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Warning sign of an accelerating decline
in critically endangered killer whales
(Orcinus orca)

Check for updates
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Wildlife species and populations are being driven toward extinction by a combination of historic and
emerging stressors (e.g., overexploitation, habitat loss, contaminants, climate change), suggesting
that we are in the midst of the planet’s sixth mass extinction. The invisible loss of biodiversity before
species have been identified and described in scientific literature has been termed, memorably, dark
extinction. The critically endangered Southern Resident killer whale (Orcinus orca) population
illustrates its contrast, which we term bright extinction; namely the noticeable and documented
precipitous decline of a data-rich population toward extinction. Here we use a population viability
analysis to test the sensitivity of this killer whale population to variability in age structure, survival rates,
and prey-demography functional relationships. Preventing extinction is still possible but will require
greater sacrifices on regional ocean use, urban development, and land use practices, thanwould have
been the case had threats been mitigated even a decade earlier.

Challenges in conservation biology are generally assigned into small
population or declining population paradigms1. Resource management
typically distinguishes between decisions to protect the welfare of
individuals and those to promote recovery of populations2. Below a
critical threshold, populations become sufficiently small that demo-
graphic stochasticity (i.e., random fluctuations in birth and death rates)
can result in extinction, even when the average population growth rate is
positive3. Many of these extinction events are taking place undocu-
mented, before a species has even been described scientifically, in a
process termed memorably as dark extinction4. The concept of dark
extinction could lead some to conclude falsely that extinction is largely
an information deficit problem. In other words, if only we knew that a
population or species were declining toward extinction, we would step in
to mitigate anthropogenic stressors and reverse declines. In our
experience, many populations and species are declining toward

extinction in plain sight. We call this latter process a bright extinction,
with thanks to Boehm and colleagues for inspiring the term.

Small populations can persist despite large variability in environ-
mental conditions around some long-term stationary state, whereas a
deteriorating trend in environmental conditions increases extinction risk
in small populations5. Drake andGriffen hypothesize that “environmental
degradation may cause a tipping point in population dynamics, corre-
sponding to a bifurcation in the underlying population growth equations,
beyond which decline to extinction is almost certain”5. In practice,
demographic parameters of wild populations are rarely estimated with
sufficient precision to detect these early warning signs (a bifurcation in
population rates of change) until a declinemaybe irreversible6,7. Evidence-
based conservation requires knowledge of demographic rates, as well as
natural and anthropogenic influences on those rates, to guide timely and
effective interventions5,8,9.While improved tools for data analyses to assess
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conservation status and extinction risks are needed urgently to protect
data-poor species andpopulations10,11, not all extinctions can be attributed
to an information deficit alone12,13. To complicate matters further, the
threats that lead to a legal listing recognizing a population’s endangered
status may not represent the same drivers likely to lead to population
recovery. Instead, wildlife population dynamics and risk of extinction can
be the net result of multiple concurrent, persistent, interacting, and
evolving drivers that include both natural ecological and anthropogenic
factors14,15.

Population assessment of Southern Resident killer whales (SRKW,
Orcinus orca) is extremely data-rich compared with those of many other
wild mammals. These whales represent the smallest (75 individuals16) of
four separate, non-interbreeding, behaviorally, and culturally distinct, fish-
eating ecotypes of killer whales in the eastern North Pacific Ocean. Every
individual in the population has been censused annually by the Center for
Whale Research and colleagues since the 1970s17. Depleted in the 1960s and
1970s by an unsustainable live-capture fishery for aquaria displays, the
population has failed to recover due to a combination of sublethal and lethal
stressors, including reduced availability and quality of Chinook salmon
(Oncorhynchus tshawytscha), its preferred prey; noise, which further
reduces foraging efficiency18; contaminant exposure, which is associated
with decreased fecundity, increased calf mortality, and other adverse
effects19,20; and vessel strikes21. The whales’ preferred prey, Chinook salmon,
are themselves heavily depleted, and the ability of Chinook salmon stocks to
support survival, let alone recovery of SRKW has been in question for over
two decades22,23. Years with low Chinook salmon abundance are temporally
associatedwith lowSRKWreproductionand survival22,23. Ensuring recovery
of SRKW and the salmon on which they depend hinges on explicit recog-
nition of the costs and conflicts associated with recovery of predator and
prey alike24.

