the Fraser River 

indicators, which are plotted as number of salmon, instead o f standard deviation. As in 

Figure 46, it can be seen that the magnitude of salmon consumed by the killer whales is 

dwarfed by the size of the resource.

In Figure 49 the same three salmon indicators, minus the killer whales, are plotted 

as variation in standard deviations from the mean over the twenty decades. In this plot the



C hap ter 4: R .O sbom e, D octoral D issertation. Dept, o f  Geography. University o f  V ictoria 152

Figure 48
Relative Levels of Decadal Salmon Exploitation 

by Humans and Killer Whales (1800-1990)
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overall trend is for a continuing downward trend in both Fraser River run size and 

subsistence catch over the first half of the series, and then it levels off below the mean, 

where it has remained with only minor improvements. The subsistence catch exhibits an 

initial significant drop due to the decimation of the native population from Smallpox, and 

then temporarily builds with the addition of European settlers, until they shift their focus 

to the commercial harvest, and the native population drops even further from disease. The 

temporary increase in the subsistence catch in the 1970s is primarily due to the 

implementation of treaties with the natives that resulted in a significant increase in their 

"subsistence" catch.

The trend in the Fraser River commercial catch shows rapid growth after it was 

initiated in the late 1800s, and then crashes after the Hell’s Gate incident o f 1913; which 

eliminated spawning habitat for a large proportion of the Fraser River salmon runs over
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Figure 49
Decadal Indicators of Salish Sea Salmon Depletion

(1978-96)
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several years (McKervill, 1967; Roos, 1990). From the low of the 1920s and 1930s, the 

Fraser River commercial catch then shows a continuous increase right up to the present.

From the perspective o f the killer whales, this history of the exploitation o f their 

salmon resources has probably affected the availability of specific favored runs at times, 

but the magnitude of salmon resources even up to the present, would indicate they have 

never actually ever faced a depletion of their food resources until now (Wash. State, 1999; 

Pac. Salmn. Comm., 1999). Only during the latter half of the present decade has the 

seasonal shortage of winter salmon been a possibility (Schmitt et a i, 1994). Hence, 

the situation is probably only now becoming of major adaptive importance to the killer 

whales, and they likely do not have historical cultural knowledge to draw upon in dealing 

with it.
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Surface Disturbance

Variables chosen to represent surface disturbance for the killer whales include 

indicators of whale watching traffic and indicators o f commercial salmon fishing 

operations in the vicinity of the whales, plotted over both the twenty year scale (1978-97) 

and the twenty decade scale (1800-1990). In both plots the indicators are presented as 

standard deviations above and below the sample mean of the specific time series.

The whale watching indicators plot non-consumptive predation on the whales, and 

will be used again in the section on underwater noise. The commercial salmon fishing 

indicators focus on the impact of fishing gear as a potential disturbance, rather than 

impacts of salmon depletion. For all these indicators the idea is that they represent an 

obstacle to the whales when they come to the surface.

Annual Scale

In Figure 50 two of the indicators represent incomplete data sets that were not 

estimated further. The mean annual number of boats following the whales is only plotted 

for the years 1989-1997, and the mean annual number of days for salmon gill net openings 

in WDFW Fisheries area 7 (San Juan Islands) is only plotted for the years 1988-1997.

Looking first at the indicators of commercial fishing, it can be seen that the number 

o f licensed boats shows a trend of annual fluctuations mostly above the twenty year mean 

until 1992 when they level off until 1995, and then exhibit a downward trend that reaches 

significance for the series by 1997 (> 2 SD). The shorter series on the annual number of 

days allocated for commercial gill net fishing, basically mirrors this trend, and together 

they indicate that any surface disturbance impacts that might be associated with 

commercial fishing operations are diminishing in the environment of the whales.

On the other hand, indicators for whale watching over this same period show the 

opposite trend o f being below the mean during the first part o f the sequence, and
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Figure 50
Annual Indicators of Surface Disturbance 

for Southern Resident Killer Whales (1978-1997)
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culminating at a significant level above the mean at the end of the series. Of interest in 

this plot is the way the two types of potential impacts replace each other, with only about 

a four year period in the early 1990s where they are both present at levels above the mean 

in a manner that would be suggestive of a cumulative impact.

Decadal Scale

In Figure 51 three of the indicators from the annual scale are plotted as standard 

deviations around their sample means over either 15 or 20 decades, depending upon the 

variable. These include the estimated decadal number of commercial fishing boats (15 

decades), commercial whale watch boats, and whale watch boats around the whales (both 

at 20 decades). In this plot the whale watching indicators obviously did not actually exist 

for the entire series, but as has been noted earlier, lack of existence is important within the 

context o f the historical adaptive requirements for these killer whales, so in this case they 

were plotted for all twenty decades to provide this perspective.
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Figure 51
Decadal Indicators of Surface Disturbance 

for Southern Resident Killer Whales (1800-1990)
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In Figure SI it can be seen that the trend for commercial fishing activities in the 

vicinity o f the killer whales' primary food resource has been a part of their environment for 

over 100 years. The maximum number of boats occurred early in the present century, and 

then leveled off after the 1940s, due primarily to increases in the efficiency of gear relative 

to the number of salmon annually available to be commercially harvested (Roos, 1990).

By the 1970s, when whale watching activities first appeared, the number of commercial 

salmon fishing boats in the environment of the whales had already begun its downward 

trend.

From the historical perspective of the oldest living individuals in this killer whale 

population, coping with commercial salmon gear has always been a part o f  their 

adaptation to the Salish Sea, and although commercial fishing still exists, it has dropped to 

levels that haven't previously existed within the lifetime of the oldest individual whales. 

Whale watching traffic, on the other hand, presents a relatively new adaptive challenge for
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this killer whale population, raising the question of how much of what they have utilized in 

adapting to commercial fishing operations over the last century is now being applied in 

their adaptation to whale watching boats?

Underwater Noise

The indicators plotted to show the historical progression of the underwater noise 

environment for these killer whales includes published and estimated levels o f commercial 

shipping traffic, and two of the indicators just presented in the previous section; annual 

number of dedicated commercial whale watch boats, and annual number of commercial 

fishing boats. The assumption is that through-hull engine noise and propeller cavitation 

represent the primary sources of anthropogenic underwater noise pollution in the Salish 

Sea (Myrberg, 1990; Scrmger and Heitmeyer, 1991; Richardson et ai, 1995; Gordon and 

Moscrop, 1996; Miller and Willis, 1997). All three variables are plotted over both the 

twenty year scale (1978-97) and a fifteen decade scale (1850-1990). In both plots the 

indicators are presented as standard deviations above and below the sample mean of the 

specific time series.

Annual Scale

In Figure 52 the only indicator that has not been previously presented in one of the 

other plots, is shipping traffic. At this scale shipping traffic has been measured as the 

number of commercial shipping transits in the inland waters east o f Cape Flattery at the 

entrance to Juan de Fuca Strait from 1984 to 1997. These are data published by either the 

U.S. Coast Guard (1984-1988), or the Washington State Dept, of Ecology, Office of 

Marine Safety (1992-1997). The unfortunate 4 year break in the data set occurred during 

the transition period between jurisdiction of the two agencies.

From the plot in Figure 52 it can be seen that a fairly steep increase in shipping 

traffic occurred during the mid 1980s, and that since then it appears to have leveled off
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Figure 52
Annual Indicators of Underwater Noise Exposure 
for Southern Resident Killer Whales (1978-1997).
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As noted in earlier plots, the number of licensed commercial gill net boats remained fairly 

steady during this twenty year period until the early 1990s, when they began their current 

decline. Mirroring this decline in commercial fishing boats is the steady increase in 

commercial whale watch boats at about the same time.

From the perspective of underwater noise pollution for the killer whales. Figure 52 

suggests that levels of these indicators have remained fairly stable for the last twenty 

years. The only exception concerns whatever increases are attributable to whale watching 

traffic, which significantly increased over the last years of the plot, and at a higher rate 

than commercial fishing boats dropped. Furthermore, since whale watching boats tend to 

be more dense in the immediate vicinity of the whales relative to other boats, noise levels 

associated with whale watching would logically be higher.

Decadal Scale

In Figure 53 the same variables graphed in the annual plot are used. However, 

except for the decadal number of commercial whale watch boats, the values of the
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indicators have been estimated, as previously described in the methods section. Values of 

these indicators are plotted as standard deviations from the sample means for the entire 15 

decade series for each variable. As before, the number of whale watching boats obtains 

the value of zero for most of the series, since they did not exist prior to 1977.

The trends in Figure 53 show shipping traffic with a steady increase from its 

beginnings in the 1870s, up through its entire sequence, with a leveling off in the 1990s; as 

indicated from the annual plot (Figure 59). This trend reflects what would be expected for 

levels o f ambient background noise in the Salish Sea under the steady increase in human 

industrial development and population over this period (Figure 44). Fishing boats and 

whale watch boats represent patchy periods of excessive noise in the immediate 

environment o f the killer whales, and so should be viewed as acute additional noise on top 

of this ambient background of shipping.

In Figure 53 it can be seen that fishing boats peaked at the turn of the century, then 

leveled off by the 1920s, and remained relatively constant for 50 years before their recent 

decline (Figure 52). From the killer whales perspective, the acute impact of underwater 

noise from fishing vessels has not been known to deter them from feeding in the immediate 

vicinity of vessels under operation (Griffin, 1982; Hoyt, 1981; 1990), and although the 

killer whales do not have a choice about whether or not to feed, they always have some 

choice o f not feeding directly in the vicinity of fishing activities.

Whale watching boats, on the other hand, do not offer as much of a choice for 

avoidance should the whales be experiencing some physical impact from their underwater 

noise. The current trend in whale watching traffic in respect to being significantly above 

the sample mean, in all the plots and at all scales, including Figure 53, places it at the 

top o f the list as a potential source of underwater noise impacts on this population of 

killer whales, if underwater noise actually turns out to be an issue for these whales.
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Figure 53
Decadal Indicators of Underwater Noise Exposure 

for Southern Resident Killer Whales 1850-1990)
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The Historical Interaction Matrices:

The objective of the historical interaction matrices is to provide a pallet for 

viewing the historical patterns in a consistent fashion between time scales. The matricies 

themselves are too large (up to 6 pages for Table 24) to present in the text so they are 

presented as appendices (Appendix II). The matrices allow the horizontal context o f the 

indicators to be assessed at different perspectives. In the plots, the cumulative scores 

above I standard deviation o f all variables for each point in time are displayed. These 

plots allow perturbations in multiple variables to be identified and provides a view of the 

overall trends. However, the matrices (Appendix II: Tables 24, 26 & 29), rather than the 

plots, will serve as the primary basis for assessing the results described in this section. 

The Monthly Scale Matrix

The monthly patterns are plotted as cumulative monthly perturbations that are 

statistically outside 68% of the sample mean (>I SD: Figure 58), and 95% of the sample
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mean (>2 SD: Figure 54). In this context the indicators are assembled at their smallest 

temporal scale and they exhibit many fluctuations from their sample means between 

temporal points. One reason for this stems from the fact that the monthly scale exhibits 

the extremes associated with seasonality in some variables. Hence the transition 

conditions o f spring and fall are the only equilibrium times, though not continuously. 

However mostly this plot is useful in pointing out the lack of equilibrium of indicators at 

this time scale.

In order to dampen the effects of these fluctuations, in Figure 54 the largest 

perturbations in the overall 240 month sequence are plotted as cumulative monthly scores 

above 2 standard deviations. As can be seen in Figure 54 and Appendix Table 24, rarely 

do the perturbations occur in temporal clusters o f more than one type o f variable.

All the rest of the statistically significant perturbations in environmental indicators 

for these whales are associated with positive fluctuations in salmon sports catch (Table 24 

and Figure 54). The summers of 1979, 1980, 1982, 1987, 1989, 1991 and 1993 were

Figure 54
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significantly good years for the salmon sport catch in the San Juan Islands. However, the 

occurrence of the killer whales in these years are consistently average, with little or no 

corresponding perturbations at all (Table 24).

The detection of the killer whales Between Zone 1, Zone 2, and "other areas" 

fluctuates above 2 SD on 44 occasions over the 240 month sequence (Table 11). These 

significant fluctuations occur independent of any of the environmental indicators, but 

exhibit some patterns internally. Beginning with Zone 1, this indicator exhibited 16 

perturbations, 8 above expectation and 8 below. On five occasions a significant 

perturbation in Zone 1 is temporally linked with a perturbation in Zone 2, by either 

preceding, following by a month, or occurring at the same time (Table II). On four 

occasions Zone 1 is temporally associated with statistically significant perturbations in the 

"other areas" category (Table 24).

On five occasions Zone I exhibits positive fluctuations that are not linked with any 

other indicator: February 1978, November 1982, May 1988, March 1989, and February 

1997 (Table 11 & 12). Zone 2 exhibits unlinked positive perturbations on three occasions: 

August 1979, May 1982 and July 1983. Not surprisingly, the "other areas" category does 

not show any unlinked perturbations (Table 11 & 12).

Table 11

Tem poral Associations Between Geographic Zones 
(Over 240 Months)

H ab ita t A re: Zone 1 Zone 2 Other Areas Totals

Zone 1 5 5 4 14
Zone 2 5 3 9 17

Other Areas 4 9 0 13
44

Values = Number of Positive Perturbation above 2 SD within + A  1 month 
Zone 1 =  San Juan/Gulflslands 
Zone 2= Puget Sound 

Other Areas = Not in Zone 1 or Zone 2
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T ab le 12 Anom alous Periods o f  Increased P resen ce (> 2  SD ) 
fo r  Southern R esident K iller  W hales O ver a 240  M onth

H istory
(January 1978 - December 1997)

Tim e Period: Location: Pod(s):

I. February 1978 San Juan/Gulflslands J-Pod. •

2. June 1978 Puget Sound J-Pod
3. August 1979 Puget Sound J,K,&L-Pods. *
4. February 1979 Puget Sound J-Pod

5 .June - August 1981 Puget Sound J,K, & L-Pods.
6 . May 1982 Puget Sound J-Pod. *
7. November 1982 San Juan/Gulf Islands J-Pod. *
8 . July 1983 Puget Sound J,K, & L-Pods. •
9. January 1988 San Juan/Gulf Islands J-Pod.
10. March 1988 Puget Sound J-Pod.

11. May 1988 San Juan/Gulf Islands J and K-Pods. *
12. October 1988 San Juan/Gulflslands J,K, & L-Pods.
13. March 1989 San Juan/Gulf Islands J and K-Pods. *
14. December 1995 Puget Sound J-Pod.
15. February 1997 San Juan Gulf Islands J-Pod. *
16. September 1997 San Juan Gulf Islands J,K, & L-Pods.
17. October-November 1997 Puget Sound (Dyes Inlet) J and L-Pods
• = an incidence of high occurrence not temporally associated with any other variable.

Since "positive" perturbations in killer whale habitat-use indicators represent 

months where the killer whales were detected a significant number of days, the 

complications of low sighting effort are not as much of a factor as it is for significantly low 

perturbations. Therefore these statistically significant positive perturbations of killer 

whale detection in the Salish Sea strongly suggest that something of importance to the 

killer whales was going on in these areas at those times; especially on the 8 occasions that 

are not temporally associated with any other indicators in this study. These dates serve as
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historical markers in and of themselves, that can have value in respect to focusing a search 

for correlation's with indicators not addressed in this study, and in light of providing a 

basis for future explanations (Table 12). For the purposes of the present study however, 

these dates stand alone as anomalies.

In Table 13 the historical contexts of the six variables examined at this monthly 

time scale are suminarized by comparing the historical trend (20 years) with present trends 

over the last five years. Historically all variables fluctuate above and below the sample 

mean over the entire series without any clear trends, except for sea surface temperature, 

which has been increasing for the last 30 years (Figure 40). Present trends over the last 

five years at this monthly scale indicate 1) an increase in the presence of the killer whales 

in the inland waters, 2) decreasing salmon resources, and 3) increasing sea surface 

temperature (Table 13).

Table 13
H istorical C ontext a t the M onthly Scale

(January 1978 - December 1997)

Historical Variable Historical Indicator 240 Month Historical Trend Seasonally .Adjusted Present Trend

Orca Hahitat*Us«: Sin juanCtil DumaiZon* iumi Fluctuating Increasing

Pu»n Souna iZaw 2-uwl Fluctuating Increasing

omet Aims (Usa < SO f aaysimmi Fluctuating Decreasing

Food Resource Oepletion: Ffisar P n v  Run Esanates Fluctuanng Decreasing

Span Sannon Cun <1 Aiu 7 Fluctuating Deceasing •

Climate: Aova Riss Su Smtsea Tanpaiaiua Increasing Increasing

The Annual Scale M atrix

The annual scale perturbations from the sample mean are presented in Figure 55 

and in Appendix II in Figure 59 and Table 26. In these plots all perturbations >1 SD are
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presented. At this scale the number of fluctuations > I SD around the mean are noticeably 

reduced relative to the monthly scale, and they show consistently longer trends of increase 

and/or decrease over the series. The over all trend shows a cluster of higher variation at 

either end of the time sequence, and an equilibrium condition in the middle part of the 

sequence (Figure 55). This is what would be expected if variables are exhibiting either 

increasing or decreasing trends relative to the mean over the entire sample period.

