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RESIDENT SOCIAL STRUCTURE: <$0$)#+=-&+4&1>?&@),%"#"0$
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2. MATERIAL AND METHODS
The population dynamics of resident killer whales were assessed
from demographic data collected during annual Þeld censuses in
1973Ð2005 using individual photo-identiÞcation (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-speciÞc mortality and fecundity schedules
derived for a period of unrestrained growth during 1973Ð1996
(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 PaciÞc 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 1979Ð2004 period. Standard least-squares regression analysis
was used to assess the strength and statistical signiÞcance 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 signiÞcantly correlated
(F1,26 ! 5.3, r2 ! 0.345, p , 0.001). Both populations
experienced a period of unusually high mortalities in
the late 1990s (Þgure 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 signiÞcant correlation between annual birth
rate indices in the two populations (F1,29 ! 0.52,
r2 ! 0.18, p ! 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 2002Ð2003 (Þgure 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 Nin÷o-like conditions in the early 1990s
(PaciÞc 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
(Þgure 2a; F1,22 ! 76.7, r2 ! 0.777, p , 0.001; see
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the late 1990s (Þgure 1a,b), which were distributed
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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 signiÞcant correlation between annual birth
rate indices in the two populations (F1,29 ! 0.52,
r2 ! 0.18, p ! 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 2002Ð2003 (Þgure 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 Nin÷o-like conditions in the early 1990s
(PaciÞc 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
(Þgure 2a; F1,22 ! 76.7, r2 ! 0.777, p , 0.001; see

0

1

2

3

0

1

2

3

0.5

1.0

1.5

1980 1985 1990 1995 2000
year

m
or

ta
lit

y 
in

de
x

m
or

ta
lit

y 
in

de
x

ab
un

da
nc

e 
in

de
x

(a)

(b)

(c)

Figure 1. Annual indices of mortality of ( a) northern and
(b) southern resident killer whales and (c) abundance of
Chinook salmon, 1979Ð2003. 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) reßect departures from the average abundance
over the entire time series.

(b)

(a)

Chinook salmon abundance index

ki
lle

r 
w

ha
le

 b
irt

h 
in

de
x

ki
lle

r 
w

ha
le

 m
or

ta
lit

y 
in

de
x

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 of northern and
southern resident killer whales combined, as a function of
coast-wide abundance indices for Chinook salmon over the
period 1979Ð2003. Index values are expressed as 3-year
running means and are lagged by 1 year after Chinook
salmon abundance. (a) y ! 2 2.6504x ! 4.0066; r2 !
0.77707. (b) y ! 0.3385x ! 0.6012; r2 ! 0.2273.

140 J. K. B. Ford et al. Killer whale survival and prey abundance

Biol. Lett. (2010)

 on March 18, 2011rsbl.royalsocietypublishing.orgDownloaded from 
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The population dynamics of resident killer whales were assessed
from demographic data collected during annual Þeld censuses in
1973Ð2005 using individual photo-identiÞcation (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-speciÞc mortality and fecundity schedules
derived for a period of unrestrained growth during 1973Ð1996
(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 PaciÞc 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 1979Ð2004 period. Standard least-squares regression analysis
was used to assess the strength and statistical signiÞcance 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 signiÞcantly correlated
(F1,26 ! 5.3, r2 ! 0.345, p , 0.001). Both populations
experienced a period of unusually high mortalities in
the late 1990s (Þgure 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 signiÞcant correlation between annual birth
rate indices in the two populations (F1,29 ! 0.52,
r2 ! 0.18, p ! 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 2002Ð2003 (Þgure 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 Nin÷o-like conditions in the early 1990s
(PaciÞc 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
(Þgure 2a; F1,22 ! 76.7, r2 ! 0.777, p , 0.001; see
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Behavioral Ecology

with male foraging (Holt et al. 2021b). These di! erences in distur-
bance have been implicated in the divergent population growth 
trajectories (Murray et al. 2021). Consequently, the decomposition 
of  robust social structure within the SRKW (Williams and Lusseau 
2006; Busson et al. 2019), potentially mediated by greater distur-
bance, could have shifted the costÐbeneÞt tradeo! s underlying 
foraging strategies.

We demonstrate an e! ect of  calf  presence on prey capture across 
both populations. Adult females with a calf  captured prey less than 
those without, and the e! ect of  calf  presence on foraging was more 
pronounced in SRKW. None of  the SRKW mothers with calves 
engaged in any prey capture attempts at depth during the study 

period, whereas all NRKW mothers with calves continued to make 
prey capture dives, albeit fewer than the NRKW females without 
calves. Foragers must routinely balance the competing strategies 
of  either conserving energy stores to minimize the likelihood of  
starvation (robust satisÞcing) or maximizing energy obtained from 
foraging (optimizing) (Carmel and Ben-Haim 2005). For SRKW 
experiencing scarce and patchy resources and uncertainty in prey 
capture due to the depletion of  many PaciÞc salmon stocks (Brown 
et al. 2019; Hanson et al. 2021), robust satisÞcing by mothers with 
calves (conserving energy by conducting prey capture dives less fre-
quently and potentially receiving prey from other individuals more 
often) may be favored (Carmel and Ben-Haim 2005). Additional 
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Figure 3
Demography a! ected the number of  prey capture dives. (a, b) In both killer whale populations, the presence of  a calf  reduced the number of  prey captured 
by adult females, and the e! ect was greatest for SRKW (NRKW no calf: n = 2; NRKW w/calf: n = 4; SRKW no calf: n = 5; SRKW w/calf: n = 4). (c, 
d) For NRKW, adult males with a living mother captured fewer prey, whereas for SRKW males, those with a living mother captured more prey (NRKW 
dead mother: n = 5; NRKW alive mother: n = 10; SRKW dead mother: n = 3; SRKW alive mother: n = 4). Boxplots (a, c) display median (horizontal line), 
interquartile range (boxes), and observations within 1.5 times the interquartile range (whiskers). Dive plots (b, d) depict all dives (white = prey capture, black = 
other) from representative deployments on tagged whales (gray shading = absence [of  calf  or living mother], gold shading = presence).
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