Results and discussion
Given observed demographic rates over the last 40 years, the baseline
population dynamics model predicts a mean annual population decline of
roughly 1% (Fig. 1a, b). This average decline is characterized by gradual
reduction for roughly two generations (~40 years), followed by a stereo-
typical period of accelerating decline that presages extinction (Fig. 1). This
baseline model is optimistic, because all evidence suggests that natural and

anthropogenic drivers of population status are dynamic, transient, and
multifactorial, and many threats are expected to worsen in future.

By using more recent data, the aforementioned relationships
between interannual variability in Chinook salmon and SRKW survival
and fecundity25 are changing enough that we predict that prey-mediated
changes in SRKW survival and reproduction (Fig. 2a, b) are likely to lead
to even more dramatic declines in the coming decades than the prior
baseline model suggests (Fig. 3). Our analyses reveal that the population
shows lower recovery potential than previously estimated, due to
reduced leverage of prey availability on SRKW demography, adverse
stochastic effects (e.g., few female offspring in recent years, mortality
from vessel strikes), and potentially amplifying effects of
inbreeding20,26,27. Ultimately, overexploitation caused the initial decline,
but proximate effects of habitat degradation and loss (and possibly
destruction) are inhibiting SRKW recovery19. The whales are also obli-
gate prey specialists on the largest, fattiest Chinook salmon, which limits
their ability to adapt to a changing environment. Accordingly, SRKW
epitomize the naturally rare, wide-ranging or broadly distributed species
that may be hardest to protect.

Immediate, multidisciplinary approaches, including supporting Chi-
nook salmon recovery and appropriate veterinary interventions when
indicated, will be necessary to stabilize the population (Fig. 4). Although no
single scenario can help SRKWs reach one stated recovery objective of 2.3%
sustained growthover 28 years, concerted efforts can reverse the decline and
possibly reach 1% annual recovery. Slowing or halting the population
decline might provide opportunities to develop and implement new stra-
tegies tomitigate and facilitate recovery of SRKWthat are not yet feasible. In
a population of 75 individuals, a single birth or death represents an annual
population growth or decline of 1.4%, underscoring the value of each
individual in preventing the disappearance of a population.

Recovery considerations
Treating individual wild animals to promote population recovery only
benefits conservation when individual animals are known and populations
are small enough for individual survival tomake a considerable difference28,
such as in the recovery of habituated mountain gorillas29, Ethiopian
wolves30, andHawaiianmonk seals31. For SRKWs to attain a 1% population
growth, non-invasive diagnostic investigations, informed clinical
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Fig. 1 | Southern Resident killer whale population growth, gene diversity and
abundance over time. Population growth rate (r) (Fig. 1a) and number of whales
and proportion of current gene diversity projected (Fig. 1b) over 100 years and
averaged across 1000 iterations of the Baseline model of the SRKW population. The
expected growth rate is in blue, the projected decline is in red, and the horizontal