The annual matrix shows that at the beginning of the 20 year sequence below 

average conditions exist for: 1) the detection of the whales in Zone I, and 2) Salish Sea 

human population size. Above average conditions initially exist for: 1 ) salmon sport 

catch, and 2) the number of licensed commercial fishing boats. At the end of the sample 

period all four of these variables are exhibiting opposite extremes from where they were at 

the beginning as the result of progressive trends over the series (Figure 55 and Table 26). 

Thus, over the series salmon indicators are decreasing and human population is increasing.

Figure 55  A nnual Scale M atrix Plot o f  A ll Indicators
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However, positioned in the middle of the series there are two periods of 

cumulative perturbations that stand out from these basic trends. The first cluster is from 

1983-85, and the second one is in 1988-89. The early 1980s perturbations are negative 

detection o f the killer whales in all areas, and positive salmon indicators, except for 1984, 

which was negative for the Fraser River summer runs. The second set, are the 1988-89 

perturbations, which again involve killer whale detection and salmon variables operating in 

an opposing fashion, with 1988 being a record year for the killer whales in the inland 

waters (1.93 SD), and a low year for salmon, and 1989 being a good year for salmon, but 

a slightly below average year for the presence of killer whales (Figure 55).

Overall, the 1990s show a progressive increase in perturbations, involving a 

progressive number of variables, indicating an annual decrease in the stability of most 

indicators. By the end of the sequence in 1996 and 1997 the only variable at equilibrium is 

the number of days the whales were detected in the San Juan/Gulflslands (Zone 1); which 

annually remained within I SD of the sample mean over eight years, from 1988 through 

1996; and finally broke the trend with an increase in the number of days detected in 1997 

(>1.7 SD). During the 1990s all other indicators exhibit increasing perturbations > 1 SD 

away from the 20 year mean right up to the last year they are measured. Again this 

indicates that all indicators are currently exhibiting increasing extremes relative to prior 

conditions

In Table 14 the trends for the eight variables examined at this time scale are 

summarized: 1) the Southern Resident killer whale population shows an over all increase 

over the last twenty years, except for the last three years where it has been decreasing; 2 ) 

their annual detection around the San Juan and Gulf Islands shows periodic fluctuations 

until it reaches a maximum in 1988 and begins a slight downward trend to 1994, when it 

begins fluctuating upward in 1995 and 1997; 3) the salmon requirements of the
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Table 14 Historical Context at the Annual Scale
(1978-1997)

Historical Variable Historical Indicator Historical Trend Present T rend
O r c a  P o p u l a t i o n  E c o l o g y : N u m b e r  of Ind iv id u a l O rc a s In c re a s in g  to  1 995 D e c re a s in g

O r c a  H a b i t a t  U s e N o. o f D a y s  D e te c te d  in Z o n e  1 F lu c tu a tin g : P e a k  in 1988 D e c re a s in g  until 1 9 9 5 -9 7

S a l m o n  R e q u i r e m e n t s : O rc a  C o m m u n ity  S a lm o n  R e q u ire m e n ts In c re a s in g  to  1995 D e c re a s in g

H u m a n  P r e d a t i o n : M e an  N u m b e r  o l  W h a le  W a tc h in g  V e s s e ls  P r e s e n t In c re a s in g S ta b le

T o x i c  E x p o s u r e : H u m a n  P o p u la tio n In c re a s in g I n a e a s in g

h o o d  R e s o u r c e  D e p l e t i o n : F r a s e r  R iv e r R u n  E s t im a te s F lu c lu a tin g : P e a k  in 1993 D e c re a s in g  s in c e  1993

F r a s e r  R iv e r C o m m e rc ia l  C a tc h F lu c tu a tin g : P e a k  in 1989 D e c re a s in g  s in c e  1993

W a s h ,  S la te  S a lm o n  S p o r t  C a tc h F lu c tu a tin g : P e a k  in 1979 D e c re a s in g  s in c e  1 993

S u r f a c e  D i s t u r b a n c e : N u m b e r  o f d e d ic a te d  W h a le  W atc h in g  B o a ts In c re a s in g In c re a s in g

U n d e r w a t e r  N o i s e : C o m m e rc ia l F ish in g  O p e n in g s F lu c tu a tin g : P e a k  in 1989 D e c re a s in g

N u m b e r  o f C o m m e rc ia l  F ish in g  B o a ts F lu c tu a tin g : P e a k  in 1 987 D e c re a s in g

S h ip p in g  T raffic R u c 'u a tin g :  P e a k  in 1988 S ta b le

M e a n  N u m b e r  o f  W h a le  W a tch in g  V e s s e ls  P r e s e n t In c re a s in g S ta b le

population just mimic the trends in population described in number 1 (slowly increasing 

until a decrease in the last three years); 4) whale watching shows a steady increase over 

this series, with some hint of stabilizing in 1997 (confirmed with preliminary data in 

1998); 5) using human population as a measure o f toxic exposure suggests that there has 

been a steadily increasing trend in the generation of pollutants in the Salish Sea; 6) the 

salmon indicators show lots o f fluctuating over most o f the series until 1993, when all 

three indicators begin a steady decline; 7) surface disturbance as measured by whale 

watching indicators shows a steady increase that may be stabilizing in 1997; and 8) 

underwater noise indicators, except for whale watching, show fluctuations with peaks in 

the late 1980s and then finish out the sequence with a) decreases in commercial fishing 

indicators, b) stable conditions in ambient commercial shipping, and c) increases in 

potential noise associated with whale watching.

The Decadal Scale Matrix

The decadal scale perturbations from the sample mean are presented in Figure 56 

and in Appendix II in Figure 60 and Table 28. In these plots all perturbations >1 SD are 

plotted. This plot is similar to the annual plot in exhibiting extremes in variation at either 

end of the series, suggesting increasing and decreasing trends. However, at this
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Figure 56 Decadal Scale Matrix Plot of All Indicators
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scale of two hundred years, the context is large enough for a few variables to actually go 

through a perturbation trend and then return to an equilibrium around the mean. In what 

follows first the positive and negative trends will be presented, and then the isolated 

perturbations will be described.

Indicators that started low and showed a continuous increasing trend include 

human population, and the three primary indicators of vessel trafBc; commercial shipping 

and the two vessel-based whale watching indicators (Figure 56 & Table 28). Indicators 

that showed a decreasing trend over the series include: killer whale population size, and 

most of the salmon indicators, except for the Fraser River salmon catch; which
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Table 15 Historical Context at the Decadal Scale
(1800-1990)

169

Historical Variable Historical Indicator Historical Trend Present Trend

O r c a  P o p u l a t i o n  E c o l o g y : O rc a  P o p u la tio n  S iz e D e c re a s in g  to  1970 D e c re a s in g  s in c e  1990

S a l m o n  R e q u i r e m e n t s : O rc a  F o o d  R e q u ire m e n ts D e c re a s in g  to  1970 D e c re a s in g  s in c e  1990

H u m a n  P r e d a t i o n ; onOO tinqS 4 D e c a d e  Im p ac t (1 9 4 0 -7 0 ) pT tinnijiçhpp

C a p tu re s 2  D e c a d e  Im p ac t (1 9 6 0 -7 0 ) E x tin g u ish ed

T o x i c  E x p o s u r e : DDT 8 D e c a d e  In c re a s e  to  1 9 8 0 D e c re a s in g  s in ce  1980

P C B s 8  D e c a d e  In c re a s e  to  1 9 8 0 D e c re a s in g  s in ce  1980

M ercu ry  (Hg) 8  D e c a d e  In c re a s e  to  1 9 8 0 D e c re a s in g  s in c e  1980

H u m a n  P o p u la tio n In creas ih g In c re a s in g  > 2  SD

= o o d  R e s o u r c e  D e p l e t i o n : F r a s e r  R iv er R u n  E s tim a te s D e c re a s in g  to  1920 In c re a s in g  s in c e  1970

F r a s e r  R iv e r C a tc h In c re a s in g  1 8 4 0 -1 9 0 0 In c re a s in g  a g a in  s in c e  1 9 7 0

S u b s i s ta n c e  C a tc h D e a e a s in g  1 8 4 0 -1 9 6 0 D e c re a s in g  a g a in  s in c e  1 9 8 0

S u r f a c e  D i s t u r b a n c e : N u m b e r  o f  d e d ic a te d  W h a le  W a tc h in g  B o a ts In c re a s in g  from  1 9 7 0 In creas in g  > 2  SD

M e a n  N u m b e r  o l W h a le  W a tc h in g  B o a ts In c re a s in g  from  1 970 In creas in g  > 2  SD

U n d e r w a t e r  N o i s e : S h ip p in g  T raffic In c re a s in g  to 1980 S ta b le  s in c e  1980

N u m b e r  o f  C o m m e rc ia l F ish in g  B o a ts In c re a s in g  1 8 5 0 -1 9 0 0 D e c re a s in g  s in c e  1970

M e a n  N u m b e r  o f  W h a le  W a tc h in g  B o a ts In c re a s in g  from  1 9 7 0 In c re a s in g  > 2  SD

Started low before European settlement, increased, then declined, and is now showing an 

increase again at the end o f the century.

The indicators that went through a clear perturbation cycle and then returned to 

mean values were: shootings, captures, and the three toxic chemicals. Shootings 

werenon-existent until the 1850s, reached a high from the I940s-60s and then dropped 

below expectation to being currently non-existent. At this scale captures were a relatively 

short lived phenomena over the 1960s and 1970s that immediately followed the era of 

shootings. However, when combined over the 40 year period, the effects of these events 

are likely what is responsible for the low population size of this killer whale community 

when photo-identification records began (1974).
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Salish Sea sedimentation of the three toxic chemicals plotted in this study begin 

exhibiting perturbations above the sample mean in the 1950s, peak in the 60s, and are back 

to within 1 SD of the 20 decade mean by the 1980s. The deposition of these toxics 

begins with mercury in the 1850s, and PCBs and DDT after the turn of the century; after 

which all three exhibit a rapid increase that maximizes in the 1960s and 1970s (Figures 45 

and 56; MacDonald and Crecelius, 1994).

In Table 15 the trends for the seven variables examined at the decadal time scale 

are summarized: 1) decreasing population size; 2) decreasing food requirements; 3) 

extinguished human predation; 4) decreasing toxic exposure after the 1980s (but still 

present); 5) decreasing salmon resources after 1900 (except for the Fraser River since the 

1970s); 6 ) increasing surface disturbance from whale watching; and 7) increasing 

underwater noise after 1900 with: a) commercial fishing noise decreasing after the 1970s, 

b) commercial shipping traffic stabilizing after the 1980s, and c) underwater noise 

associated with whale watching increasing steadily since it first appears in the 1970s.

DISCUSSION 

A Diachronic Assessment of Southern Resident Killer Whales

The purpose of the present chapter has been to provide a systematic index of the 

historical ecology of a specific population of killer whales. This has been undertaken 

within the conceptual framework originally presented at the beginning o f the dissertation 

in Figures 1 and 2 (after Dufftis and Dearden, 1990). First the ecological domain was 

addressed by compiling current information on the ecology of the management unit in 

order to identify three appropriate indicators o f its longitudinal status (Chapter 2). In
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Chapter 3 current information on the human domain was compiled to identify fifteen 

appropriate longitudinal indicators of human influences (Appendix I), and to compare their 

potential for combined effects. In the results just described, empirical data, and estimates 

of these indicators, were plotted at different time scales in order to determine the depth of 

trends, and to identify the qualities of influences that are revealed when historical contexts 

are shifted between scales.

These last two aspects of the historical ecology; 1) the depth o f trends and 2) the 

qualities o f influences, are summarized in Table 16 and provide the basis for assessing the 

"cumulative impact of this population’s specific ecological history" (p. 4-1). These 

qualitative characteristics are revealed by identifying which influences are new, and 

conversely, which ones have been around for several generations, or have completely 

disappeared from the present environment, but still might be exhibiting residual effects. 

This historical context also identifies which potential impacts are acute, and which ones 

might have cumulative effects only being expressed now. Finally, the history provides 

ciues to the current drop in growth rate, and consequentially, the basis for estimating what 

a healthy population might have been.

In a diachronic analysis such as this, the objective is to gain insights through a 

comparison of the historical interplay between two or more processes (Wells, 1920; 

Toynbee, 1972; Ingersol, 1994; Diamond, 1997). In the present study this has been 

applied by comparing the longitudinal interplay of different influences upon a single 

management unit. The next stage in a diachronic analysis would be a longitudinal 

comparison of the historical ecology of the management unit with another equivalent
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management unit and its historical ecology; a "control" population (Popper, 1959; Brown 

and Downhower, 1988).

This requires knowing the historical conditions that have lead to the differences 

between the two populations, as well as the differences in their present conditions. In this 

study so far, I have attempted to identify and review past and present conditions just for 

the Southern Resident population. The Northern Resident Community has only been 

mentioned in passing. In the next section the vectors of human influence on the carrying 

capacity of the Southern Resident Community identified in this study will be reviewed in 

terms of both: a) their historical characteristics, and b) the magnitude of potential impacts 

relative to what is generally known about the historical ecology of the Northern Residents 

(Sponge/a/., 1970; Bigger a/., 1976; 1987; 1990a; Jacobson, 1986; 1990; Duffus, 1988; 

Waite, 1988; Ford 1989; 1990; Bain, 1989; Hoyt, 1990; Morton 1990; Olesiuk et ai,

1990; Kruse, 1991; Barrett-Lennard, 1992; Duffus and Dearden, 1993; Ford et ai, 1994; 

1995; 1998; Rose, 1992; Kriete, 1995; Nichol and Shackleton, 1996).

In Table 16 the context of six of the potential vectors of human influence identified 

in the present study are compared in a matrix composed of historical attributes. Each 

potential vector of human influence is assessed according to: I) the primary human 

activities that provide the source of these impacts, 2) whether the potential impact has a 

historical presence, 3) whether it is acute and/or cumulative, 4) short term zsté!or Long­

term, and 5) its most recent annual trend. Additionally, each vector for the Southern 

Resident Community is considered relative to the estimated degree o f impact experienced 

by the Northern Resident pod community.



Table 16.
Historical Human Impact Matrix for Southern Resident Killer Whales 

with Reference to the Northern Resident Community
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A quick review of the vectors of impact delineated in this study, indicates that 

some human influences have long histories with the population, and some are completely 

new impacts (Table 16). Obviously, impacts that have historically been a part of the killer 

whale's environment at equivalent or higher levels than they are at present, are less o f a 

management concern than impacts that have never occurred historically, or that involve 

new types of environmental stress that the whales have never had to adapt to before. 

Hence, the first management result from assembling a historical ecology, is to be able to 

objectively prioritize potential management concerns for the population, once the vectors 

of interference with their biology have been Inventoried and historically tracked.

In Table 16 it can be seen that human predation is now non-existent, but its past 

impact is still present in respect to the small size of the surviving breeding population. 

Toxic exposure is decreasing, but the effects of past decades are still accumulating in the 

food resources and tissues of the killer whales. Despite the lower levels of toxins 

currently being released into the marine environment (Levings and Thom, 1994; Crecelius 

et ai, 1995), chronic toxic exposure will continue to exist for this population into the 

foreseeable future, especially if seasonally low salmon resources force the killer whales to 

prey-shift, and increase the percentage of their diet that includes bottom fish and marine 

mammals that accumulate higher toxic loads than salmon (Calambokidis and Baird, 1994; 

Baird, 1999).

As repeatedly alluded to in earlier chapters, human influences that promote disease 

outbreaks in killer whales are unknown, either in terms of any empirical evidence of a 

disease outbreak ever occurring in Eastern North Pacific killer whales, or in terms of a 

conclusive link to a specific human influence that promotes epidemics in marine mammals. 

