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1.  INTRODUCTION


Killer whales Orcinus orca are apex predators that


inhabit all of the Earth’s oceans, yet little is known


about factors affecting their birth rates, mortality


rates, and population trends. In the eastern North Pa-

cific, the southern resident killer whale (SRKW) popu-

lation declined from 98 whales in 1995 to only 76


whales in late 2017 (CWR 2018) and is currently pro-

tected as an endangered species in USA and Canada.


In 2018, Washington State and Canada took additional


steps to decrease disturbance and increase Chinook


salmon abundance for SRKWs, which continue to


show signs of starvation, stress, and decline (DFO


2018, SROTF 2018). Factors thought to be influencing


the decline include low abundances of its principal


prey, Chinook salmon Oncorhynchus tshawytscha


(Ward et al. 2009, Ford et al. 2010, 2016), bioaccumu-

lation of toxins (Desforges et al. 2018, Lundin et al.


2018), and vessel traffic and noise that disrupt for -

aging (Lacy et al. 2017).


The objectives of this investigation were to (1)


 document the unprecedented, synchronized biennial


pattern of birth and mortality in SRKWs, (2) evaluate
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the extent to which this pattern has contributed to its


population decline, and (3) briefly discuss potential


factors driving the biennial birth and mortality pat-

tern. We recognize the need for additional analyses


and rationale to explain this pattern, but we wish to


facilitate rapid communication of these unique find-

ings because a greater understanding of SRKW


demography enhances the likelihood for advancing


their recovery.


2.  MATERIALS AND METHODS


Annual best estimates of SRKW population abun-

dance and demographic parameters (births and


deaths) collected in the Salish Sea (Fig. 1) since 1976


were obtained from the Center for Whale Research,


Friday Harbor, Washington (CWR) (CWR 2018),


which used photo-identification to accurately enu-

merate the whale population on July 1 of each year


(Bigg et al. 1990, Ward et al. 2009). Prior to this 42 yr


period, the aquaria trade removed at least 48 SRKWs


during a 15 yr period, and this loss contributed to the


low population size (71 whales) at the beginning of


our study period (1976) (NMFS 2008). The CWR


received federal permits to collect the non-intrusive


observational data.


Mortality of individual whales was documented by


the CWR after a photo-identified whale was deter-

mined to be consistently missing from its pod (the J,


K, or L pod that comprise the population) or the over-

all population for a period of time in the Salish Sea.


Since SRKWs are highly social, individual whales do


not leave the pod for extended periods, nor do


whales from other populations join SRKW pods.


Some age-0 whales may have died before identifica-

tion, especially among those born during winter, so


mortality of these young whales was likely underes-

timated (Olesiuk et al. 1990); however, this would not


bias the biennial pattern of mortality. Annual whale


birth and death  statistics were based on a calendar


year. Newborn whales that died within the same cal-

endar year were included in the mortality statistics.


Total births were examined, but neonate mortalities


were not included in the statistics for successful


births because lower nutritional status of SRKWs has


been linked to higher rates of miscarriages and mor-

talities of newborns (Wasser et al. 2017). Annual per-

cent mortality calculations included all SRKW births


and mortalities. Annual net whale population change


was calculated from the difference in births and


deaths.


Graphical plots and ANOVA were used to evaluate


the presence of a biennial odd/even year signal in


SRKW demographics. Visual examination of the pat-

tern of SRKW mortality anomalies since 1976 sug-

gested that the biennial pattern began in 1998 (see


Fig. 2B), which corresponded with the period of pop-

ulation decline following peak abundance in 1995. A


preliminary 2-factor ANOVA (time period; odd/even


year) confirmed strong interaction between the 2 fac-

tors across the entire time period. Therefore, sepa-

rate Model 1 ANOVAs were performed on data cor-

responding with the period of population growth and


high abundance (1976−1997) and the period of pop -

ulation decline (1998−2017) to evaluate the main


 factor effect (odd/even year), especially during the


period of population decline (Zar 1996). ANOVA is


robust to assumptions of normality and homogeneity


of variance when samples sizes are nearly equal:


Shapiro-Wilks and Levene’s tests indicated the data


did not violate these assumptions. Error terms associ-

ated with mean values are standard errors (SE)


unless noted otherwise.


