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Killer whales (Orcinus orca) are large predators

that occupy the top trophic position in the

world’s oceans and as such may have important

roles in marine ecosystem dynamics. Although

the possible top-down effects ofkiller whale pre-
dation on populations oftheir prey have received

much recent attention, little is known ofhow the

abundance of these predators may be limited by

bottom-up processes. Here we show, using 25

years of demographic data from two populations

of fish-eating killer whales in the northeastern

Pacific Ocean, that population trends are driven

largely by changes in survival, and that survival

rates are strongly correlated with the availability

of their principal prey species, Chinook salmon

(Oncorhynchus tshawytscha). Our results

suggest that, although these killer whales may

consume a variety of fish species, they are

highly specialized and dependent on this single

salmonid species to an extent that it is a limiting

factor in their population dynamics. Other ecolo-
gically specialized killer whale populations may

be similarly constrained to a narrow range of

prey species by culturally inherited foraging

strategies, and thus are limited in their ability

to adapt rapidly to changing prey availability.
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1 . INTRODUCTION

The killer whale (Orcinus orca) is the oceans’ apex non-

human predator. As a species, it feeds on a diverse

array of prey types, including many species of marine

fishes, invertebrates, mammals, turtles and birds


(Ford 2009). However, different populations of killer


whales can have remarkably specialized foraging beha-

viours and diets, and these populations may coexist


sympatrically. The coastal waters of the northeastern


Pacific Ocean are home to three genetically distinct

and socially isolated forms of killer whales, known as


residents, transients and offshores (Ford et al. 2000).

Resident killer whales feed on fishes, particularly


salmon, but do not prey on marine mammals, while


transient killer whales prey on marine mammals but


do not feed on fishes (Ford et al. 1998). The poorly


known offshore killer whales appear to be fish feeders,


though stable isotope and fatty acid profiles from tissue

samples suggest a diet distinct from that of residents


(Herman et al. 2005). Similarly specialized mammal-
and fish-feeding ecotypes of killer whales have been


reported in Antarctic waters (LeDuc et al. 2008).


Such ecological specialization has important impli-

cations for population regulation of these top


predators through bottom-up processes, particularly

if they have limited ability to switch to alternative


prey types. In this study, we examined potential


resource limitation in two populations of resident

killer whales in relation to the fluctuating availability


of their principal prey species over a 25-year period.


Resident killer whales that frequent coastal waters of

British Columbia, Canada and Washington State,


USA, have been the focus of annual field studies


since the early 1970s, based on photo-identification


of individuals from natural markings (Bigg et al.

1990; Ford et al. 2000). These whales live in stable

societies comprised of matrilineal groups from which


individuals rarely, if ever, disperse. Population demo-
graphics, including births and mortalities, can thus


be assessed accurately each year. Distinct northern


and southern populations of resident killer whales


(219 and 84 whales, respectively in 2005) are found


in the region. Despite overlapping ranges, the two


populations do not mix. Resident killer whales are

primarily salmonid predators that show strong selectiv-
ity for Chinook salmon (Oncorhynchus tshawytscha),

probably because of this species’ comparatively large


size, high lipid content, and year-round availability in


the whales’ coastal habitat (Ford & Ellis 2006).


Migrating chum salmon (Oncorhynchus keta), the


second largest of the Pacific salmonids, are important

prey during autumn although Chinook are targeted pre-

ferentially when available. The smaller but seasonally

abundant sockeye (Oncorhynchus nerka) and pink


salmon (Oncorhynchus gorbuscha), and some demersal


fishes such as lingcod (Ophiodon elongatus) and Pacific


halibut (Hippoglossus stenolepis), are consumed by

resident killer whales but there is no evidence that


these species comprise an important component of


their diet.