But disease outbreaks in several other marine mammal populations, including other 

odontocetes, have been documented in recent decades (Kennedy, 1996). The Southern 

Resident killer whales have such a small breeding population, that they could be extirpated
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if they experienced an epidemic of any sizable proportion. Furthermore, their close 

proximity to human activities, and high levels of existing toxic contamination 

(Calambokidis et ai, 1990; Calambokidis and Baird, 1994; Calambokidis, 1995; Jarmen et 

ai, 1996; Ross et ai, in press), makes them the most likely killer whale population in the 

world to experience an anthropogenically facilitated disease outbreak (Ross et al., in 

press). In Table 16 it is the one potential vector of human influence for which indicators 

were unable to be developed, but it is included because of its "potential" to suddenly 

emerge as an overriding ecological factor and influence on the history of this population.

Food resource depletion, surface disturbance, and underwater noise are the three 

areas of environmental resistance on these whales that are presently still increasing. In 

terms of food resources, it is not at all clear how much these killer whales are being 

stressed by the decline in salmon stocks. In the summer the Fraser River runs still provide 

a stable abundance of salmon that more than covers the energetic requirements of this 

killer whale population. During the rest of the year it is possible the killer whales are 

being salmon-deprived, because that is when the currently most diminished salmon runs 

were historically more abundant. The unanswered questions in this issue that are in need 

of further research include: I) how much of this killer whale population's diet truly is 

dependent upon salmon?, 2) how inclined towards prey shifting are Southern Resident 

killer whales? and 3) how abundant are the other prey the killer whales eat, the ones they 

would need to shift to?

Fortunately the protection and restoration of Salish Sea salmon resources has 

recently been receiving extensive attention by both the U.S. (Washington State, 1999), 

and Canadian governments (DFO, 1999), and serious efforts are optimistically underway 

to stop any further salmon habitat destruction, and to begin rebuilding the smaller seasonal 

stocks o f Chinook and coho salmon that the killer whales appear to have historically 

depended on in the winter and spring. If these salmon stocks can be restored soon, then
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the whole issue of prey shifting in this population may only be temporary, or never be 

forced to occur at all.

The last two variables in Table 16 that are potentially of management concern 

because they are currently increasing, are surface disturbance and underwater noise. 

Presently the primary source of both of these influences comes from the increase in vessel- 

based whale watching (Osborne 1991; 1998; Dufftis and Dearden, 1993; Duffus and 

Baird, 1995; Burgen and Otis, 1995). This short-term impact, can be both acute and 

cumulative in terms of its influences upon the killer whales.

Surface disturbance comes from vessels and their gear blocking the 

surfacing/breathing area of the whales. This impact is basically an acute, short-term 

influence, but when it occurs chronically it would be expected to accumulate long-term 

influences upon behavior and detrimental exposure to toxic chemicals released in the 

immediate vicinity of the vessels. Historically these impacts occurred in respect to 

commercial fishing operations, where both surface disturbance (to the degree of being shot 

at), and underwater noise (motorized operations) were a regular part of this killer whale 

population's environment for decades. This source has diminished significantly in recent 

years and been replaced by a new source of surface disturbance and underwater noise that 

has one important differences from commercial fishing, this disturbance follows the killer 

whales themselves, not just their prey. The killer whales do not have an easy choice about 

whether they want to remain exposed to whale watching boats. In the case of commercial 

fishing, the killer whales could choose to feed on the periphery of the sources of 

disturbance, and they were rarely if ever pursued. In the case of whale watching, the 

disturbance pursues them, they would have to abandon normal activities and put out an 

extreme amount of effort to get away from the disturbance. It significantly removes their 

ability to exercise a choice in being exposed to these potential disturbances. Presently
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whale watching is the only vector of human interaction in Table 16 that is not already 

being managed towards reduction of the potential impact by existing authorities.

"Southern Residents" Relative to "Northern Residents".

A good method for assessing impacts on Southern resident killer whales also 

potentially exists in comparisons with the Northern Resident Population; which has shown 

healthy population growth since the capture era and is potentially approaching historical 

levels of population size (Bigg e/fl/., 1987; Bain, 1989; Hoyt, 1990; Olesiuk e/a/., 1990; 

Ford et a l, 1994). Hence, a straight forward strategy for managers is to inventory 

Southern habitat conditions relative to Northern Resident habitat, and implement 

programs to mimic "northern" conditions in the Salish Sea.

By compiling a historical inventory for one population the ground work for a 

comparative analysis has been completed. Similarities and differences provide the basis 

for identifying causes underlying the Southern Resident population's diminished population 

growth as compared to the Northern Residents over the last 25 years. This potentially 

also allows habitat conditions in the north to provide a benchmark for habitat conservation 

and restoration in the south. In Table 16 every human influence potentially impacting the 

Southern Resident Community is seen to have occurred for the Northern Resident 

Community, except at a lower degree of exposure. Unfortunately this "across-the-board" 

comparison does not narrow down the number of potential impacts that may be 

contributing to the lower productivity of the Southern Resident population, but it does 

make it clear that habitat conditions in the north for any of these variables would be a 

viable initial benchmark for managers.

CONCLUSIONS

Humans presently appear to be the source of almost all the over-riding 

environmental influences for these killer whales. The nature of human impacts is very
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different from normal environmental stress on an organism because rather than a single 

steady or catastrophic extreme, human impacts are often just as chronic or catastrophic, 

but can also be subtle, specific, and numerous; interfering with the ecology of a 

management unit in a multifaceted way (Botkin, 1990; Allen and Hoekstra, 1992; 

Ulanowicz, 1997) The downside of this lies in the complexity of potential outcomes that 

result from human influences, the upside is that sometimes a whole suite of impacts can be 

reduced or eliminated with a small modification in human behavior (Leopold, 1949; 

Rolling, 1978; Botkin, 1990; Allen and Hoekstra, 1992).

Human impacts have therefore affected the killer whales in a multitude of ways 

over time and to varying degrees up to the present. Over the last 100 years these killer 

whales have had to adapt to changes as quickly as human culture changes, and in a 

complex patchwork of effects that can unpredictably work synergistically with each other. 

From a historical perspective it is not realistic to expect that clear cause and effect results 

for any single variable would ever exist. There are just too many variables. However, in 

the largest contexts, the history of ecological adaptation for this population of killer 

whales provides valuable insights on their unique historical predicament.



r
Chapter 5

M anagement Options for Salish Sea Resident Killer 
W hales in the Context o f Their Historical Ecology

INTRODUCTION

When managers attempt to redirect human behavior so that ecological conditions 

for the management unit are more sustainable, it is critical to have some understanding of 

the management unit’s adaptive resiliency. This can be determined from a qualitative 

understanding of the condition the management unit is in now relative to the conditions it 

has persisted through in the past. A purely quantitative assessment of the present has no 

context in terms of time, so it can not fully account for adaptive resiliency. How the 

management unit will respond to intervention, and which interventions will be most 

effective, is therefore critically tied to historical context.

Chapter 1 stated that the pragmatic objective for constructing a historical ecology 

for this population of killer whales is to use the findings to formulate management options 

that account for their resiliency. The four characteristic types of resiliency that will be the 

focus o f the present discussion were also introduced in this chapter. Chapter 2 developed 

three indicators o f the ecological status of this killer whale population, and in Chapter 3, 

five vectors o f potential human impacts were identified. In Chapter 4 basic trends in a set 

of twenty indicators of potential human influences were then examined at different time 

scales to provide a historical context for the whales. In this chapter I place this history in
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a framework that assesses the resiliency of the management unit and identifies 

management options that account for this resiliency.

Using Historical Ecology to Assess "Resiliency"

"Resiliency", as defined by Hoiling (1986, p. 296), "is the ability n f  a system to 

maintain its structure and patterns o f behavior in the face o f disturbance" Hardesty 

defines resilience as, "Processes that act to keep an ecological system from self- 

destructing, that is, to assure persistence even in the face o f fluctuations (Hardesty,

1977, p. 299)." From these definitions it follows that the history o f adaptations by an 

ecological system, or management unit, is essentially the record of its resiliency (its 

"persistence"). Embedded in that history, however, are two characteristics that are 

fundamental to assessing the management unit’s overall resiliency; 1) the levels, or scale of 

adaptive mechanisms employed by the management unit (i.e. various combinations of 

genetic, physiological, immunological, behavioral and cultural mechanisms), and 2) the 

cumulative condition of the management unit ("wear and tear" and "wisdom"). The 

findings of this study do not provide evidence capable of conclusively addressing these 

aspects of resiliency, but in formulating management options for this killer whale 

population, these two aspects of resiliency should be given consideration to the degree 

that they are understood.

Scale of Adaptation

For the present study adaptation is defined as: anything that is changed or changes 

so as to become suitable to a new or special use, or situation (after Bonner, 1980). In this 

definition adaptation is by nature a historical process that accumulates complexity as a 

result ofbuilding upon itself over time (Bertalanffy, 1968; Miller, 1978; Bonner, 1980;
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Maynard-Smith, 1988; Kuppers, 1990; Ulanowicz, 1997). Any specific adaptation event 

can be seen to have a definite "before" and "after"; conditions before the change, 

conditions of the change, and adapted conditions after the change (Bateson, 1963; 1968; 

Botkin and Sobel, 1975; Huberman, 1989; Eldridge and Grene, 1992). The conditions 

before the change are entrained adaptive responses that provide the raw material for the 

new adaptation.

The way adaptive responses are acquired by a management unit (genetic, 

physiological, behavioral, cultural, or some combination) makes a difference in the speed 

and scope of adaptive response the management unit is capable of (Allen and Hoekstra, 

1992). This capacity for adaptation will also vary depending upon the type of 

management unit (population, community, habitat) and the type of environmental change 

being adapted to (over-harvesting, toxic exposure, behavioral disturbance). Thus, 

fundamental to any assessment of resiliency, the appropriate scale(s) of adaptive responses 

for the management unit should be identified for each impact as much as possible (Allen 

and Hoekstra, 1992; Ingerson, 1994; Winterhalder, 1994).

The suite of adaptive capacities for the Southern Resident population of killer 

whales is poorly understood at most levels, as indicated by the review in Chapter 2. So, 

except where there is evidence to the contrary, it will be assumed these killer whales 

exhibit all the basic physiological, immunological, and behavioral adaptive mechanisms 

typical for mammals as a Class (Eisenberg, 1981). What is potentially different for killer 

whales relative to most other mammal species, is their behavioral and cultural capacities
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for adaptation (Bain, 1989; Osborne, 1990; Whitehead, 1998; Heimlich-Boran and 

Heimlich-Boran, 1999).

Cultural Adaptation

Bonner defines "culture" as, "the transfer o f information by behavioral means, 

most particularly by the process o f teaching and learning (fionntv, 1980, pg. 10)." The 

information transferred in this cultural context generally falls within the realm of guidelines 

for behavior, and is stored as behavioral traditions within the living social group (Bateson, 

1979; Bonner, 1980; Maynard-Smith, 1988; Cavalli-Sforza and Feldman, 1981).

For the present discussion, killer whales are considered to be operating with the 

capacity for cultural adaptation due to their long life span (Olesiuk et ai, 1990), superior 

learning and memory capacity (Herman, 1991; Hoyt, 1990; 1992b), and apparent social 

complexity (Norris and Dohl, 1980; Osborne, 1986; S.L. Heimlich-Boran, 1986; 

Eisenberg, 1986; Waite, 1988; Rose, 1992; Whitehead, 1998; Heimlich-Boran and 

Heimlich-Boran, 1999). Another attribute of killer whales that has recently been 

suggested as further indication that they are operating at the cultural scale of adaptation, is 

the fact they exhibit low diversity of their mitochondrial DNA (Whitehead, 1998). 

Whitehead’s findings on this phenomena in matrilineal odontocetes is the first non-human 

example of this cultural characteristic, and may further bolster the case for cultural 

adaptation being important for interpretations of resiliency in the Southern Resident killer 

whale population.

From a management perspective, beyond potentially providing the management 

unit with rapid and behaviorally complex adaptive responses, cultural adaptation can also
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be deceptive because overt behavior will not necessarily be a clear indicator of 

disturbances. For example, if due to a cultural tradition these killer whales continued to 

use areas of their habitat despite excessive vessel traffic, sewage, or underwater noise, 

their adherence to tradition could potentially over-ride what would otherwise be 

avoidance of noxious environmental conditions. Or, if as a result of their cultural 

plasticity, the killer whales prey-shift from salmon to, even more toxic, bottomfish, the 

consequences on their resiliency would also be detrimental.

This potential for some traditions to dominate or over-ride a more resilient 

adaptation is important for interpreting the killer whale's response to human influences. It 

is not just a matter o f "approach or avoidance" to human impacts, but also includes the 

killer whale's cultural experience with the impact, and whether overriding traditions in 

some other sphere motivate them to ignore the impact until it reaches threatening 

proportions.

Unfortunately, the lack of empirical evidence to test cultural influences in the 

adaptive responses of these killer whales, or even to conclusively prove they have culture, 

doesn’t leave the manager much to work with. However, to ignore the potential of these 

characteristics of cultural adaptation in interpretations o f resiliency in this killer whale 

population could be a greater fallacy. Pragmatically, it means the manager should 

interpret adaptive responses with more caution than they might with non-cultural species, 

and that they should be open to considering management options that might include 

cultural adaptation on the part of the management unit.
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Cumulative Ecological Condition

The second qualitative characteristic of history that must be accounted for in an 

assessment of a management unit's resiliency, is its cumulative ecological condition. What 

is the "wear and tear" on the management unit? Are population levels, or age structure in 

a state to sustain the population, or to withstand a random catastrophic event such as a 

Tsunami, an oil spill, a mass stranding, or a disease outbreak? Has the management unit 

historically adapted to impacts that have now been replaced by ones that appear serious, 

but are actually less threatening than impacts they survived for decades in the past? In the 

case of these killer whales this latter example appears to be the case relative to vessel 

traffic (Chapter 4). It can be seen that these perspectives are potentially critical for 

accurately assessing the management unit’s resiliency, and can only be answered by 

knowing its history. To Winterhalder (1994, p.40),

“...knowledge of the history of natural systems is an indispensable part of their scientific 
analysis. The structural and functional properties of organisms, communities, and 
ecosystem must be sought in their history because they are only partly revealed in their 
extant form.”

In Chapter 4 the review of trends in available historical information on these killer 

whales indicates they have withstood major reductions in their population and have 

acquired a mosaic of human impacts over the last century. It strongly suggests that this 

threatened* population was well below their historical carrying capacity for decades prior 

to the capture era. Yet, if interpreted only in terms of the present, the recent population 

drop that has led to these whales being listed as “threatened”, instead indicates a recent 

impact as the cause of the current decline, and cautiously underestimates the beginning 

population at less than 150 (Olesiuk et ai, 1990).

* Committee on the Status of Endangered Wildlife in Canada (22, April, 1999).
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This example clearly demonstrates the importance of a historical perspective, 

especially if a government mandated management regime is implemented to increase the 

population of these killer whales so that they are no longer classified as a threatened stock. 

In what follows, resiliency-based management options and recommendations for this killer 

whale population will be presented in an attempt to avoid the limited perspective of only 

considering extant conditions. It is proposed that by drawing upon the historical context 

developed in Chapter 4, a more robust management approach will be provided for the 

protection of this threatened stock.

M E T H O D S

In Chapter 1 the objective of adaptive management was identified as; 1 ) improving 

the management unit's resiliency for adapting to change, rather than a specifically 

prescribed stable condition, and 2) maintaining flexible management strategies that are 

modified depending upon how the system behaves (after: Holling, 1978; 1986; Bateson, 

1972; Botkin and Sobel, 1975; Walters, 1986; Duffus and Dearden, 1990; Allen and 

Hoekstra, 1992; Winterhalder, 1994). To quote Winterhalder ( 1994, p.40) again:

“The concept of adaptive management captures some of the policy implications 
of a scientific commitment to historical ecology. It is an attempt to formulate 
development and policy tactics that recognize (1) the importance of ecosystem 
history, (2) uncertainties in our ability to predict ecosystem behavior, and (3) the 
desirability o f focusing on change and resilience rather than attempting to 
guarantee stability.”

Using this framework the current objective is to undertake the first part o f this adaptive 

management process, by identifying the management options within the context of the 

management unit's historical resiliency.
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The four types of historical characteristics of resiliency that were introduced in 

Chapter 1 (Figure 5), are directly applied to the killer whales in this chapter. These 

historical characteristics are: 1) relic impacts, which are potential impacts that are no 

longer present, but may account for present conditions; 2) adapted impacts, which are 

potential impacts that have been around long enough for the management unit to have 

adapted to them; 3) cumulative impacts, which are potential impacts that accumulate 

slowly in the environment or life history of the management unit before exerting 

environmental resistance; and 4) new impacts, potential impacts with which the 

management unit has not had previous experience. It will be demonstrated that with these 

four historical characteristics accounted for, the manager can better assess the resiliency of 

the management unit, focus upon the most critical potential impacts for present conditions, 

and more specifically identify the most effective scales of management for restorative 

intervention.