dashed line represents the mean rate. Note the bifurcation around 50 years (two
killer whale generations) indicative of an accelerating decline, even without
accounting for increasing threats5. Shading represents the 95% confidence intervals
around SRKW abundance (dark blue line) and gene diversity (light blue line).
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intervention, and ongoing post treatment monitoring of animals that pre-
sent with serious morbidity or clinical disease is warranted. This extreme
conservation measure enables humans to reduce mortality in high value
animals, such as reproductively active females. When feasible, post mortem
examination of stranded SRKWs is critical to inform future clinical deci-
sions and management options. Interventions should be rank ordered and
those injuries attributed to human activities, such as vessel strike or net, line
or hook entanglement, or potential oil exposure are priorities that may
warrant immediate intervention21. Other future interventions may include
remote administration of antiparasitic drugs and other treatments32 for
treating disease33. Itmay be time todiscussmore drasticmeasures, including
pre-emptive vaccination to protect individuals against pathogens with
known high morbidity and mortality rates among cetaceans (e.g., cetacean
morbillivirus, Brucella cetorum, Toxoplasma gondii)34. We encourage
transboundary and inter- agencydiscussions to coordinate emergencyplans
for veterinary intervention, including permits and decision trees, before a
high-profile crisis necessitates implementation. Emergency veterinary
interventionplans couldbemodeled on similar bilateral,multi-agencyplans
to respond to an oil spill in these transboundary waters35. With timely and
effectivemanagement actions (suchasmandated reducedvessel speeds near
whales to minimize vessel strike) to reduce human-caused mortality36, we
estimate that up to 28% of natural mortality could be deferred each year
(Fig. 4, Supplementary Notes). Given the delay between medical interven-
tions and demographic changes (e.g., survival, growth, fecundity, abun-
dance) regular evaluation of short-term health benchmarks (e.g., body
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Fig. 4 | Southern Resident killer whale population size projected 100 years in the
future. Projections of SRKWpopulation size, averaged across 1000 iterations for six
scenarios that range from optimal to pessimistic: “Road to recovery” (in blue)
assumes direct and indirect human impacts on the whales and their habitats re
removed (1.5× Chinook, no climate change effects, no noise, human-caused mor-
talities prevented, no PCBs or other contaminants); “Slow recovery” (in yellow)
assumes lesser but still considerable improvements to threats (1.3× Chinook, no
climate change, no noise, no human-caused mortalities, environmental PCBs
reduced with 25-year half-life); “Persistence” (in light blue) assumes each threat
reduced to half as much as in “Slow recovery”; “Current decline” (in orange) is the
Baseline; “Decline toward extinction” (in dark blue) adds further threats (8%
reduction in prey size, climate change decimating Chinook salmon stocks, total
contaminants 1.67× PCB, a low probability of oil catastrophic spills); “Worst case”
(in red) adds further plausible increases in threats (0.7× Chinook, noise disturbance
100% of time, oil spills at higher frequency).
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Fig. 2 | Relationship of survival and reproductive rates and Chinook Index.
Annual survival rates (Fig. 2a) and reproductive rates (the proportion of breeding
age females producing a calf) (Fig. 2b) for SRKW of different age-sex classes
(Table 1) predicted from logistic regressions against the Chinook salmon prey
abundance. Calf survival is in yellow, post-reproductive female is in red, oldermale is
in green, older female is in orange, subadult survival is in dark blue, young female is
in light blue, and young male is in blue.
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Fig. 3 | Five influential factors affecting Southern Resident killer whale popu-
lation growth. Spider plot showing relative impacts of the 5 most influential factors
affecting SRKW population growth. The x-axis is scaled for each factor so that the
Baseline value is set to 50, and the range scaled from 0 to 100. (See Table 2 for
definitions of factors and ranges tested.) Chinook abundance expected due to climate
change is in red, the Chinook abundance index is in yellow, noise is in light blue, the
PCB accumulation rate is in blue, preventable deaths is in orange, and total PCBs
plus other contaminants is in dark blue. Other factors listed in Table 2 had lesser
impacts on SRKW population growth, and their relative impacts are provided
in Supplementary Notes and Supplementary Fig. S20.
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condition, reproductive potential of existing population, behavior, preg-
nancies, etc.) is critical to strike a balance between risk and reward of any
particular intervention.

Southern Resident killer whales are known to be among the most
contaminated marine mammals in the world, with polychlorinated biphe-
nyl (PCB) concentrations readily exceeding established thresholds for
health effects, including growth and development, immune function, and

reproductive performance37. However, PCBs are an important, but not
exclusive, contaminant class found in SRKW.Despite their phase-out under
the terms of the international StockholmConvention on PersistentOrganic
Pollutants (POPs), the persistence of PCBs in the marine environment and
resistance to metabolic elimination means that it will take decades before
this population is considered to be ‘safe’ from PCB and other legacy
contaminant-related health effects38. This lag between mitigation and ben-
efits to wildlife, together with the co-occurrence of many other con-
taminants, suggest that threats attributable to POPs will decline, but the
population consequences will linger. This lag time was accounted for using
the predicted PCB level trends in this killer whale population38 and a 1.75×
factor was applied to our previously modeled population impact attributed
to PCBs to capture the contribution and associated risk of other POPs,
including legacy organochlorine pesticides (OCPs). This 1.75× factor was
derived from a endocrine disruption risk-based quotient for local harbor
seals (Phoca vitulina)27, a species that has beenusedpreviously as a surrogate
to characterize Resident killer whale contaminant levels and risk in the
North Pacific39. Contaminant mitigation alone will be insufficient to pro-
mote population growth, but should be considered as one pillar of a com-
prehensive, ‘action’-oriented plan to protect at-risk coastal cetaceans40,41.