When first censused in 1974, both resident killer

whale populations were probably below carrying


capacity (Olesiuk et al. 1990). From 1974 to the


mid-1990s, the northern and southern populations

grew by approximately 32 per cent and 74 per cent,


respectively. Although there were some years ofdecline


during this time, both populations showed extended

periods of increase at nearly 2.6 per cent per year,


the maximum intrinsic growth rate for this long-lived


species (Olesiuk et al. 2005). However, abruptly in

the mid-1990s, both populations entered a period of


prolonged decline, with the southern population drop-

ping 17 per cent and the northern population eight per


cent by 2001. This decline ended in 2001, and by 2004


the southern and northern populations had increased

by six per cent and nine per cent, respectively. In this


study, we evaluated the hypothesis that the decline

and subsequent increase of both resident killer whale


populations was related to the abundance of their


primary salmonid prey.
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2. MATERIAL AND METHODS

The population dynamics of resident killer whales were assessed

from demographic data collected during annual field censuses in

1973–2005 using individual photo-identification (see Bigg et al.

(1990) or Ford et al. (2000) for details). Temporal changes in survi-
val and reproductive rates were examined by calculating an index

derived from the ratio of the number of deaths and births actually

observed to the number expected from a population model. The

expected number of births and deaths each year was estimated by

applying the sex- and age-specific mortality and fecundity schedules

derived for a period of unrestrained growth during 1973–1996

(Olesiuk et al. 1990, 2005) to the observed sex- and age-structure

of the population in each year. These indices explicitly take into

account the demographic structure of the population and facilitate

comparison among populations or population segments that differ

in sex and age composition.


Annual indices of Chinook and chum salmon abundance were

derived from Pacific Salmon Commission (2005a,b) estimates for

coastal regions between Southeastern Alaska and Oregon, which

cover most of the known range of the two resident killer whale popu-
lations. Indices were calculated by dividing the total abundance for

each salmonid species in each year by its average abundance over

the 1979–2004 period. Standard least-squares regression analysis

was used to assess the strength and statistical significance of corre-
lations between whale mortality and birth indices, and salmon

abundance indices.


3. RESULTS

Annual mortality indices of the northern and southern


resident populations were significantly correlated

(F1,26 ¼ 5.3, r2 ¼ 0.345, p , 0.001). Both populations


experienced a period of unusually high mortalities in


the late 1990s (figure 1a,b), which were distributed

widely among different social groupings and age/sex


classes (see the electronic supplementary material).


Birth rates in the two populations varied over a nar-

rower range than did mortality rates. The southern


residents experienced lower than expected birth rates


during the two periods of high mortality, but this was

not as apparent in the northern residents and there


was no significant correlation between annual birth

rate indices in the two populations (F1,29 ¼ 0.52,


r2 ¼ 0.18, p ¼ 0.48). Increased mortality was clearly


the principal factor driving the synchronous declines


in both populations.


Range-wide abundance of Chinook salmon was at

or above the time-series average until the mid 1990s,


when abundance fell and remained well below average

before recovering sharply in 2002–2003 (figure 1c).

Causes of this sudden reduction in abundance are


not clear, but probably involved poor ocean survival


of juvenile Chinook salmon during several years of


strong El Niño-like conditions in the early 1990s

(Pacific Fisheries Resource Conservation Council


2001). This period of reduced Chinook abundance


coincided distinctly with the period of unusually high

mortalities in both resident killer whale populations.


Mortality indices were most strongly correlated with


changes in Chinook abundance after a lag of 1 year

(figure 2a; F1,22 ¼ 76.7, r 2
¼ 0.777, p , 0.001; see
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Figure 1. Annual indices of mortality of (a) northern and


(b) southern resident killer whales and (c) abundance of


Chinook salmon, 1979–2003. Deviations from an annual


index value of 1 (a,b) indicate higher or lower than expected


mortality rates. Annual abundance indices for Chinook


salmon (c) reflect departures from the average abundance


over the entire time series.