In Table 17 the four categories for the resiliency assessment are listed relative to 

three sets of characteristics: 1 ) seven of the primary potential human impacts that were 

identified and defined in previous chapters, 2) in terms of resiliency-based management 

benchmarks, and 3) recommended strategies for each of the potential human impacts.

The categories identified in Table 17 are compared in the results as part o f two 

matrices. The first matrix (Table 18) is an assessment based upon the findings presented 

in Chapter 4. In this table each of the seven potential human impacts are described in 

terms of the four categories of historical resiliency. The second matrix (Table 19) provides
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Table 17. Categories for Assessing Southern Resident Killer Whale 
Resiliency in Relation to Potential Human Impacts

P o te n tia l  H u m a n  im p a c ts : R esiliency  A ssessm ent M an ag em en t Im p lica tio n s

Shootings Relic Im pacts Proposed  M easurable Benchm arks

C aptures A dapted Im pacts Recom m ended M anagem ent S tra teg ies

Toxic E xposure Cum ulative Im pacts

Salm on D eoletion New Im pacts

Secondary Food D epletion

Surface D istu rbance

U nderw ater Noise

recommended benchmarks and management strategies for each of the seven impact 

categories that follow from the conclusions listed in Table 18.

RESULTS

Resiliency of Southern Resident Killer Whales

In Table 18 seven categories of potential human impact used in this study are 

described in terms of having relic effects, adapted effects, cumulative effects, or being 

wew potential impacts with which the killer whales have not had previous experience. The 

findings will be presented by following the matrix from left to right for each category of 

potential human impact.

Shootings and Captures

For shooting and captures the potential relic impacts include shootings and 

resultant killings associated with commercial salmon fisheries from the 1930s to the 1960s, 

and repeated captures that removed a minimum of 46 individuals from 1964 to 1973 

(Olesiuk e/a/., 1990; Hoyt, 1990). However, perhaps the biggest single impact to these 

whales came in the 1940s, when local pods were the subjects of militaiy aircraft target 

practice (Olesiuk et ai, 1990), and where whole pods could have been eliminated at
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T ubic 19. M istorlcnlly Im plicated  iVIiinagement O ptions Tor Salisli Sea R esident O reas:

I’ o l c n i i n t  l l u i n n n  I m p i i c l Proposed Bcnclimnrk Recommended Manngcment Strategy
S h o o t i n g s : N o  r e c o r d s  o l  s h o o t i n g s s t a t u s  q u o

C a p t u r e s : N o  r e c o r d s  o l  c a p t u r e s s t a t u s  q u o

T o x i c  E x p o s u r e : E l i m i n a t i o n  o l  t o x i c  e m r n i s s i o n s  i n t o  t h e  e n v i r o n m e n t  . • C o n t i n u e  t o  r e d u c e  t o x i c  l e v e l s  i n  t h e  m a r i n e  e n v i r o n m e n t .

* L o n g i t u d i n a l l y  m o n i t o r  t o x i c  l o a d s  i n  t h e  o r c a s  b y  s e x  a n d  

a g e  c l a s s  f r o m  b i o p s y  s a m p l e s  ( s a m p l e  s e c o n d a r y  f o o d s ) .

S a l m o n  D e p l e t i o n : R e s t o r a t i o n  o l  s u s t a i n a b l e  y e s ,  r o u n d  w i l d  s a l m o n  r u n s  

t h a t  a l l o w  l i m i t e d  h u m a n  h a r v e s t ,  i n  a d d i t i o n  t o  t h e  s h a r e  

c o n s u m e d  b y  t h e  o r c a s  a n d  o t h e r  w i l d l i f e .

* C o n c e n t r a t e  o n  s a l m o n  h a b i t a t  r e c o v e r y  l o r  a l l  e x i s l t i n g  r u n s .

•  F o c u s  r e c o v e r y  o n  s a l m o n  r u n s  w i t h  w i n t e r / s p r i n g  r e t u r n s .

S e c o n d a r y  F o o d  

R e s o u r c e  O e p l o t l o n :

R e s t o r a t i o n  a n d  e n h a n c e m e n t  o l  p r i m a r y  e c o s y s t e m  

f u n c t i o n s  i n  t h e  S a l i s h  S e a  a s  m e a s u r e d  b y  s t a b l e  t r e n d s  

i n  s p e c i e s  d i v e r s  t y  a n d  o t h e r  e c o l o g i c a t  i n d i c a t o r s .

( N e e d s  m o r e  b a s i c  r e s e a r c h  t o  i d e n t i f y  k e y  s p e c i e s )

S u r l a c e  D i s t u r b a n c e : E s t a b l i s l i m e n t  o l  a  1 0 0  m e t e r  b u t l e r  a r o u n d  a r o u n d  t h e  o r c a s  

b y  a l l  w i l d l i f e  v i e w i n g  t r a l l i c ,  a n d  t t i e  e s t a b l i s h m e n t  o f  l a r g e r  

b u t l e r  z o n e s  i n  k e y  l o c a t i o n s  o l  t h e  c o r e  w h a l e  w a t c h i n g  a r e a s .

• R e d u c e  s u r l a c e  i m p a c t s  o l  v e s s e l  b a s e d  w h a l e  w a t c h i n g .  

'  C a p  v e s s e l  s p e e d s  i n  n a r r o w  c h a n n e l s .

U n d e r w a t e r  N o i s e : E s t a b l i s h m e n t  o l  a  1 0 0  m e t e r  b u t l e r  a r o u n d  a r o u n d  t h e  o r c a s .  

r e d u c e  m e a s u r a b l e  e n g i n e  n o i s e  b y  a l l  w i l d l i f e  v i e w i n g  t r a l l i c .  

a n d  e s t a b l i s h  q u i o t  z o n e s  i n  k e y  l o c a t i o n s .

‘  R e d u c e  n o i s e  i m p a c t s  o l  v e s s e l  b a s e d  w h a l e  w a t c h i n g .  
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once’. The relic impact of all this is a reduced population for up to six decades, with 

diminished reproductive resiliency, and without a buffer for natural mortality events or 

additional human impacts.

Adapted impacts relative to shootings and captures could conceivably have 

included the killer whales making the connection between human shootings and potentially 

fatal wounds. There is no evidence, however, to suggest the killer whales vigorously 

avoided being shot at by fisherman. In terms o f captures, it was observed that the resident 

pods avoided being herded into shallow bays for three years after 1973 (D. Goldsberry, 

pers. com.; author’s observation 1975-76), suggesting that they had adapted to avoiding 

captures without leaving their Salish Sea habitat zones.

The cumulative impacts of shootings and captures are a reduced population size 

that has not exhibited overall growth for almost three decades (Ginnekin and Ellifnt, 1999; 

Figures 12, 17, and 28-31), and is potentially too small to effectively survive any major 

mortality events that might be associated with a random catastrophic environmental 

perturbation. The Southern Resident killer whale pods have been reduced to the point 

that the breeding population appears unable to sustain growth under the current carrying 

capacity of their environment. However in terms of new impacts, shootings and captures 

are now non-existent, and not likely to occur again in the foreseeable future.

Toxic Exposure

The relic impacts of toxic exposure include nearly 100 years of toxic dumping into 

the Salish Sea, that peaked in the early 1970s, and has been slowly diminishing over the 

last two decades (Crecelius et ai, 1995; Ross et ai, in press; Table 18). However, 

present toxic dumping in the Salish Sea continues at levels that still pose a potential threat 

to upper trophic level consumers such as killer whales (Addison, 1989; Calambokidis and

* actual records of the number of whales shot at and killed do not exist, all that is documented is that killer 
whales were the
targets, and that they were successfully encountered and shot at in Georgia Strait (Olesiuk et al., 1990)..
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Baird, 1994; Calambokidis, 1995; Johnston <?/a/., 1996; Reijnders, 1996), and will remain 

circulating in the marine environment for decades (Ward and Sullivan, 1980; Lyons, 1989; 

PSWQA, 1992; Crecelius et ai, 1995; PSWQAT, 1998). In addition to building up in the 

environment, individual killer whales who have been alive during the peak of toxic 

dumping in the Salish Sea will be more likely to be carrying maximally accumulated toxic 

loads that could start contributing to increased mortalities for decades to come (Addison, 

1989; Reijnders, 1996; Ross pers. com.; Ross et ai, in press).

Presently there is no information on how killer whales may be physiologically or 

immunologically adapted to impacts of toxic exposure. Behavioral adaptations to toxic 

exposure would be negligible, outside o f the killer whales consciously rejecting a 

particularly cancerous bottomfish, or avoiding acute high toxic concentration sites in 

response to noxious sensory cues.

As mentioned above, aimiilative impacts from toxic exposure are potentially 

severe for this killer whale population, because the killer whales feed at high trophic levels 

where toxic chemicals tend to accumulate and concentrate (Calambokidis et al., 1985; 

1990; Addison, 1989; Calambokidis and Baird, 1994; Reijnders, 1996; Baird, in press). 

Individual killer whales bom prior to the mid-1970s presently have the highest body loads 

o f toxic chemicals in the population, and through bio-accumulation these loads will only 

increase during what remains of their lifetimes, especially for males (Calambokidis, 1995; 

Ross et a l, in press).

Female marine mammals have been demonstrated to dump a large proportion of 

their fat soluble toxic load into their offspring through gestation and lactation (Addison, 

1989; Reijnders, 1996). Consequently, if there are toxic physiological effects on 

reproductive hormones, digestion, or sensory systems, these impacts would be expected to 

have accumulated the highest in males alive during the maximum historical levels of toxic 

dumping (1940-1980). If levels reach the point that they cause fatalities, reduced
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lifespans, or contribute to reproductive failure, then a period of decline might be expected 

for this population in the near or immediate future, and it would not be expected to end 

for several decades (Ross et ai, in press.).

New impacts from toxic exposure come from the chemicals that are still being 

released into the Salish Sea environment, albeit along a decreasing trend (PSWQAT,

1998), and the hundreds of new synthetic chemicals still being manufactured and released 

into the environment with presently unknown effects (Segal et ai, 1980; Lyons, 1989; 

PSWQAT, 1998). Individual killer whales with the highest historical loads are still adding 

to their lifetime compliment, and will continue to do so until the release of toxic chemicals 

into the Salish Sea is virtually eliminated. In terms of resiliency. Southern Resident killer 

whales are seriously threatened by continued toxic exposure, and their population size is 

likely not resilient enough to withstand conditions of reduced fertility and increased 

mortality that might be associated with toxic poisoning.

Food Resource Depletion

Based upon estimates of the historical biomass of the Salish Sea (Kruckeberg,

1991; Levings and Thom, 1994), the historical abundance of salmon (Roos, 1990; Schmitt 

et ai, 1994), and the energetic requirements of the killer whales (Kriete, 1995; Chapter 2), 

Southern Resident killer whales have not been stressed in terms of access to preferred 

food resources until very recently, if at all. There are no relic impacts in terms of food 

resource depletion (Table 18). However, over the last century the seasonal abundance of 

salmon has varied significantly some years (McKervill, 1967; Roos, 1990; Schmitt et ai, 

1994), and the extinction of specific runs has undoubtedly required the killer whales to 

adjust their feeding strategies at times. These adapted impacts have probably increased 

with time as Salish Sea salmon resources have diminished; especially in the winter and 

early spring (Simenstad e/a/., 1982; Schmitt e/a/., 1994; Wash. State, 1999). These 

adaptations have potentially improved the resiliency of this population by providing them
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with increasing practice at adjusting their feeding strategies to accommodate the loss of 

traditional food resources, without threatening them with starvation.

Similar to salmon, secondary food species such as bottom fish. Pacific tomcod, and 

hake, have probably only recently become difficult for the killer whales to find in 

traditional sites (Schmitt i?/O'/., 1994; WDFW, 1999). Given the secondary status of 

these food resources, it is unlikely there are any relic impacts or adapted impacts, and it 

follows that there has not been enough time for any cumulative impacts to be experienced 

by the killer whales. However, the cumulative irreversible loss of habitat that supports 

salmon and other Salish Sea fish species, signals a potential food resource crisis for these 

whales that is in the making.

Food resource depletion is a condition that represents a new potential impact for 

these whales (Table 18). Although summer resources of sockeye and pink salmon have 

been generally increasing over-all in recent years' (Schmitt et al., 1994; 1995; Pacific 

Salmon Commission, 1995-98), most of the seasonal wild salmon runs of Chinook, coho 

and chum have been on a steady decline since the mid-1980s (Schmitt et al., 1994; 1995), 

and several winter-spring stocks have recently been listed as "threatened" under the U.S. 

Endangered Species Act (Wash. State, 1999). This indicates that the killer whales may 

now be finding it harder to maintain a steady salmon diet in some seasons, requiring them 

to rely more on secondary food species. Yet, most other species o f marine fishes in the 

Salish Sea are also declining (Schmitt et al., 1994; 1995; WDFW, 1999), limiting the prey 

options for the killer whales, and potentially being in amounts insufficient to replace the 

nutritional requirements previously provided by salmon.

In terms of resiliency, the behavioral and cultural flexibility of these killer whales, 

and the wide variety of food types the species is capable of consuming, should mean they

* The summer sockeje and pink runs in 1999 are a current exception to this, they are at less than 60% of 
their estimate on what was not supposed to be a particularly large run, making it the lowest catch on 
record since 1889 (Pacific Salmon Commission, 1999).
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are resilient in the face of food resource depletion. However, that is not to suggest that 

they would not be stressed during times when they are shifting to new prey items. During 

these periods of adaptation the population becomes more vulnerable to other stresses, 

such as disease or toxic poisoning, which their current population size is not at a level to 

easily withstand For the Southern Resident killer whales this situation of multiple effects 

would be increased if they shifted to more resident and/or bottom dwelling species of fish, 

which have been documented with consistently higher loads of toxic chemicals than 

resident salmon (Calambokidis et al., 1985; Calambokidis and Baird, 1994; Casillas et ai, 

1995; West e/a/., 1995).

Surface Disturbance and Underwater N oise

The primary anthropogenic source of both surface disturbance and underwater 

noise for Southern Resident killer whales is motorized vessel traffic. Motorized vessel 

traffic has been increasing slowly for these killer whales since the turn of the century.

Other relic impacts of surface disturbance included intensive commercial fishing with 

gillnets at the turn of the century, that leveled off to about half the number of boats after 

the 1940s, and has been dropping steadily over the last decade (Figures 54 & 56). Rarely 

were there any historical reports about the killer whales becoming entangled in fishing 

gear, or avoiding areas where fishing operations were under way, even when the killer 

whales were being shot at.

Relic impacts from underwater noise, other than those associated with vessel 

traffic, potentially include extreme periods of insonification associated with military 

testing, and scientific seismic surveys. Close exposure to these activities could 

theoretically have resulted in hearing loss in some individuals (Richardson et ai, 1995), 

but no historical records exist to support this, and recent studies suggest clear impacts 

from these intense sound sources are not readily measurable (Miller and Willis, 1997;

Bain, 1999).
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In terms of adapted impacts (Table 18), although there is not a sufficient baseline 

to directly compare past and present conditions, it can be argued that all the killer whales 

alive today have lived with vessel impacts of surface disturbance and underwater noise 

their entire lives. Current observations on the behavior of these killer whales supports the 

idea that they are behavnorally well adapted to vessel acti'/ities (Osborne, 1991; Phillips 

and Baird, 1993; Burgen and Otis, 1995; Williams, 1998). Historically, the lack of 

reported incidents of killer whales getting entangled in gear or interacting with vessels 

(Schefifer and Slipp, 1948), indicates they have apparently learned how to avoid collisions, 

entanglements, and painful noise thresholds without noticeably altering their use of 

traditional habitat areas. Their persistence despite intensive commercial fishing operations 

and vessel traffic patterns is a testament to their resilience in this area of behavioral 

adaptation.

Potential cumulative impacts from surface disturbance and underwater noise 

include increasing seasonal interference with feeding, resting and socializing behaviors in 

relation to whale watching traffic in recent years (Table 18). Potential cumulative impacts 

from underwater noise include hearing loss, and interference with écholocation and social 

communication (Myerberg, 1990; Bain and Dahlheim, 1993; Richardson et al., 1995; 

Reeves et al., 1996; Gordon and Moscrop, 1996; Miller and Willis, 1997; Bain, 1999). 