Biological resilience is partially determined by genetic diversity. Due to
the decline in the SRKW population from the 1960s, the population is
currently so small that there are relatively few breeders (especially males)
and, that we anticipate inbreeding will exacerbate this process and popu-
lation decline (Fig. 1). In this way, the continued loss of genetic diversitywill
likely hamper the population’s ability to adapt to an ever-evolving
threatscape. Kardos et al. found that the SRKW population is already
partly inbred and that reduced survival further jeopardizes its recovery
potential26. Recovery is currently more difficult than if effective measures
had been initiated a few decades ago, although other small marinemammal

Table 1 | Annualmortality and reproductive rates for each age-
sex class

Annual mortality Reproduction

Age class Mean EV Mean (SD) EV

Calf 0.1694 0.2160

Subadult 0.0225 0.0182

Females:

Young (10–30 y) 0.0090 0 0.1163 0.0354

Older (30–45 y) 0.0232 0 0.0697 0.0415

Post-
reproductive (>45 y)

0.0752 0.0502 0

Males:

Young (10–21 y) 0.0274 0.0271 (see Table 2)

Older (>21 y) 0.0925 0.0799 (see Table 2)

Classes are defined as calf (up to 1 year), subadults (1–10 years, pre-reproductive), young adult
females (10–30 years), older adult females (30–45 years), post-reproductive females (>45 years),
young adult males (10–21 years), older adult males (>21 years). Males are assumed to begin
reproductive lifespan between 12 years and 18 years; and to cease breeding after 60 years.

Table 2 | Summary of the baseline estimates for parameters describing threats to Southern Resident killer whales, and the
ranges considered in sensitivity testing

Input parameter Baseline (current) Range tested

Prey impacts Low High

Prey abundance (index relative to long-term mean) 1.0 0.5 1.5

Modeling demographic consequences of anthropogenic threats

Climate change: percent decline in Chinook abun-
dance over 40 years

No climate change
impacts on prey

No
decline
in prey

90%
decline
over
40 years

Changes in Chinook size years to 8% decline No decline 20 y 60 y

Noise (percent of feeding time with disturbance) 85% 0% 100%

Contaminants

Accumulation rate 2 ppm/y 0 ppm/y 4 ppm/y

Impact on calf survival (logistic slope) −0.02 −0.01 −0.03

Half-life of PCBs in environment No decline 25 y 75 y

Total equivalents of PCBs plus other
contaminants

1.0 1.0 2.0

Other threats

Direct human-caused mortality (potentially
preventable)

28.3% of deaths (included within
annual mortality)

No reduction All 28.3% of natural mortality prevented
each year

Inbreeding impact (lethal equivalents/diploid) 6.29 LE 0 LE 12 LE

Variance in male breeding success (sampled
from beta distribution with mean=0.4)

SD = 0.4 SD = 0.3 SD = 0.5

Fishery reductions, closures, or relocations No increase in percentage of
Chinook available to SRKW

3% increase 25% increase amplified by another 40%
improvement in size over 50 years

Oil spill None Small: 1.08% frequency; 12.5%mortality
Large: 0.21% frequency; 52% mortality

Small: 2.16% frequency Large: 0.42%
frequency

Note that parameter ranges drawn from the literature are noted as such in the text; otherwise, ranges were provided by coauthors with subject-matter expertise as a first-order approximation of plausible
values.
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populations with low genetic diversity have continued to reproduce
effectively42.