3.  RESULTS


During the recent period of decline (1998−2017),


whale deaths averaged 3.6 times higher in even years


(6.1 ± 0.8 whales yr−1) than odd years (1.7 ± 0.5 whales


yr−1) (F1,18 = 23.2; p < 0.001) (Fig. 2A). Likewise, the


percentage of the whale population dying each year


was higher in even years (7.2 ± 0.1%) than odd years


(2.0 ± 0.6%) (F1,18 = 24.3; p < 0.001) (Fig. 2B). New-
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Fig. 1. Central Salish Sea, where southern resident killer

whales feed on returning Chinook salmon while interacting

with pink salmon from late July through early September.

The primary feeding area is Haro Strait and Boundary Pass,

immediately west and north of San Juan Island (red dot),


Washington (Hauser et al. 2007)
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born and age-1 whales also tended to die more fre-

quently in even years (13 and 4 whales, respectively)


than in odd years (5 and 0 whales). The biennial mor-

tality pattern was consistent between sexes (81% of


males and 69% of females died during even years)


and among the 3 pods (J—3.2×, K—2.4×, and L—


3.1× greater percent mortality in even years).


During the period of population increase and high


abundance (1976−1997), annual whale mortality


(2.9 ± 0.4% yr−1) was 37% lower than in the period of


decline 1998−2017 (4.6 ± 0.8% yr−1) (F1, 40 = 3.76;


p = 0.060), and a biennial pattern was not apparent


(Fig. 2A,B). Overall higher mortality during the


recent period of decline is entirely related to high


mortality during even years, as whale


mortality was actually lower in recent


odd years, i.e. whale percent mortality


averaged 3.1 times higher in recent


versus earlier even years, whereas it


averaged 43% lower during recent odd


years than earlier odd years.


Birth rate of SRKWs was slightly, but


not significantly, lower during the re -

cent period of population decline (2.4 ±


0.4 births yr−1) than in the earlier period


of population growth (3.0 ± 0.5 births


yr−1) (F1, 40 = 0.8; p = 0.39). However,


during the recent decline period, suc-

cessful births were 50% less frequent in


even years (1.6 ± 0.4 births yr−1) than in


odd years (3.2 ± 0.7 births yr−1; Fig. 2C)


(F1,18 = 3.97; p = 0.061). In comparison,


in the growth period, fewer success ful


births tended to occur (22% fewer) in


even years versus odd years. During


even years, birth rates tended to be


lower in the decline period (39% lower)


than in the growth period; in contrast,


they were nearly identical in odd years


(5% decline between intervals).


As the population decreased during


the decline period (1998−2017), net an -

nual change in the SRKW population


(births minus deaths) declined by 3.0 ±


0.9 whales yr−1 in even years and in -

creased by 1.9 ± 1.0 whales yr−1 in odd


years (F1,18 = 13.6; p = 0.002). In con-

trast, during the earlier growth period


(1976−1997), net annual change was


positive and similar during both even


(0.9 ± 0.8 whales yr−1) and odd years


(0.6 ± 1.2 whales yr−1).


4.  DISCUSSION


The odd- versus even-year biennial cycle of ele-

vated mortality and reduced reproduction in SRKWs


during the past 20 yr of population decline was previ-

ously unrecognized. We suspect that the biennial


pattern of mortality and birth is indirectly linked to


the extreme biennial pattern in abundance of adult


pink salmon Oncorhynchus gorbuscha in the Salish


Sea—annual returns since 1976 have averaged


approximately 17.8 ± 1.8 million fish in odd years but


only 0.4 ± 0.1 million fish in even years (Ruggerone &


Irvine 2018). This is the only biennial pattern in the


293


–4


–2


0


2


4


6


8

Odd years Even years
B) 

70 

80 

90 

100


110


120


14


12


10


8


6


4


2


0


N
u
m

b
e
r  
o
f  
w

h
a
le

s

A)