These are impacts that could become worse as a result of the killer whales behaviorally 

adapting to these activities, because they might be physiologically habituating to the 

disturbance levels, and inadvertently exposing themselves to hearing damage and loss of 

foraging and reproductive efficiency (Richardson et al., 1995; Reeves et al., 1996). In 

terms of present findings however, these potential impacts are purely theoretical, and 

preliminary findings would suggest that the whales are very resilient in this arena, and are 

not exhibiting any indications of cumulative impact (Miller and Willis, 1997; Bain, 1999).
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The new impacts associated with surface disturbance and underwater noise are all 

the result of the recent increase in vessel-based whale watching (Table 18, Figures 53 to 

56). Presently whale watching has created historical maximums in vessel density around 

the whales (Osborne, 1991; 1998; Figures 53 to 56), leading to potential surface 

disturbance and under.vater noise at sustained levels not previously experienced by these 

whales. Although their apparent resiliency for these human impacts appears high 

historically, empirical evidence of impacts on these whales is still severely lacking at this 

point (Miller and Willis, 1997; Bain, 1999). From a management perspective surface 

disturbance and underwater noise are therefore good candidates for precautionary 

management and further research.

Management Options for Southern Resident Killer Whales

In Table 19 the same seven categories of potential human impacts described in 

Table 18, are reviewed in relation to management options. First each category is 

described in terms of a potentially measurable benchmark that can be used as an indicator 

that the impact is being reduced or eliminated (Table 19). Then the management strategy 

recommended in order to reach the benchmark is proposed relative to the historical 

assessment presented so far.

For shootings and captures the benchmark is a complete absence of any shootings 

or captures, which is simply a continuation of the status quo (Table 19). The benchmark 

for toxic exposure is the elimination of measurable toxic emissions into the Salish Sea 

environment, and the recommended management strategy is to continue to reduce toxic 

emissions and to monitor the whales and their food resources to determine when the 

accumulation of further toxic substances has stopped (Calambokidis and Baird, 1994; 

Baird, 1999; Ross ef a/., in press).
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The benchmarks for food resource depletion are measurable increases in year 

round salmon resources, and other Indicator species of the food web that supports the 

killer whales (Table 19). The management recommendations are to continue to reduce 

harvest, and concentrate on restoration of salmon habitat, with a focus on wild runs that 

return to the inland waters in the Winter and Spring when the whales appear to need them 

the most (Figure 15). In terms of secondary food resources, management must first 

concentrate on improving the basic understanding about which species are actually 

involved, and in what proportion of their diet, and then establish programs to facilitate the 

protection and enhancement of these species.

The benchmarks for surface disturbance and underwater noise are all related to 

whale watching, and focus upon measurable implementation of existing guidelines for 100 

meter buffers around the whales at all times. Both benchmarks also call for the existence 

of small marine protected areas. To mitigate surface disturbances, geographic areas along 

coastlines where no vessel-based whale watching is allowed are proposed as a means of 

providing the killer whales with a refuge from the boat traffic. Similarly for mitigating 

underwater noise, marine protected areas that are "quiet zones" would be established, 

where boats must be stationary with their engines off. The degree to which the whales 

use these areas after they are established can be compared with the baseline data on 

movements (Figures 22, 24 and 34; and Olson, 1998), allowing these marine protected 

areas to potentially serve as an experimental demonstration of just how disturbing these 

proposed impacts are.

Beyond enforcing the 100 meter/yard buffer around whales currently in the 

Canadian/U.S. whale watching guidelines, and establishing special protection zones, these 

impacts can also be addressed through more general management of their ambient sources 

(Table 19). In the case of surface disturbance, implementing speed limits o f vessels in
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certain zones could reduce the likelihood of collisions', and a limit on the number of boats 

allowed in close proximity for whale watching could reduce crowding around the killer 

whale’s breathing space at the surface. In the case of underwater noise, industry standards 

could be established that require quieter water-based transportation, and whale watching 

boats could be encouraged to reduce the amount of time they leave their engines running 

during whale watching.

DISCUSSION 

The Hidden Effects of Cumulative Experience

Logically, if individual killer whales carry a lifetime of memories of their contacts 

with humans, then this may affect the way they behave in subsequent encounters. Extreme 

changes in one-on-one contacts between individual killer whales and humans, from being 

shot at and captured to being mobbed by whale watchers, should lead to change in habitat 

use at some level. How much individual experiences are then integrated into the behavior 

of the group as a whole is unknown, though many of the killer whales currently living in 

the study area have been alive long enough to have experienced large transitions in the 

nature of one-on-one interactions with people.

A 70 year old killer whale matriarch bom in the early 1930s (e.g. the individual 

killer whale known as J-8; Ford et ai, 1994; Center for Whale Research, 1998), would 

have started her life during the early domination of modem North American culture upon 

the Salish Sea marine ecosystem (Kruckeberg, 1991; Yates, 1992; Levings and Thom, 

1994). As suggested by the historical assessment presented here, the human impacts 

during this era amounted to occasional encounters with small numbers of deadly humans.

* Unpublished data collected by The Whale Museum’s Whale Hotline and Soundwatch Boater Education 
Program have documented up to 10 minor incidents of whale watching boat collisions, (i.e. “bumpings”) 
with the orcas since the 1980s. In no case were there any indications of injuries to either boats or whales.
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but the habitat provided sufficient salmon and pristine water quality. Over J-8's life time 

came more frequent deadly encounters with larger numbers of hostile humans, including 

military target practice when J-8 was a juvenile, regular shooting encounters over the next 

two decades, culminating in a third decade of repeated captures and the removal o f what 

were possibly some of her offspring.

As the findings in Chapter 4 suggest, these acute impacts would have been 

accented by an underlying condition of slowly increasing toxic exposure from sites of 

chronic point source pollution, increasing ambient noise pollution, and the gradual 

elimination of favored salmon runs. During the last two decades, except for hostility from 

humans, all these variables have increased in influence or leveled off at a historical 

extreme. Now the predatory hostility from humans has been replaced with predatory 

curiosity from whale watchers. This has logically increased the noise pollution, and 

disturbances associated with vessels crowding around the immediate surfacing habitat of 

the killer whales; such as engine exhaust, and the need to engage in collision avoidance.

But what has been J-8's response to all this? In no instance is it clear how the 

killer whales have actually adapted to these historical changes in their environment. Even 

when the impacts on the killer whales can be specifically identified (e.g. shootings, 

captures, acute high density vessel traffic) the adaptive responses o f the whales do not 

appear to be overtly exhibited in terms of surface behavior or lack of site tenacity. The 

persistence of these pods in their seasonal return to the same areas, and continued 

tolerance o f zones of high human activity, provides no observable basis for concluding 

they are being impacted, with the exception of their mortality and fertility rates. This lack 

of clear response in the behavior of the killer whales to logical impacts is more likely a 

testament to their adaptive "resiliency", as opposed to a lack o f adaptive response, but 

without measurable evidence it must remain as speculation.
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The details of the killer whale's behavioral response have potentially hidden the 

adaptations that undoubtedly have occurred, so until those details are made accessible to 

historians and managers, the substance of killer whale behavioral/cultural adaptations will 

remain elusive. The next challenge for research into the resiliency o f this killer whale 

population is therefore, to assess the capacities of the communication system that mediates 

their behavior.

CONCLUSIONS

The present study has attempted to describe the historical relationship of the 

Southern Resident Community of killer whales with their habitat and with the humans of 

the Salish Sea, and from this history, to develop a systematic list of management options 

that account for the current resiliency of this population of whales (Tables 18 and 19). 

Returning to the conceptual framework for this dissertation that was outlined in Chapter I 

(Figures, 1 and 2), the next step in an adaptive management scenario is to actually begin 

manipulating environmental variables (mostly human) towards sustainability of the 

management unit, and to do so using flexible management strategies that are modified 

according to the outcomes of management interactions (Holling, 1978; 1986; 1992;

Duffus and Dearden, 1990; Allen and Hoekstra, 1992; Winterhalder, 1994; Ulanowicz, 

1997). This next phase, however, is beyond the scope of this dissertation and remains as 

the task ahead, but will hopefully be more effectively undertaken as the result of the 

contributions provided by this study.

Short o f actually implementing adaptive management programs, a primary 

objective o f this dissertation was to demonstrate that the Southern Resident Community of 

killer whales are an ideal model for applying historical ecology in an adaptive management 

context. It has been repeatedly suggested in this study that an important aspect of the 

applicability o f historical ecology for assessing the management o f this particular species is
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due to their ecological characteristics of being generalist social predators, with a long 

lifetime of learning, and the inter-generational influences of cultural adaptation. Further 

detailed research on their adaptive capacities, especially in terms of social communication, 

should provide an important opportunity to examine the evolution of mammalian cultural 

adaptive mechanisms in general, and especially in relation to how human communication 

may be unique relative to other mammals.

From the perspective of adaptive resiliency associated with culture, it can be seen 

that the killer whale’s behavioral adaptive response to environmental resistance must be 

sophisticated, and so it is logical to assume that they would easily accommodate things 

like whale watching, fishing gear entanglement, and prey shifting. However, this also 

indicates that most of the behavioral adaptations undertaken by these killer whales will 

more often involve modifications to deep socio-cultural patterns about behavior that are 

without overtly measurable responses. The implications for this potential cultural 

phenomena is that, except in the case of acute catastrophic impacts, it is probably invalid 

to try and measure overt behavior as a reliable indicator of environmental impacts in these 

whales. Instead, managers should stick to basic biological measures such as recruitment 

to evaluate management success, and manage potential behavioral impacts, such as vessel 

traffic, in a precautionary fashion that does not attempt to set behavioral benchmarks.

In this study it has also been shown that without a historical perspective, the types 

of management decisions applied to these killer whales could differ significantly; resulting 

in widely varying outcomes and allocations of management resources. Consideration must 

be given to the historical context in terms of how experience builds preparedness in the 

management unit, and how historical circumstances may have reduced resiliency. In Table 

20 these management considerations for the Southern Resident Community killer whales 

are enumerated. In terms of management each one of the points in Table 20 has 

implications for pragmatic strategies that would help protect and restore this killer whale
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population, and suggests that the differences between "Northern" and "Southern" resident 

communities can serve as a preliminary benchmark for what needs to be minimally 

improved in the Salish Sea.

First, the lack of predation and attack upon humans, means that these killer whales 

pose no direct threat to us, and are behaviorally capable of adapting to direct human

Table 20. Management Considerations for Southern Resident 
Killer Whales in the Context of their Historical Ecology

I ) Southern Resident killer whales are not a threat to humans as a predator.

2) Southern Resident killer whales are very site tenacious, and will tolerate a high 
amount of human activities without leaving the area.

3) Southern Resident killer whales have had a low population size for at least 
several decades.

4) Southern Resident killer whales are susceptible to the accumulation of toxic 
levels o f persistent pollutants in the marine environment, and may only now be 
exhibiting mortalities and reproductive failures associated with long-term 
bioaccumulation.

5) Southern Resident killer whales appear tolerant of commercial fishing 
operations, vessel traffic and underwater noise, but present levels of exposure 
are apparently at a historical maximum.

6) The predominant food resource of Southern Resident killer whales is year- 
round salmon, indicating:

a) that the continuous take of salmon by the killer whales needs to be 
accounted for in any management plans aimed at protecting and 
restoring salmon stocks.

b) that salmon recovery programs will significantly enhance habitat quality 
for the killer whales.
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contact. Second, the traditional site tenacity of these killer whales means the Salish Sea is 

important habitat for them, and it can not be assumed the killer whales will indicate stress 

by slowly disappearing, or that they will seek resources very far out of their range to 

replace the resources of the Salish Sea. Third, their low population size and unstable 

population growth, means they probably are in need of protection if they are to sur/ive as 

a breeding population. This means that environmental restoration and enhancement in any 

of the vectors of environmental resistance identified in this dissertation should improve 

their chances for survival.

The fourth, fifth, and sixth findings listed above, provide the areas where Northern 

and Southern residents presently exhibit their major differences in habitat conditions in 

terms o f degree of anthropogenic influence. The levels of persistent toxic chemicals in the 

Salish Sea, particularly in terms of bottomfish, are historically higher for the Southern 

residents (Calambokidis, 1995; Jarmen et al., 1996; Ross et al., in press). The levels of 

whale watching vessel traffic (Osborne, 1991; Burgen and Otis, 1995; Baird et al., 1998) 

and the loss o f year-round salmon runs (Appleby and Doty, 1995; Wash. State, 1999) are 

also higher in the Salish Sea. In the latter case, the reduction in salmon increases the 

likelihood of seasonal consumption of bottom fish (Calambokidis and Baird, 1994; Baird,

1999), which would likely increase the exposure of the killer whales to higher levels of 

persistent toxic chemicals due to the higher levels in these more resident food species 

(Lyons, 1989; Crecelius e/a/., 1995; Johnson e/a/., 1995; Casillas e/a/., 1995; West and 

O ’Neill, 1995).

To manage these three conditions in favor o f the Southern Resident Community, 

and using relative conditions for the Northern Resident Community as a model, three basic 

management strategies are apparent ; 1) further reduce the release of persistent toxic 

chemicals into the Salish Sea (which has been happening over the last two decades);
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2) increase the year-round abundance of salmon (which is very recently a major mandate 

of government programs in both the U.S. and Canada); and 3) reduce the levels of vessel 

traffic and underwater noise associated with whale watching (which has been seeing 

active attention from community-based adaptive management programs; Baird et al.,

1998, Osborne, 1998).

The high levels of vessel traffic around the killer whales is the only salient 

difference between habitat conditions for the "Northern" and "Southern" residents that 

presently does not have an existing regulatory management program aimed at directing 

habitat conditions in the South to be more like those in the North. However, new 

programs recently initiated by the Canadian Department of Fisheries and Oceans (DEO; 

Malcolm, 1999) are moving in the direction of implimenting community generated 

regulations. Whale watching vessel traffic is the only area of potential impact that is not 

already in the process of reduction, though the whale watching user groups are at the 

forefront o f precautionary, cooperative, self-regulation (Osborne, 1991; 1998). Hence, 

whale watching is an obvious place to initially focus adaptive management.

The Southern Resident Community may be unfortunate in being the most urban 

extant population of killer whales in the world, but they are under the care o f two of the 

most wealthy and technologically advanced nations in history. If they can't survive as 

urban killer whales in the Salish Sea, the long-term prospects for their species on a more 

densely human-populated planet are not promising. With their apparent cultural capacities, 

however, these killer whales should theoretically be one of the species with behavioral 

resiliency that is capable of withstanding global anthropogenic change; as long as they can 

physiologically survive the present era of toxic exposure and low food supply. From this 

perspective, if society is really committed to having the Southern Resident Killer Whale 

Community survive, then over the next two decades these whales should be afforded all
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the protection possible, and societal changes aimed at restoring resiliency to the Salish Sea 

ecosystem as a whole must be initiated and followed through with.
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D ata Sources

In Appendix I the data sources and parameters for each historical indicator are 

presented. These tables are divided between indicator variables for the killer whales 

(Table 21) and indicator variables for human Impacts on the killer whales (Table 22).

Each variable is specifically identified in terms of the scale in which it is plotted, the 

sample size for the plot, percent of the sample that was estimated. Sample Mean, Standard 

Deviation, figures in which the data is plotted, and citations for the sources. In the 

methods section of Chapter 4 each variable is also defined in narrative form so that the 

reasoning behind their use as an indicator, and any procedures for deriving estimates, are 

made clear.

Estimates were used 100% for plots at the century and millennial scales, and not at all 

for the 240 month scale, where all data was empirical. At the annual and decadal scales a 

combination o f estimates and partial estimates were used in a mix with empirical data in 

order to produce some of the plots (Figure 57).

Figure 57 P ercentage o f  Estim ated Data  
a t the A nnual and D ecal Scales
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Percent of Estimated Variables 
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Table 21 Data Sources for Historical Killer whale Plots

Ecological Indicator; Variables that are Plotted Scale Units Sample SUe Author Estlmater Sample Mean Stnd.Dev. Data Sources

Orca Population Size Pholo-ID Census Years tndrviduats N .20 0% 06 7.32 rciilci Imi Whale Kewuili. I'WH; I'nitI el iil. 1 Wl; Oleslitk el ul. P/XI

Photo ID. pnd Esiimalos Oocades lf«d(vldual$ N«20 8S% 229.9 92.35 Ccnlci Inr Whale Rcscaah. I'WM; Olcsitik el ul. l‘#*AI; Aln iiOR liSTIMATILS.

Esiimalos Centuries Individual N*20 99% 291.35 42.72 A im um  I-.ST1MA11-.S.

Estimates Mittonio Individuals N« 10 99% 258.33 69.60 AUTHOK ILSTIMATIi.S

Orca Feeding 

Requlretnenis

EncigetJC E stimate/Poputation Sue Years individuals N= 20 0% 779.942.37 71.292.44 Krieie. (.‘enter h« Whale Keseareh, 1WK.