The time scales needed to detect demographic effects of threats and
benefits of mitigation might be too long in this species to be the primary
metrics by which we gauge success (Fig. 4). Short-term benchmarks (e.g.,
body condition, growth rate, pregnancy, behavior, etc.) for measuring the
success of mitigation measures are critical given the long lifespan, low
reproductive rate, and small sample size in this population. In fact, Canada’s
Species At Risk Act outlines a recovery goal to: “ensure the long-term
viability of ResidentKillerWhale populations by achieving andmaintaining
demographic conditions that preserve their reproductive potential, genetic
variation, and cultural continuity43.” Environmental degradation may
manifest in social network fragmentation and loss of cultural traditions (e.g.,
resting lines and greeting ceremonies) long before demographic effects
become detectable against background fluctuations.

Marine species are no more or no less vulnerable than terrestrial
counterparts to extinction44. Although indiscriminate exploitation and
unintentional bycatch tend to be the dominant factors in decline and
extinction of marine taxa, habitat loss is a close second44. Predicting when
and how a species is likely to go extinct is extremely challenging, but it is a
fundamental task of conservation science45.Without rich demographic data
onwildlife populations, extinction risk due to habitat loss can bemodeled in
a species-area relationship framework. Species-area approaches can over-
estimate theproportionofhabitat loss thatwould result in the removal of the
last individual from a population. An inverse relationship has been found
between species diversity and density, so protecting part of a species’ range,
without considering density, habitat use, or sampling effort, can lead to a
false sense of confidence about population-level protection46. One study
found a 53-year average lag between the time of the last sighting of a species
and its reported extinction44. None of these statistical issues are at play for
SRKW, in which clinically ill and lost animals are recognized through
ongoing surveys and a census that is conducted annually.

Although wildlife censuses are rare in conservation biology, many
seemingly irreversible and overt population declines are being witnessed in
plain sight, even when the causes of these declines are well known. We use
the term bright extinction to refer to data-rich cases where a decline toward
extinction has been identified early, the driver(s) of the decline have been
well quantified, but the population has declined to a precarious state
nonetheless despite interventions. The loss of the baiji (Yangtze River dol-
phin, Lipotes vexillifer) illustrates the bright extinction concept well7. The
species was extirpated from part of its range by the 1950s, and a precipitous
decline in its core habitat was well documented between the 1980s and
1990s. In this case, the cause was attributed to fisheries-relatedmortality. By
2006, the population was declared functionally extinct. Proposals to create
an ex situ or semi-natural reserve were made and ignored since the 1980s;
perhaps policy-makers thought we had more time than we did47. A similar
bright-extinction process appears to be underway for vaquita (Phocoena
sinus) in the northern Gulf of California, Mexico48. The species has been
declining since the 1990s due to unsustainable bycatch levels in fish and
shrimp gillnet fisheries. Although the decline is well documented and the
cause well understood, management actions have proven insufficient49. By
2018, only nine individuals were thought to be left50. Numbering in the low
hundreds, North Atlantic right whales (Eubalaena glacialis) are also facing
unsustainable levels of human-caused mortality due to vessel strikes and
entanglement in fishing gear51.

Importantly, these select examples represent cases where declines in
small andhighly vulnerable populationshavebeendetected.The loss of each
animal reduces the power to detect decreases in population abundance52. If
we are unable to implement timely interventions of these high-profile
species, what hope do we have for meeting our current and future biodi-
versity conservation objectives at large?

Preventing bright extinctions: from knowledge to action
Preventing extirpation of small populations may require extraordinary
measures, but several populations of terrestrial and marine wildlife

recovered from the brink of extinction offer a useful roadmap to ensure
survival and recovery of SRKW.

TheCalifornia condor (Gymnogyps californianus) was decimated to 27
individuals by 1987, from a combination of poaching, cyanide and lead
poisoning, and habitat degradation. Captive breeding saved the population
fromextinction.Although infectiousdisease didnot cause the initial decline,
the US Fish andWildlife Service has begun testing avian influenza vaccines
in captive condors and considers capture and vaccination ofwild condors in
face of the ongoing multi-year epizootic53. Owing to declines in prairie dog
(Cynomys sp.) (prey species) and their habitat, the black-footed ferret
(Mustela nigripes) was once thought to be extinct; however, after the species
was rediscovered in Wyoming in 1981, captive breeding and reintroduc-
tions, habitat protection, vaccination against canine distemper and cloning
helped restore this species to over 300 free-ranging animals. Like SKRW,
black-footed ferrets were largely dependent on a single prey species, prairie
dogs. All of those conservation efforts for the black-footed ferret could be
undone by a single outbreak of plague in their prey, necessitating man-
agement vigilance to prevent a disease outbreak54. By the time thewhooping
crane was listed as endangered in 1967, only 50 birds remained. Whooping
cranes (Grus americana) remain one of North America’s most threatened
birds, but their recovery to an estimated 600 birds today is a testament to the
progress that is made possible by acting decisively55. Mountain gorillas
(Gorilla beringei beringei) were thought to be extinct by the end of the 20th