N
u
m

b
e
r  
o
f  
d
e
a
th

s
D

e
vi

a
ti
o
n
 f
ro

m
 m

e
a
n

a
n
n
u
a
l p

er
c
e
n
t 
m

o
rt
a
lit

y 
(%

)

1975 1980 1985 1990 1995 2000 2005 2010 2015

–4


–2


0


2


4


6

C)


D
e
vi

a
ti
o
n
 f
ro

m
 m

e
a
n

a
n
n
u
a
l b

ir
th

s 
(%

)

Fig. 2. Southern resident killer whale (A) deaths per year (solid bars) and

whale population size (hatched bars) since 1976, (B) annual percent whale

mortality in relation to mean mortality during the entire time period (mean ±

SE, 3.7 ± 0.4%), and (C) annual births in relation to mean births during the

entire time period (2.7 ± 0.3). Black arrow: beginning of the reduction in fish-
ery harvest of pink salmon in the Salish Sea; also corresponds to the 1997/98

El Niño event, a regime shift in the Pacific Decadal Oscillation, and to


changes in the foraging distribution of the whales
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physical or biological environment of the northeast-

ern Pacific Ocean of which we are aware that could


potentially drive the demographic pattern observed


in SRKWs. Pink salmon have been shown to be very


influential in ecosystems elsewhere in the North


Pacific, where they initiate pelagic trophic cascades


and impact the growth and productivity of various


other consumers, including several other species of


salmon, other fishes, and seabirds in odd years of


high abundance (Ruggerone & Nielsen 2004, Springer


& van Vliet 2014, Ruggerone & Connors 2015, Shaul


& Geiger 2016, Batten et al. 2018, Springer et al.


2018). In the Salish Sea, pink salmon have had a sig-

nificant biennial effect on the survival of juvenile


Chinook salmon, but age diversity among returning


Chinook salmon inhibits a biennial pattern in adult


Chinook salmon abundance (Ruggerone & Goetz


2004). We believe the linkage to pink salmon is nec-

essarily indirect since the SRKWs rarely consume


pink salmon (Ford et al. 2016) despite encountering


high densities of these fish from late July through


early September in odd years while foraging on


 summer and fall Chinook salmon in the Salish Sea.


One hypothesis that would explain the observed


biennial pattern in the SRKW population is that


highly abundant odd-year pink salmon interfere with


the ability of whales to feed on co-migrating summer


and early fall Chinook salmon in the Salish Sea dur-

ing a 2 mo period when the SRKWs are highly


dependent on the already depleted Chinook sal -

mon (Chasco et al. 2017). Pink salmon are currently


~50 times more abundant than the co-migrating


 Chinook salmon in this area. Reduced foraging effi-

ciency of the whales would lower their nutritional


status, which would be expressed in the following


even year because these large mammals have a


strong physiological buffering capacity (Ford et al.


2010). Furthermore, the finding that lower nutritional


status of SRKWs is linked to higher rates of miscar-

riages and mortalities of newborns (Wasser et al.


2017) supports our observation of higher newborn


mortality in even years.


An alternative hypothesis is that pink salmon


enhance the ability of whales to feed, resulting in


lower mortality in odd years of high pink salmon


abundance. According to this hypothesis, higher


mortality of SRKWs in even years, when few pink


salmon are present, is the current norm, generally


tracking the abundance of Chinook salmon through-

out the SRKW’s range. High even-year mortality is


the driver of declining numbers of SRKWs, which


might be even greater were it not for the hypothe-

sized positive effect of odd-year pink salmon since


1998. As noted earlier, mortality of SRKWs in odd


years since 1998 has been 43% lower than in odd


years during 1976−1997. However, at present we do


not have a mechanistic explanation for how pink


salmon would enhance SRKW foraging on Chinook


salmon.


The emergence of the biennial demographic pat-

tern coincided with a large decline in commercial


harvests of pink salmon in the Salish Sea after 1998


(PSC 2016), which allowed the fish to migrate free


from the commercial fishery disturbance that likely


disrupted their natural schooling behavior. Approxi-

mately 135% more odd-year pink salmon have es -

caped the fishery since 1998 and potentially interact


with the SRKWs that forage along the west side of


San Juan Island and into Boundary Pass, where both


pink and Chinook salmon migrate (Fig. 1).