Energetic E stimate/Poputation Sire Decades Individuals N . 20 85% 1.821.806.25 789,772.64 Kticlc. l'W5;()lcMiikelHl. IVXI; AUTHOR IlSTIMAIIiS.

Orca Habitat-Use Davs/I^ontti Orcas Detected Zone I Months Days N . 240 0% 10.90 8.80 (Wxutvc, PMI.Odmnie.unpuhhshcit data. l*Wl.*>7a;Olwin. PWJt.

Oavs/Monlli Oicas Detected Zone 2 Months Days N«240 0% 2.94 3.14 (Klvirtic, iWI.CMnirne. uiiinihliOicdtlalti. IWI .g7a; OUnn. IWH.

Days/Montti Oicas Not Deteced in Zones 1 or 2 Months Days N.240 0% 16.61 8.55 (hlmme. IWI.OdNirite. tiiijnthlidteJilala, IW|.*>7«; OUnn. IWK.

Days/Year 'Drcas Delected Zone 1 Years Days N> 20 0% 10.56 2.43 OtlNune. IWI. OKlwune. uiipwhlished dala, IW|.V7u; Olum, IWH.

Climate Et Nino/Soiithem Osciltalion Inde» Months Mean Varialiun N=240 0% N.A. N.A. Iiuiitiite nl (Kean Seieinev. DIT). 1 W7a.

Mean Monthly Sea Sudace Temp, at Active Pass Months Dogtocs CdsKis N» 240 0% 11.22 3.31 Imtiluic ul (Kean Siieiiees. DIO. IW7h

Mean Annual Sea Sudace Temperature at Active Pass Years D»*greos Celsius N- 20 0% 11.22 0.47 Imiiliile nl (Kean Siienee». DIO. IW7h

Mean Deca' Sea Sudace Temp, at Depadure Bay Decades Degroos Celsius N.8 0% 11.04 0.37 liiUtluic nl (Kean Seicnies. DIO. PW7I*

Mean 5 Century July Temperatues in Arctic North America Millennia Dogtocs Celsius N.13 0% 1.85 1.64 Aiitlicws ct itl, P>Ht
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Data Sources for Historical Plots of Human Vectors

Indicator: Variables that are Plotted Scale Urrits Sample Site %Estimaler Sample Mean StndOev Data Sources 1

Predation Recorded Sho Ming Incidents Years IrKideriis N.20 0% 0 IS 0.37 Iht* Wli.ik MiiH'tHii. iHipuhlivlH'il ii'vnnU l')7fi '17

Annual Humber Commercial Whale Welch Boats Years Ibiats N.20 0% 23 00 21.47 (hlairih. I'NI. Odsitni'. uniaihlidKild.il.* I'l'MI ')7h

Mean Number of Whale Watch Boats wAIVhales Years Boats N#20 0% 14.55 7.93 IIk* WImK Mtiviilll. Sniimlwitli li. UnpiihlldKsldiilil I'MI l'W7 I
Recorded Cap'ure Incidents Captures N.20 0% 045 1.39 (IkMiAil 111. I'fnt. IhiJI. BMII 1

Esilmsled A R ecorded Shooting Incidents Dec»hM IncSlenis N.20 09% 14.52 2388 Okuiikilal. IVMI. 11,1)1. l'NI.StlKll,i.nidSII|i|i. I'MK, AtH IK IK I.N 1IMAI1 S j

Mean Numl>er if Dedicated Whale Watch Boats Deradet N.20 0% 2 80 095 (k l. liK . I')*)!. 1 W.tiiH'. iMipublklnd d.il;l I'l'H *17 1

Estimated Capture Incidents InrsknIs N.20 0% 045 201 AUIIKIK I^IIMAII.S

Estimated ShoillnÿKllling Incidents Zenluis" Ineakiits N.20 100% 11 75 4575 At'ltKIKISIIMAIIS

Mean Humtxrr nf Dedicated Wtiale Watch Boats lentuùe' ttnats _  _H._20 _ _____ 0% OM_____ 1^5____ tklKmK. I'MI.lKlKmw.tmiHihlWHMilid» in’ll '17. AUIIKIR I.SI1MAIILS 1

(tofihnu^i 0(1 Mil
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Historical Interaction Matrices

The historical interaction matrices list all variables in the study with perturbations 

greater than I SD from the sample mean. A different matrix is produced for each scale. 

The parameters for each sample at each of three time scales (monthly, annual, and 

decadal) are presented in Tables 23, 25 and 27. The matrices are arranged listing each 

indicator on the ordinate axis and time on the abscissa (Tables 24, 26 and 28). All 

standard deviation values greater or less than 1 SD from the sample mean (the extreme 

32% of the sample) are recorded in the matrix cell. Values less than one standard 

deviation receive a score of 0, values below 1 SD are negative (16% of the sample), and 

above 1 SD are positive (16%). Values greater than 2 SD above or below the sample 

mean (< 0 .02%) are marked in bold. These historical interaction matrices are also plotted 

as histograms, so that they display the cumulative perturbations for each time period 

(Figures58-60).

Table 23. Table of Data Parameters for Monthly Plots.

Historical Variable
O r c a  H a b i t a t - U s e :

T i m e  S c a l e : M e an SD U nits N
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 11.51 9 .0 4 D a y s 240
P u g e t  S o u n d  (Z o n e  2) 3 .00 0.71 D a y s 24 0
o u t e r  A re a s 16.58 0.71 D a y s 240

- o o d  R e s o u r c e  D e p l e t i o n : F r a s e r  R iv e r  R u n  E s tim a te s 1 7 ,5 9 8 ,2 9 0 .7 9 1 0 ,9 6 7 ,6 1 5 .8 4 Ind iv id u a ls 60
S p o r t  S a lm o n  C a tc h  in A re a  7 1 ,7 0 7 .6 2 1 ,90 0 .3 0 Ind iv id u a ls 204
S o u U te m  O sc ila d o n  Index U n iq u e  In d ex U n iq u e  Index U n iq u e  In d e x 240
A ctiv e  P a s s  S e a  S u r fa c e  T e m p e ra tu re 11 .22 3.31 D e g r e e s  C e k i u s 24 0
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Figure 58 Monthly Scale Cumulative Matrix Values > 1 SD
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Table 24. M onthly Scale H istorical Interaction M atrix.

Historical Variable
O r c a  H a b i t a t - U s e :

T i m e  S c a l e : 1978 F e b  -7 8 M ar "78 Apr "78
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .00 2 . 4 5 0 .00 •1.22
P u g e t  S o u n d  (Z o n e  2) -1.21 1 .3 4 0 .00 -1 .04
O lb e r  A re a s 0 .00 -1 .5 4 0 .00 1.45

F o o d  R e s o u r c e  D e p l e t i o n : F r a s e r  R w e r  R u n  E s tim a te s 0 .00 0 .0 0 0 .00 0 .00
S p o r t  S a lm o n  C a tc ti  in A rea  7 0 .00 0 .0 0 0 .00 0 .00

C l i m a t e
S o u th e rn  O s d la t io n  In d ex 0 .00 - 3 . 5 0 0 .00 0 .0 0
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re -1.31 0 .0 0 0 .00 0 .00

T i m e  S c a l e : M ay "78 J u n  "78 Ju l 7 8 A ug "78 S e p  "78 O c t "78 N ov "78
S a n  J u a n  G u lf  I s la n d s  (Z o n e  1) - 2 . 0 7 -1 .3 2 -1 .8 9 -1 .09 - 2 .1 1 -1 .3 0 -1.01
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 3 . 7 7 0 .0 0 0 .00 0 .0 0 -1 .4 7 0 .00
O th e r  A re a s 1 .59 0 .0 0 1 .98 0 .00 1 .3 6 1.53 0 .00
F r a s e r  R iv e r  R u n  E s t im a te s 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00
S p o r t  S a lm o n  C a tc h  in A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00
S o u th e rn  O s d la t io n  In d ex 1 .30 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .0 0 0 .0 0 -1.51 -1 .3 7 0 .0 0 •1 .47

T i m e  S c a l e : D ec "78 1979 F e b  "79 M ar "79 A pr "79 M ay "79 J u n  "79
S a n  J u a n  G u lf  I s la n d s  (Z o n e  1) 0 .0 0 0 .00 0 .0 0 0 .00 -1 .7 0 -1 .5 9 -1 .65
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 -1.21 1 0 . 0 7 1.94 1 .5 6 0 .0 0 0 .00
O th e r  A re a s 1 .02 0 .0 0 - 3 . 0 7 0 .00 0 .0 0 1 .45 1.72
F r a s e r  R iv e r  R u n  E s t im a te s 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00
S p o r t  S a lm o n  C a tc h  in A r e a  7 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00
S o u th e rn  O s d la t io n  In d ex 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00
A ctive P a s s  S e a  S u r f a c e  T e m p e ra tu re -1 .3 7 -1 .72 -1.31 -1 .03 -1 .11 0 .0 0 0 .00

T i m e  S c a l e : Ju l "79 A ug "79 S e p  "79 O c t "79 N ov "79 D ec  "79 1980
S a n  J u a n  G u ll  I s la n d s  (Z o n e  1) -1 .8 9 1.09 0 .0 0 0 .0 0 -1 .01 0 .0 0 -1 .14
P u g e t  S o u n d  ( Z o n e  2) 0 .0 0 4 . 7 9 0 .0 0 -1 .47 -1 .4 2 -1 .25 -1.21
O th e r  A r e a s 1 .39 -1 .42 -1 .0 2 0 .00 1 .0 5 1 .02 1.19
F r a s e r  R iv e r  R u n  E s t im a te s 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0
S p o r t  S a lm o n  C a tc h  in A re a  7 3 . 3 2 1.76 1 .55 0 .00 0 .0 0 1 .00 0 .00
S o u th e rn  O s d la t i o n  In d ex 1 .30 0 .0 0 0 .0 0 0 .0 0 0 .0 0 -1 .00 0 .00
A ctive  P a s s  S e a  S u r f a c e  T e m p e ra tu re 0 .0 0 -1 .20 0 .0 0 0 .00 0 .0 0 0 .00 -1 .04

T i m e  S c a l e : F e b  "80 M ar "80 A p r "80 M ay "80 J u n  "80 Ju l "80 Aug "80
S a n  J u a n  G u lf  I s la n d s  (Z o n e  1) 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0
O th e r  A r e a s 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
F r a s e r  R iv e r  R u n  E s t im a te s 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .00
S p o r t  S a lm o n  C a tc h  in  A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 2 . 1 6 1 .74
S o u th e rn  O s d la t i o n  In d e x 0 .0 0 -1 .20 -1 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
A ctive P a s s  S e a  S u r k c e  T e m p e ra tu re -1 .89 -1 .53 0 .0 0 0 .0 0 0 .0 0 0 .0 0 -1 .30
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T i m e  S c a l e : S e p  "80 O ct "80 N ov "80 D e c '8 0 1981 F e b  "81 M ar "81
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) -1.41 -1 .04 0 .0 0 0.00 -1 .5 2 0 .00 0 .00
P u g e t  S o u n d  (Z o n e  2) 1.33 0 .0 0 0 .0 0 0 .0 0 0 .00 - 2 . 0 1 0 .0 0
O th e r  A re a s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0
F r a s e r  R iv e r  R u n  E s t im a te s 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S p o r t  S a lm o n  C a tc h  in A re a  7 1.26 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S o u th e rn  O sc ila b o n  In d ex 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 - 2 . 1 0

A ctive P a s s  S e a  S u f ta c e  T e m p e re tu re - 1 3 7 0 .0 0 0 0 0 , 0 .0 0 0 .0 0 0.00, 0 .0 0

T i m e  S c a l e : A p r"81 M ay "81 J u n  "81 Ju l "81 A ug "81 S e p  "81 O c t "81
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .00 -1.91 -2.81 -2.59 -0 .54 0 .00 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .00 0 .0 0 4.72 2.76 4.11 1.77 0 .0 0
O th e r  A re a s 0 .00 1 .32 1 .88 0 .0 0 0 .00 0 .00 0 .0 0
F ra s e r  R iv e r  R u n  E s t im a te s 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  in A re a  7 0 .00 0 .0 0 0 .0 0 1 .84 1 .47 1.03 0 .0 0
S o u th e rn  O sc ila b o n  In d ex 0 .00 0 .0 0 1 .00 0 .0 0 0 .00 0 .00 0 .0 0
Active P a s s  S e a  S u r fa c e  T e m p era tu re 0 .00 0 .0 0 -1.31 0 .0 0 0 .00 -1.11 -1 .13

T i m e  S c a l e : N ov "81 D ec  "81 1 9 8 2 F e b  "82 M ar "82 A pr "82 M ay "82
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 0 .0 0 -1 .1 4 -1 .47 0 .0 0 0 .00 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .00 0 .0 0 1.21 0 .0 0 0 .0 0 0 .00 2.77
O th e r  A re a s 0 .00 1.28 0 .0 0 0 .0 0 0 .0 0 0 .00 -1 .32
F ra s e r  R iv e r R u n  E s t im a te s 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  in A re a  7 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S o u th e rn  O sc ila b o n  In d ex 0 .00 0 .0 0 1 .3 0 0 .0 0 0 .00 0 .00 0 .0 0
Active P a s s  S e a  S u r fa c e  T e m p era tu re 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 -1.11 0 .0 0

T i m e  S c a l e : Ju n  "82 Ju l "82 A ug "82 S e p  "82 O ct "82 N ov "82 D e c  "82
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) -1 .16 0 .0 0 0 .0 0 1.41 0 .00 2.36 1 .43
P u g e t  S o u n d  (Z o n e  2) 0 .00 0 .0 0 0 .0 0 1 .77 -1 .47 1.06 0 .0 0
O th e r  A re a s 1.10 0 .0 0 0 .0 0 -1 .70 0 .00 -1 .50 -1 .28
F ra se r  R iv e r  R u n  E s tim a te s 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  in A re a  7 0 .00 2.85 1 .53 0 .0 0 0 .00 0 .00 0 .0 0
S o u th e rn  O sc ila b o n  In d ex -1 .60 -1 .90 -2.50 -2.00 -2.20 -3.20 -2.80
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .00 -1 .34 -1 .2 0 0 .0 0 0 .00 0 .00 0 .0 0

T i m e  S c a l e : 1983 F eb  "83 M a r "83 A pr "83 M ay "83 J u n  "83 Ju l "83
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00 0 .00
P u g e t  S o u n d  (Z o n e  2) 0 .00 1 .3 4 0 .0 0 1.56 0 .0 0 1.89 2.30
O th e r  A re a s 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 -1 .19
F r a s e r  R iv e r  R u n  E s tim a te s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  in  A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 1.34
S o u th e rn  O sc ila b o n  In d ex -4.20 -4.60 -3.40 -1 .30 0 .0 0 0 .0 0 0 .0 0
A ctive P a s s  S e a  S u r f a c e  T e m p e ra tu re 0 .00 1 .40 1.71 0 .0 0 0 .0 0 0 .0 0 -1 .13
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T i m e  S c a l e : Aug "83 S e p  "83 O ct "83 N ov  "83 D ec  "83 19 8 4 F e b  "84
S a n  J u a n  G u lf  I s la n d s  (Z o n e  t) 0 .0 0 0 .00 1.82 0 .0 0 1.90 0 .0 0 - 2 . 4 5
P u g e t  S o u n d  (Z o n e  2) 1.37 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 -1 .3 4
O th e r  A re a s 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 1.54
F r a s e r  R iv e r  R u n  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0
S p o rt S a lm o n  C a tc ti  in A re a  7 1 .59 1.07 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00
S o u ttie m  O s d la t io n  In d ex 0 .0 0 1.00 0 .00 0 .0 0 0 .00 0 .00 0 .00

lActive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .00 0 .0 0 0 .0 0 -1 .23 0 .0 0 1.21

T i m e  S c a l e : M ar "84 Apr *84 M ay "84 J u n  "84 Ju l "84 A ug "84 S e p  "84
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 -1 .70 -1.91 - 2 . 4 8 0 .00 -1.81 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 1 .94 0 .00 0 .0 0 0 .00 0 .00 - 2 . 0 5 -1 .3 3
O th e r  A re a s -1 .0 2 1.45 1.85 2 . 1 9 0 .00 2 . 0 6 1 .02
F r a s e r  R iv e r R u n  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 0 .00 0 .0 0
S p o r t  S a lm o n  C a tc h  n  A re a  7 0 .0 0 0 .00 0 .0 0 0 .00 1.57 1.03 0 .0 0
S o u th e rn  O s d la t io n  In d ex 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0.00 0 .0 0
A ctive P a s s  S e a  S u r fa c e  T e m p era tu re 1.21 0 .00 0 .0 0 0 .00 0 .00 0.00 0 .0 0