(b) 

(a) 

Chinook salmon abundance index


k
il
le

r 
w

ha
le

 b
ir
th

 i
n
de

x
ki

ll
er

 w
h
al

e 
m

or
ta

li
ty

 i
nd

ex

3.5


3.0


2.5


2.0


1.5


1.0


0.5


0


1.6


1.4


1.2


1.0


0.8


0.6


0.4


0.2


0


0.50 0.75 1.00 1.25 1.50


Figure 2. (a) Mortality and (b) birth indices ofnorthern and


southern resident killer whales combined, as a function of


coast-wide abundance indices for Chinook salmon over the


period 1979–2003. Index values are expressed as 3-year


running means and are lagged by 1 year after Chinook


salmon abundance. (a) y ¼ 22.6504x þ 4.0066; r2 ¼


0.77707. (b) y ¼ 0.3385x þ 0.6012; r2 ¼ 0.2273.
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the electronic supplementary material). Birth rate indi- 
ces, also lagged by 1 year, showed a weaker but 

significant positive correlation with range-wide Chi- 

nook abundance indices (figure 2b; F1,23 ¼ 6.77, r 2 ¼


0.227, p , 0.05). Chum salmon abundance did not


undergo a major coast-wide decline during the late


1990s, and no significant correlation was found with

either killer whale mortality (F1,30 ¼ 0.61, r 2 ¼


0.020, p ¼ 0.44) or birth rate indices (F1,30 ¼ 1.92, 

r 2 ¼ 0.060, p ¼ 0.18). 

4. DISCUSSION 
The striking correspondence between changes in 

Chinook salmon abundance and mortality ofnorthern 

and southern resident killer whales suggests that prey 
limitation was an important factor in recent population 
declines. As killer whales are apex predators, predation 

can be disregarded as a potential source of mortality, 

and anthropogenic threats to these populations that 

have been identified to date (Fisheries & Oceans


Canada 2008) cannot explain the sudden and wide-

spread increase in mortality rates that occurred

concurrently in the two populations during the late 

1990s. We hypothesize that these killer whale popu- 
lations are dependent on Chinook salmon as their 

primary year-round food resource, and that alternative 

prey resources were insufficient to avert nutritional 

stress during years when availability of Chinook sud- 

denly and sharply declined. This stress, potentially 
acting synergistically with immunosuppressive effects 

of the high levels of polychlorinated biphenyls and


related pollutants found in these whales (Ross et al.

2000), resulted in increased susceptibility to disease 

and higher mortality rates. 

Dependence on a single prey species in resident 
killer whales implies a high degree of foraging special- 

ization, which is consistent with the propensity for 

specialized hunting techniques and diets observed in 

other killer whale populations (Baird 2000; Ford & 

Ellis in press). These specializations appear to rep- 
resent fixed behavioural traditions that are passed


across generations by mimicry and learning. Foraging

traditions of killer whales, along with other cultural


traits such as group-specific vocalizations, are probably 

important social isolating mechanisms that lead ulti- 

mately to the evolution of genetically and ecologically 

distinct populations that often coexist in sympatry 

(Hoelzel et al. 2007). Foraging specializations have 
enabled this versatile predator to exploit a diversity of 
marine environments and prey types, at the cost of 

dietary flexibility at the population level. Specialized 

hunting techniques enhance the efficiency and profit-

ability of predation on particular prey types, but may


also behaviourally constrain a predator’s ability to suc- 

cessfully switch to alternative prey should the primary 
prey species become unavailable. Thus, although the 

killer whale occupies the top trophic position in the 
oceans, populations may be limited by a far narrower 

range ofprey resources than the species is theoretically 

capable of consuming. 

This field research was conducted under permits issued by 
federal authorities in Canadian and US jurisdictions. 

Our long-term field studies have been supported by Fisheries

and Oceans Canada, the Vancouver Aquarium, the BC Wild

Killer Whale Adoption Program and the Earthwatch

Institute. Helpful comments were provided by J. Durban,

J. Watson, and an anonymous referee.
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