The biennial pattern also coincided with shifts in


the foraging distribution of SRKWs. Since 2001,


whales have spent fewer days per month in the core


foraging area in the Salish Sea between April and


September, apparently in response to lower avail-

ability of Chinook salmon (Shields et al. 2018, CWR


2018). This lower daily presence has occurred even


though overall salmon harvests and fishing effort,


which overlap core foraging areas in the Salish Sea,


declined significantly in the mid-1990s and there-

after (PSC 2017). Since 1998, SRKWs have been


observed more frequently in the Salish Sea during


fall and winter (NMFS 2008, Ford et al. 2017), poten-

tially reflecting the 46% increase in the abundance


of chum salmon Oncorhynchus keta in Puget Sound


(Ruggerone & Irvine 2018) as well as increased ob -

servation effort. A biennial pattern of presence of the


L pod in the Salish Sea in December of recent years


(Ford et al. 2017) may have developed in response to


the generally lower odd-year abundances of late-re -

turning Puget Sound chum salmon, which were also


inversely correlated with pink salmon (Ruggerone &


Nielsen 2004) and which might further lower the


nutritional status of the SRKWs in odd years.


The beginning of the biennial pattern also coin-

cided with the strong 1997/98 El Niño and a regime


shift in the Pacific Decadal Oscillation (PDO; Over-

land et al. 2008), which has had a large effect on


Pacific salmon and other marine species (Peterson &


Schwing 2003). However, despite compelling evi-

dence that climate variability, at various scales, is


correlated with variability in salmon production and


abundance dynamics (Mueter et al. 2002, Mantua &


Hare 2002, Mantua 2015), we cannot envision how


climate would initiate and maintain such an extreme,


synchronized biennial signal in SRKWs.
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Likewise, we cannot envision how vessel noise


and disturbance or toxic contaminants could drive


the SRKW biennial pattern. Biennial fluctuations in


abundance of their primary prey, Chinook salmon,


might drive the SRKW biennial pattern, but as noted


above, such a pattern among juvenile Chinook


salmon would be masked by the age diversity of


returning adult salmon.


Unlike the majority of mysticete cetaceans, which


are capital breeders that can produce calves every


year, most odontocete cetaceans, including killer


whales, are income breeders that skip at least 1 to 2 yr


between calves (Würsig et al. 2017). SRKWs skip ap-

proximately 5.7 yr, on average, between calves and


there is considerable variation within and among in-

dividual whales, indicating the biennial birthing


 pattern is not a stochastic process. Furthermore, birth -

ing schedules of female odontocetes are individual-

based, not synchronized. The demographic pattern


we report for SRKWs differs from other odontocetes in


respect to the biennial synchronicity within the popu-

lation. Strictly biennial breeding patterns are rare in


all mammals (Patil et al. 2015). We are unaware of any


biennial patterns of mortality in other mammals.


5.  CONCLUSIONS


We have identified a previously unknown odd/


even-year factor linked significantly to survival (p <


0.001) and low birth rate (p = 0.061) of SRKWs. None


of the purported factors of SRKW decline (Chinook


salmon abundance, toxic contaminants, ship noise)


can directly explain the biennial demographic pattern.


In contrast, the extreme biennial pattern in abundance


of pink salmon, coupled with the known or suspected


effects they have on other species and ecosystem pro-

cesses elsewhere in the North Pacific, is consistent


with the demographic pattern observed in SRKWs. In-

creased understanding of SRKW demographics in re-

lation to this biennial pattern will  provide greater op-

portunities for advancing their recovery. For example,


a field study that quantifies foraging efficiency of


SRKWs during even versus odd years could be de-

signed to test the 2 pink salmon hypotheses identified


here. Modeling of SRKW demographics in relation to


Chinook salmon and pink salmon abundance would


also be informative. We recommend further investiga-

tions such as these to evaluate mechanistic elements


of SRKW biennial mortality and birth rates in their


own right and in the context of ecosystem manage-

ment and conservation, and to inform recovery efforts


of the critically endangered SRKW population.
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