T i m e  S c a l e : O ct "84 Nov "84 D ec  "84 1 9 8 5 F e b  "85 M a r "85 A pr "85
S a n  J u a n  G u lf  I s la n d s  (Z o n e  t) 0 .0 0 0 .0 0 0 .0 0 0 .0 0 - 2 . 4 5 -1.36 -1 .7 0
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .00 -1 .2 5 0 .00 0 .00 0.00 1 .56
O th e r  A re a s 0 .0 0 0 .00 1 .53 0 .0 0 1.10 1.28 0 .0 0
F r a s e r  R iv e r  R u n  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0.00 0 .0 0
S p o n  S a lm o n  C a tc h  in A re a  7 1.31 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0
S o u th e m  O s a la t i c n  In d ex 0 .0 0 0 .00 0 .0 0 0 .0 0 1.00 0 .00 1 .00
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re -1 .13 0 .00 -1 .1 0 -1 .18 0 .0 0 0 .00 0 .0 0

T i m e  S c a l e : M ay "85 Ju n  "85 Ju l "85 A ug "85 S e p  "85 O c t "85 N ov "85
S a n  J u a n  G u lf  I s la n d s  (Z o n e  I) 0 .0 0 0 .00 1 .18 0 .00 0 .0 0 0 .00 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0.00 0 .0 0 0 .00 -1 .33 -1 .96 -1 .4 2
O th e r  A re a s 0 .0 0 0 .00 -1 .1 9 0 .00 0 .0 0 1.34 0 .0 0
F ra s e r  R iv e r  R u n  E s tim a te s 0 .0 0 0.00 1 .00 1.00 0 .0 0 0 .00 0 .0 0
S p o r t  S a lm o n  C a tc h  in  A re a  7 0 .0 0 0 .00 0 .0 0 1.49 1 .44 0 .00 0 .0 0
S o u th e m  O s d la t io n  In d ex 0 .0 0 0.00 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .00 1 .36 0 .00 0 .0 0 0 .00 - 2 . 5 0

T i m e  S c a l e : D ec "85 1986 F e b "86 M a r "86 A pr "86 M ay "86 J u n  ‘8 6
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 0 .00 0 .0 0 -1 .36 0 .0 0 0 .00 0 .0 0
P u g e t  S o u n d  (Z o n e  2 ) 0 .0 0 0 .00 0 .0 0 0 .00 -1 .5 6 0 .00 0 .0 0
O th e r  A re a s 0 .0 0 0 .00 0 .0 0 1.02 0 .0 0 0 .00 0 .0 0
F r a s e r  R iv e r  R u n  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0
S p o r t  S a lm o n  C a tc h  in A re a  7 0 .0 0 0.00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S o u th e m  O s d la t io n  In d ex 0 .0 0 0.00 -1 .6 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re - 2 . 0 7 0 .00 0 .0 0 0 .00 0 .0 0 -1 .32 0 .0 0
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T i m e  S c a l e : Ju l "86 A ug "86 S e p  "86 O c t  "86 N ov "86 D ec  "86 1 9 8 7
S a n  J u a n  Gulf Is la n d s  (Z o n e  1) 0 .0 0 0 .00 1 .17 0 .0 0 0 .00 0 .00 1.52
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .00 0 .0 0 -1 .4 7 0 .0 0 0 .0 0 0 .0 0
O th e r  A re a s 0 .0 0 0 .00 0 .0 0 1.15 0 .00 0 .00 -1 .19
F r a s e r  R iv er R u n  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  in A re a  7 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S o u th e rn  O sc ilad o n  In d ex 0 .0 0 -1 .00 0 .0 0 0 .0 0 -1 .50 -1 .80 0 .0 0

lActive P a s s  S e a  S u r fa c e  T e m o e ra iu re -1 .4 5 0 .00 0 .0 0 0 .0 0 0 .0 0 ^  0 0 0 0  00

T i m e  S c a l e : F e b  "87 M ar "87 Apr "87 M ay  "87 J u n  "87 Ju l  "87 A ug "87
S a n  J u a n  Gulf Is la n d s  (Z o n e  t) 0 .0 0 0 .00 0 .0 0 1.11 0 .00 - 2 .5 9 -1 .2 7
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 1.38 -1 .37
O th e r  A re a s 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 1.59 1 .42
F ra s e r  R iv er R un  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  i i  A re a  7 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 2 . 0 8
S o u th e m  O sc ilad o n  Index -1 .9 0 - 2 .0 0 -1 .90 -1 .70 -1 .70 -1 .70 -1 .50
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 1 .4 0 1.21 0 .0 0 0 .00 0 .00 -1 .03 0 .0 0

T i m e  S c a l e : S e p  "87 O ct "87 N ov "87 D e c  "87 1988 F e b  "88
S a n  J u a n  G ulf Is la n d s  (Z o n e  1) -1 .6 4 1.30 0 .0 0 1.43 2 . 2 7 0 .00
P u g e t  S o u n d  (Z o n e  2) -1 .3 3 0 .00 -1 .42 0 .00 1.61 -1 .34
O th er A re a s 1 .70 0 .00 0 .0 0 -1 .02 - 2 . 6 3 0 .00
F ra s e r  R iv er R u n  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00
S p o rt S a lm o n  C a tc h  in A re a  7 1 .56 0 .00 0 .0 0 0 .00 0 .0 0 0 .00
S o u th e m  O sc ilad o n  Index -1 .2 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 2 . 0 7 1.93 1.26 0 .00 1.60

T i m e  S c a l e : M ar "88 A pr "88 M ay "88 J u n  "88 Ju l "88 A ug "88 S e p  "88
S a n  J u a n  G ulf Is la n d s  (Z o n e  1) 0 .0 0 0 .00 2 . 0 7 1 .16 1.18 1.45 1 .17
P u g e t  S o u n d  (Z o n e  2) 2 . 9 1 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
O th e r  A re a s - 2 . 3 0 0 .00 -1 .59 0 .0 0 0 .00 -1.11 0 .0 0
F ra se r  R iv er R un  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0
S p o rt S a lm o n  C a tc h  in A re a  7 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0
S o u th e m  O sc ila d o n  In d ex 0 .0 0 0 .00 0 .0 0 0 .0 0 1.10 1.40 2 . 1 0
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 1.21 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0

T i m e  S c a l e : O c t "88 N ov "88 D ec "88 1 9 8 9 F eb  "89 M ar "89 A p r "89
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 2 . 3 4 0 .0 0 1 .43 0 .0 0 0 .00 2 . 1 8 1 .70
P u g e t  S o u n d  (Z o n e  2) - 2 . 4 5 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
O th e r  A re a s 0 .0 0 0 .0 0 -1 .0 2 0 .0 0 0 .0 0 -1 .79 -1 .69
F r a s e r  H h/er R u n  E s tim a te s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00
S p o rt S a lm o n  C a tc h  in A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S o u th e rn  G sc d a d o n  In d ex 1 .40 1.90 1 .30 1 .70 1.10 0 .0 0 1 .60
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 1 .34 1 .12 0 .0 0 -1 .50 0 .0 0 0 .0 0
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T i m e  S c a l e : M ay "89 Ju n  '8 9 Ju l "89 A ug '8 9 S e p  "89 O ct "89 N o v  "89
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 0 .0 0 0 .00 1.45 0 .0 0 0 .0 0 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 -1 .4 2
O th e r A re a s 0 .0 0 0 .0 0 0 .00 -1 .42 0 .0 0 0 .00 0 .0 0
F ra s e r  R iv e r R u n  E s tim a te s 0 .0 0 0 .0 0 0 .00 1.00 0 .0 0 0 .00 0 .0 0
S p o r t  S a lm o n  C a t tJ i  in A re a  7 0 .0 0 0 .0 0 5 . 2 4 3 . 9 4 3 . 1 2 0 .0 0 0 .0 0
S o u th e m  O s d la S o n  Index 1.20 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

(AcSva P a s s  S e s  S s . 't a s s  T e m p e rs s tra 1.42 0 .0 0 0 .00 , 1 .12 1,55 0 .00 0 .0 0

T i m e  S c a l e : D e c  "89 1 990 F e b  "90 M ar "90 A p r "90 May "90 J u n  "90
S a n  J u a n  Gulf I s la n d s  (Z o n e  1) 0 .0 0 0 .0 0 0 .00 1.09 0 .0 0 0 .0 0 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .0 0 - 2 .0 1 0 .0 0 0 .0 0 0 .00 0 .0 0
O th e r  A re a s 0 .0 0 0 .0 0 0 .0 0 -1 .02 0 .0 0 0 .0 0 0 .0 0
F ra s e r  R iv e r R u n  E s tim a te s 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  in A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
S o u th e m  O s d la t io n  Index 0 .0 0 0 .0 0 - 2 . 4 0 -1 .20 0 .0 0 1.10 0 .0 0
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 1 .27 0 .0 0 1.21 1.95 0 .00 0 .0 0

T i m e  S c a l e : Ju l  "90 A ug "90 S e p  "90 O ct "90 N ov  *90 D ec "90 1991
S a n  J u a n  G ulf Is la n d s  (Z o n e  1) 0 .0 0 0 .0 0 1.64 0 .0 0 0 .0 0 0 .0 0 1 .14
P u g e t  S o u n d  (Z o n e  2) 1 .38 0 .0 0 1.33 0 .0 0 0 .0 0 0 .00 0 .0 0
O th e r  A re a s -1 .19 0 .0 0 -1 .70 0 .0 0 0 .0 0 0 .0 0 0 .0 0
F r a s e r  R iv e r R u n  E s tim a te s 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0
S p o rt S a lm o n  C a tc h  m A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S o u th e m  O s d la t io n  Index 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 1 .67 0 .0 0 1.46 0 .0 0 0 .0 0 0 .00 -1.31

T i m e  S c a l e : F e b  "91 M ar "91 A pr "91 M ay "91 J u n  "91 Ju l "91 A ug "91
S a n  J u a n  G ulf Is la n d s  (Z o n e  i) 0 .0 0 0 .00 -1 .22 0 .0 0 0 .0 0 0 .00 0 .0 0
P u g e t  S o u n d  (Z o n e  2) -1 .3 4 0 .0 0 0 .0 0 1 .19 1.89 0 .00 0 .0 0
O th e r  A re a s 0 .0 0 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0
F r a s e r  R iv e r  R u n  E s tim a te s 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 1 .00
S p o rt S a lm o n  C a tc h  in A re a  7 0 .0 0 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 2 . 0 8
S o u th e m  O s d la t io n  In d ex 0 .0 0 -1 .40 -1 .00 -1 .5 0 0 .00 0 .0 0 0 .0 0
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .0 0 0 .00 0 .0 0 -1 .2 0 0 .0 0 1 .9 7

T i m e  S c a l e : S e p  "91 O c t "91 N ov "91 D ec  "91 1 9 9 2 F e b  "92 M a r "92
S a n  J u a n  G u lf I s la n d s  (Z o n e  1 ) 0 .0 0 0 .0 0 1.69 0 .0 0 -1 .14 0 .0 0 0 .0 0
P u g e t S o u n d  (Z o n e  2) 0 .0 0 0 .0 0 1.06 0 .0 0 -1.61 - 2 .0 1 0 .0 0
O th e r  A re a s 0 .0 0 0 .0 0 -1 .20 -1 .0 2 1 .43 0 .0 0 0 .0 0
F r a s e r  R iv e r  R u n  E s tim a te s 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0
S p o r t  S a lm o n  C a tc h  in A re a  7 1.56 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S o u th e m  O s c ia t io n  In d ex -1 .8 0 -1 .50 0 .0 0 - 2 . 3 0 - 3 . 4 0 -1 .4 0 - 3 . 0 0
A ctive P a s s  S e a  S u r h c e  T e m p e ra tu re 1.38 0 .0 0 0 .00 0 .0 0 1 .54 0 .0 0 0 .0 0
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T i m e  S c a l e : A pr *92 M ay *92 Ju n  "92 Ju l "92 Aug "92 S e p  "92 O ct *92
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 1.75 0 .0 0 1.18 0 .00 0 .00 0 .00
P u g e t  S o u n d  (Z o n e  2) -1 .5 6 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .00
O ilie r  A re a s 0 .0 0 -1 .19 0 .0 0 0 .0 0 0 .00 0 .00 0 .00
F r a s e r  R iv e r R u n  E s tim a te s 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 0 .00 0 .0 0
S p o r t  S a lm o n  C a tc h  In A re a  7 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0
S o u th e rn  O sc ila tio n  Index -1 .4 0 0 .00 -1 .20 0 .00 0 .00 0 .00 -1 .90
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 2 . 6 3 2 .5 1 2 . 3 7 2 . 3 0 1.33 0 .00 2 . 5 5

T i m e  S c a l e : N ov *92 D ec "92 1993 F e b  "93 M ar *93 A pr *93 M ay *93
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) -1 .35 0.00 -1 .1 4 0 .0 0 -1 .09 0 .0 0 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0.00 0 .00 ■1.34 0 .00 -1 .0 4 0 .0 0
O th e r  A re a s 0 .00 0 .00 0 .0 0 0 .0 0 1.28 0 .0 0 0 .0 0
F r a s e r  R iv e r R u n  E s tim a te s 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S p o rt S a lm o n  C a tc h  in A rea  7 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0
S o u th e rn  O sc ila tio n  In d ex 0 .00 0 .00 -1 .20 -1 .30 -1 .10 -1 .60 0 .0 0
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 2 . 2 3 0 .0 0 1.02 0 .0 0 0 .0 0 0 .0 0

T i m e  S c a l e : J u n  *93 Ju l "93 A ug *93 S e p  *93 O ct *93 N ov "93 D e c  "93
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 1.42 -1 .09 0 .0 0 0 .0 0 0 .0 0 0 .00
P u g e t  S o u n d  (Z o n e  2) 0 .00 0 .00 -1 .37 0 .0 0 0 .0 0 -1 .06 0 .00
O th e r  A re a s 0 .0 0 0 .00 1 .27 0 .00 0 .0 0 0 .00 1.02
F ra s e r  R iv e r R u n  E s tim a te s 0 .00 1.00 1.00 0 .00 0 .0 0 0 .0 0 0 .00
S p o rt S a lm o n  C a tc h  in A re a  7 0 .00 5 .2 4 3 . 9 4 3 . 1 2 0 .0 0 0 .0 0 0 .00
S o u th e rn  O sc ila tio n  In d ex -1 .4 0 -1.10 -1 .50 0 .0 0 -1 .5 0 0 .0 0 0 .00
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 1.32 0 .00 0 .0 0 1 .72 0 .0 0 0 .0 0 0 .00

T i m e  S c a l e : 1 9 9 4 F e b  *94 M ar *94 A pr *94 M ay *94 J u n  *94 Ju l  *94
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 0 .0 0 0 .0 0 0 .00 1.11 0 .00 0 .00
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .0 0 0 .0 0 -1 .56 0 .0 0 0 .00 0 .00
O th e r  A re a s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00
F r a s e r  R iv e r R u n  E s tim a te s 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 0 .00
S p o r t  S a lm o n  C a tc h  m A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00 0 .00
S o u th e rn  O sc ila tio n  Index 0 .0 0 0 .0 0 -1 .40 -1 .80 -1 .00 0 .00 -1 .80
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00

T i m e  S c a l e : A ug *94 S e p *94 O c t *94 N ov *94 D ec  *94 1995 F e b  *95
S a n  J u a n  G ulf Is la n d s  (Z o n e  1) 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00
P u g e t  S o u n d  (Z o n e  2) - 2 . 0 5 0 .0 0 0 .0 0 0 .0 0 0 .0 0 1.61 0 .00
O th e r  A re a s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 -1 .67 0 .00
F r a s e r  R iv er R u n  E s tim a te s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00
S p o r t  S a lm o n  C a tc h  in A re a  7 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S o u th e rn  O sc ila tio n  In d ex -1 .80 -1 .80 -1 .6 0 0 .0 0 -1 .60 0 .00 0 .00
A ctive P a s s  S e a  S u r k c e  T e m p e ra tu re 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00
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T i m e  S c a l e : M ar "95 A pr "95 M ay '9 5 Ju n  "95 Ju l "95 A ug "95 S e p  '9 5
S a n  J u a n  G u lf  I s la n d s  (Z o n e  1) 1.09 1.22 1.11 0 .0 0 0 .0 0 0 .0 0 0 .00
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 -1 .04 0 .00 0 .0 0 0 .0 0 -1 .3 7 0 .0 0
O ltie r A re a s -1 .0 2 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 • 0 .0 0
F ra se r  R iv e r R u n  E s tim a te s 0 .0 0 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S p o rt S a lm o n  C a tc n  in A rea  7

S o u ttie m  O sc ila tio n  Index 0 .0 0 -1 .10 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .0 0 1.86 1 .42 0 .00 0 .0 0 0 .0 0

Time Scale: O ct '9 5 N ov '9 5 D ec  "95 1996 F e b  '9 6 M ar '9 6 A pr '9 6
S a n  J u a n  G ulf I s la n d s  (Z o n e  t) 0 .0 0 0 .00 0 .00 0 .0 0 0 .00 0 .0 0 0 .00
P u g e t S o u n d ( Z o n e  2) 0 .0 0 -1 .06 2.50 -1.21 0 .00 0 .0 0 0 .0 0
O th er A re a s 0 .0 0 0 .00 -2,04 0 .0 0 0 .00 0 .0 0 0 .00
F ra se r  R iv e r R un  E s tim a te s 0 .0 0 0 .00 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0
S p o rt S a lm o n  C a tc h  in A rea  7

S o u th e rn  O sc ila tio n  Index 0 .0 0 0 .00 0 .00 1 .00 0 .00 0 .0 0 0 .00
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 1.19 0 .00 0 .0 0 0 .00 0 .0 0 0 .00

T i m e  S c a l e : M ay '9 6 J u n  '9 6 Ju l '9 6 A ug '9 6 S e p  '9 6 O c t '9 6 N o v '9 6
S a n  J u a n  G ulf I s la n d s  (Z o n e  1) 0 .0 0 0 .0 0 0 .0 0 0 .0 0 -1 .17 0 .00 -1.01
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 0 .0 0 0 .0 0 -1 .3 7 0 .00 0 .00 1.77
O th e r A re a s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00
F ra se r  R iv e r  R u n  E s tim a te s 0 .0 0 0 .0 0 0 .0 0 1 .00 0 .00 0 .0 0 0 .00
S p o rt S a lm o n  C a tc h  in A re a  7

S o u th e rn  O sc ila tio n  Index 0 .0 0 1.00 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .0 0 0 .0 0 0 .0 0 -1 .02 0 .0 0 0 .00

T i m e  S c a l e : D e c  '9 6 1997 F eb  '9 7 M ar *97 Apr "97 M ay "97 J u n  "97
S a n  J u a n  G ulf Is la n d s  (Z o n e  i) 0 .0 0 1.14 2.94 0 .0 0 1.95 0 .0 0 0 .00
P u g e t S o u n d  (Z o n e  2) 0 .0 0 0 .0 0 -1 .34 0 .00 0 .00 0 .0 0 0 .00
O th e r  A re a s 1 .0 2 0 .0 0 0 .0 0 0 .00 -2.18 0 .0 0 0 .00
F r a s e r  R iver R u n  E s tim a te s 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00
S p o rt S a lm o n  C a tc h  in A re a  7

S o u th e rn  O sc ila tio n  Index 1 .00 0 .0 0 1.60 -1 .10 0 .0 0 -1 .8 0 -2.00
Active P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .0 0 0 .0 0 -1 .28 0 .0 0 0 .0 0 -1 .52

T i m e  S c a l e : Ju l '9 7 A ug '9 7 S e p  "97 O c t '9 7 N ov *97 D ec  "97
S a n  J u a n  G ulf Is la n d s  (Z o n e  1) 1 .89 1 .45 2.58 0 .00 0 .0 0 0 .0 0
P u g e t  S o u n d  (Z o n e  2) 0 .0 0 -2.05 0 .0 0 7.35 7.45 0 .0 0
O th e r  A re a s -1 .1 9 0 .0 0 -1 .7 0 -2.87 -3.15 1.02
F r a s e r  R iv er R u n  E s tim a te s 0 .0 0 1 .00 0 .0 0 0 .00 0 .0 0 0 .0 0
S p o r t  S a lm o n  C a tc h  in A re a  7

S o u th e rn  O sc ila tio n  In d ex -1 .0 0 -2.10 -1 .60 -1 .90 -1 .40 -1 .3 0
A ctive P a s s  S e a  S u r fa c e  T e m p e ra tu re 0 .0 0 0 .0 0 0 .0 0 0 .0 0 1 .04 0 .0 0
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Table 25. Table of Data Parameters for Annual Plots.

Historical Variable T i m e  S c a l e : M e a n S D U n i t s N
O r c a  P o p u l a t i o n  E c o l o g y ; N u m b e r  o f Ind iv idua l O rc a s  (C tr. W h a le  R e s .) 86.00 7.32 Ind iv idua ls 20

O r c a  H a b i t a t  U s e N o. o f  D a y s  D e te c te d  in Z o n e  1 10 .56 2.43 D ay s 20
S a l m o n  R e q u i r e m e n t s : O rc a  C o m m u n ity  S a lm o n  R e q u ire m e n ts 7 7 9 ,9 4 7 .3 7 71 ,2 9 2 .4 4 s a IJ w h a le /d a y 20

H u m a n  P r e d a t i o n : M e an  N u m b e r  c !  W h a le  W a tc h in g  V e s s e ls  P r e s e n t 1A 55 7 9 3 b q a ts /1 0  m in 8
T o x i c  E x p o s u r e : H u m a n  P o p u la tio n 5 ,5 3 0 ,4 8 7 .0 0 656 ,6 8 4 .1 6 Ind iv id u a ls 20

F o o d  R e s o u r c e  D e p l e t i o n : F r a s e r  R iv e r  R u n  E s t im a te s  (Ind. P ac if ic  S a lm n . C o m m .) 17 ,5 9 8 ,2 9 0 .7 9 10 ,967 ,615 .84 Ind iv idua ls 20
F r a s e r  R iv e r C o m m e rc ia l  C a tc h 12 ,0 0 5 ,2 1 2 .7 9 7 ,4 4 5 ,5 8 2 .0 8 Ind iv id u a ls 19
W a sh ,  S ta te  S a lm o n  S p o r t  C a tc h  (W D FW ) 2 3 7 ,4 9 5 .2 6 103 ,716 .55 Ind iv idua ls 17

S u r f a c e  D i s t u r b a n c e : N u m b e r  o f  d e d ic a te d  W h a le  W a tc h in g  B o a ts 2 3 .0 0 21.47 Ind iv idua ls 20
U n d e r w a t e r  N o i s e : C o m m e rc ia l  F ish in g  O p e n in g s  (W D FW ) 6 1 .4 0 40.64 D ay s 1 0

S h ip p in g  T raffic  (U .S . C o a s t  G u a rd  /  W a sh .  DO E) 1 9 1 ,2 7 3 .0 0 6 3 ,682 .79 T ra n s its 11
N u m b e r  o f  C o m m e rc ia l F ish in g  B o a ts  (W D FW , N M FS) 9 4 .1 0 20.66 Ind iv idua ls 20

Figure 59. Annual Scale Cumulative Matrix Values > I SD
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Table 26. Annual Scale Historical Interaction Matrix.
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Historical Variable T i m e  S c a l e : 197 8 1979 1980 1981 198 2 1 983 1 9 8 4 1 9 8 5

O r c a  P o p u l a t i o n  E c o l o g y : N u m b e r  o l Ind iv idua l O r c a s  (C Ir. W h a le  R e s .) 0.00 0.00 0.00 0.00 0.00 -1.37 -1.50 -1.09
O r c a  H a b i t a t  t J s e N o. o l  D a y s  D e le c te d  in Z o n e  1 -1.66 0.00 -1.01 -1.57 0.00 0.00 -1.41 0.00

S a l m o n  R e q u i r e m e n t s : O rc a  C o m m u n ity  S a lm o n  R e q u ire m e n ts 0.00 0.00 0.00 0.00 0.00 -1,21 -1.47 -1.08
H u m a n  P r e d a t i o n : M e a n  N u m b e r  o f  W h a le  W a tc h in g  V e s s e ls  P r e s e n t n If If It »

T o x i c  E x | 3 o s i i r e : H u m a n  P o p u la tio n -1.41 -1.23 -1.10 0.00 0.00 0.00 0.00 0.00
F o o d  R e s o u r c e  D e p l e t i o n : F r a s e r  R iv er R u n  E s t im a te s  (Intl. P a c ilic  S a lm n . C o m m .) 0.00 0.00 -1.34 0.00 0.00 0.00 -1.06 1.38

F r a s e r  R iv er C o m m e rc ia l C a tc h 0.00 0.00 -1.33 1.08 0.00 0.00 0.00 1.64
W a s h , S ta le  S a lm o n  S p o r t  C a tc h  (W D FW ) 1.52 2 .1 8 0.00 0.00 0.00 1.72 0.00 0.00

S u r f a c e  D i s t u r b a n c e : N u m b e r  o l  d e d ic a te d  W h a le  W a tc h in g  B o a ts 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
U n d e r w a t e r  N o i s e : C o m m e rc ia l F ish in g  O p e n in g s  (W D FW )

S h ip p in g  T raffic  (U .S . C o a s t  G u a rd  /  W a sh .  D O E)

N u m b e r  o l  C o m m e rc ia l F ish in g  B o a ts  (W D FW , N M FS ) 0.00 1.26 0.00 0.00 0.00 1.02 0.00 0.00

1 9 8 6 198 7 1 9 8 8 1989 199 0 1991 1 992 1 993 1 994 1 995 199 6 1 9 9 7
N u m b e r  o f  in d iv id u a l O rc a s  (CIr. W h a le  R e s .) 0.00 0.00 o.oc O.OC O.OC O.OC O.OC 1.5C 1.37 1.76 1.23 0.00
N o. o t  D a y s  D e le c te d  in Z o n e  1 0.00 0.00 1.92 o.oc o.oc o.oc o.oc O.OC O.OC O.OC 0.00 1.71
O rc a  C o m m u n ity  S a lm o n  R e q u ire m e n ts 0.00 0.00 O.OC O.OC o.oc O.OC O.OC 1.46 1.36 1.73 1.48 0.00
M e an  N u m b e r  o l  W h a le  W a tc h in g  V e s s e ls  P r e s e n t # # # -1.26 o.oc o.oc O.OC O.OC O.OC 1.47 1.44
H u m a n  P o p u la tio n 0.00 0.00 O.OC o.oc O.OC O.OC o.oc O.OC 1.16 1.37 1.51 2 .0 0
F r a s e r  R iv e r R u n  E s t im a te s  (Intl. P a c il ic  S a lm n . C o m m .) 0.00 0.00 -1.26 1.1S O.OC 1.03 -1.02 2.20 O.OC O.OC -1.21
F r a s e r  R h /e r  C o m m e rc ia l C a tc h 0.00 0.00 -1.3C 1.7C O.OC o.oc o.oc 1.31 O.OC O.OC -1.33
W a sh , S l a te  S a lm o n  S p o r t  C a tc ii  (W O FW ) 0.00 0.00 O.OC o.oc O.OC o.oc o.oc O.OC -1.48 -1.19 -2 .2 9
N u m b e r  o l  d e d ic a te d  W h a le  W a tc h in g  B o a ts 0.00 0.00 O.OC o.oc 0.00 o.oc o.oc O.OC O.OC 1.12 1.44 2 .8 9
C o m m e rc ia l  F ish in g  O p e n in g s  (W D FW ) 0.00 1.39 o.oc 1.05 1.32 0.00 O.OC -1.02 -1.12 -1.22
S h ip p in g  T ra liic  (U .S . C o a s t  G u a rd  /  W a sh .  D O E )

N u m b e r  o l  C o m m e rc ia l  F ish in g  B o a ts  (W D FW , N M FS ) 0.00 1.26 0.00 0.00 0.00 0.00 0.00 0.00 -1.16 0.00 -1.65 -2 .3 7
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Table 27. Table of Data Parameters for Decal Plots.

H istorical V ariable T i m e  S c a l e : Mean SD Units N
O r c a  P o p u l a t i o n  E c o l o g y ; P o p . G fow tti 229.9 92.35 In d iv id u a ls 20

S a l m o n  R e q u i r e m e n t s : O rc a  F o o d  R e q u ire m e n ts 1454981.25 488815.6023 In d iv id u a ls 20
H u m a n  P r e d a t i o n : S h o o tin g s 14.52 23.87858763 E v e n ts 20

C a p tu re s 0.45 1.394538218 E v e n ts 20
T o x i c  E x p o s u r e : DDT 1.7 1.720465053 ug/mg 15

P C B s 8.4 10.17560107 ug/mg 15
M ercu ry  (Hg) 194.3333333 109.8516315 ug/mg 15
H u m a n  P o p u la tio n 1710963.077 1865486.068 In d iv id u a ls 15

F o o d  R e s o u r c e  D e p l e t i o n : F r a s e r  R iv er R u n  E s tim a te s 24988648.34 16628049.21 In d iv id u a ls 20
F r a s e r  R iv er C a tc h 3232409.95 4172179.636 In d iv id u a ls 16
S u b s u s ta n c e  C a tc h 1076250 943087.5158 In d iv id u a ls 20

S u r f a c e  D i s t u r b a n c e : N u m b e r  o f d e d ic a te d  W h a le  W a tc h in g  B o a ts 3.726666667 11.43206435 Ind iv id u a ls 15
M e a n  N u m b e r  o f W h a le  W a tc h in g  B o a ts 1.1025 3.446144871 In d iv id u a ls 20

U n d e r w a t e r  N o i s e : S h ip p in g  T raffic 78329.11609 78641.49945 T ra n s its 15
N u m b e r  o f C o m m e r ç a i  F ish in g  B o a ts 1296.8 1216.762402 In d iv id u a ls 15

Figure 60. Decal Scale Cumulative Matrix Values > 1 SD
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Table 28. Decal Scale Historical Interaction Matrix.

Historical Variable Tim e S ca le : 1800 1810 1820 1830 1840 1850 1860 1870 1880 1890

O rca  P o p u la tio n  E co logy : Pop. Size 0.00 1.16 1.45 1.16 0.00 0.00 0.00 0.00 0.00 0.00

S alm o n  R e q u ire m en ts : Orca Forxl Requlremcnis 0.00 1.16 1.45 1.16 0.00 0.00 0.00 0.00 0.00 0.00

H um an P red a tio n : Shootlnos 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Captures 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

T oxic E x p o su re : DDT 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

PCBs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mercury (Hg) 0.00 0.00 0.00 0.00 0.00 -1.31 -1.27 -1.40 -1.22 0.00

Human I’oputatlon -2.00 -2.00 -2.00 -2.00 -1.50 -1.00 0.00 0.00 0.00 0.00

F o o d  R e so u rc e  D epletion : Fraser River Run Estimates 1.93 1.38 1.10 1.21 1.38 0.00 0.00 0.00 0.00 0.00

Fraser River Catch -1.96 -1.96 -1.96 -1.96 -1.91 -1.91 -1.88 -1.83 -1.47 0.00

Subsistance Catch 2.23 2.02 1.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S u rfa ce  D is tu rb an ce : Number ol dedicated Whale Watching Boats 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mean Number ol Whale Watching Boals 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

U nd erw ate r N oise: Shipping Traliic 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Number ol Commercial Fishing Boats 0.00 0.00 0.00 0.00 0.00 ■1.06 0.00 0.00 0.00 0.00

Tim e S ca le : 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
Pop. Size 0.00 0.00 0.00 0.00 ■1.15 -1.27 ■1.31 -1.45 -1.41 -1.27

Orca Food Requirements 0.00 0.00 0.00 0.00 -1.15 -1.27 -1.31 -1.45 -1.41 -1.27
Shootings 0.00 0.00 0.00 0.00 3.66 1.20 1.20 0.00 0.00 0.00

Captures 0.00 0.00 0.00 0.00 0.00 0.00 2.55 3.27 0.00 0.00

DDT 0.00 0.00 0.00 0.00 0.00 1.45 1.57 0.00 0.00 0.00

PCBs 0.00 0.00 0.00 0.00 0.00 0.00 2.52 1.53 0.00 0.00

Mercury (Hg) 0.00 0.00 0.00 0.00 0.00 1.33 1.14 0.00 0.00 0.00
Human Population 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.09 1.67 2.22
Fraser Rhmr Run Estimates 0.00 0.00 -1.16 -1.16 -1.05 0.00 -1.00 0.00 0.00 0.00

Fraser RIvtir Catch 0.00 -1.71 -1.67 -1.47 -1.55 0.00 0.00 0.00 1.06 1.24

Subsistance Catcli 0.00 0.00 -1.01 -1.01 -1.01 -1.01 -1.01 0.00 0.00 0.00

Number ol dedicated Whate Watching Boats 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.14
Mean Number ol Whale Watching Boats 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.42 3.90
Shipping Traliic 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 1.71 1.70

Number ol Commercial Fishing Boals 2.14 1.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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