century, but a large population now resides in protected forest in Uganda,
Rwanda, and the Democratic Republic of the Congo29. Extreme vigilance in
the form of veterinary monitoring and intervention is now needed to pre-
vent backsliding and gorilla mortality56. Other populations brought back
from the brink include black robin (Petroica traversi)57 and the Eastern
barred bandicoot (Perameles gunnii)57. In both cases, low levels of genetic
diversity did not prevent recovery. Brazil’s golden lion tamarin (Leonto-
pithecus rosalia) was recovered from a few hundred individuals in the 1970s
to about 3700 individuals in 2014 after actions were taken to restore habitat,
re-establish connectivity via wildlife corridors, and release captive animals
and conduct translocations amongwild tamarins58.A yellow-fever epidemic
in 2017–2018 reduced the population to about 2600 individuals, a decline
that would have doomed the species had their habitat and population
numbers not been previously recovered58.

Meanwhile, as Caughley warned1, many previously wide-ranging
species have declined in plain sight. Boreal woodland caribou (Rangifer
tarandus caribou)have been extirpated fromvast sections of their range due
to habitat loss and hunting, with few signs of success following recovery
efforts59. Having failed to address those root causes, predation on calves now
appears tobe inhibiting population growth60. Karner blue butterfly (Plebejus
samuelis) are dependent on the native sundial lupine, which has been
eliminated frommuchof its range due tohabitat loss and replacement in the
northeast byLupinus polyphyllus, awestern species that has been introduced
in the east. Conservation of Karner blue butterfly cannot be assuredwithout
aggressive measures to reduce ultimate population stressors and protect the
microsites on which large fractions of the population depend61. Decades of
warnings failed to prevent the functional extinction of northernwhite rhino
(Ceratotherium simum cottoni) due to hunting and poaching, while con-
servation organizations and governments debated if, when, how, and who
should act62. There is an ongoing debate whether radical proposals to clone
the northernwhite rhinomay come at the cost of urgently neededmeasures
to prevent the extinction of southern white rhinos63.

While many species have been brought back from the brink through
interventions such as captive breeding programs, SRKW recovery will
require aggressive actions toprotect and restore their habitat,which includes
mitigating effects to both SRKWs and their primary prey, Chinook salmon.
Our analysis showed that the threat with the greatest impact to SRKW
population growth is the availability of Chinook salmon (Fig. 3, Supple-
mentary Fig. S20). Salmon recovery is a crucial component of achieving
SRKW recovery. Although no salmon recovery scenario alone resulted in a
fully recovered SRKW population, all of the successful multi-threat miti-
gation scenarios included some ambitious salmon recovery scenario.
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Vessel noise can reduce the amount of time SRKWs spend foraging18,
but it can also have a direct impact on the behavior of prey species64, limiting
the number of salmon available to SRKWs. Efforts tomitigate impacts from
vessel noise include a suite of approaches ranging from building quieter
ships to designating slowdown areas65. Voluntary efforts to slow ships in
important feedingareas for SRKWshasbeen shown to reducenoise levels by
nearly half 66, which in turn results in increased foraging activity by killer
whales18. While efforts are underway to reduce noise from existing ships, a
number of development applications are underway that would increase
shipping traffic in the region67. It may be necessary to consider ocean noise
budgets, caps, or limits that allowkillerwhales tohunt scarce preyefficiently.

Protecting SRKWs appears to be impossible without restoring
diminished populations ofChinook salmon,which in turn requires effective
implementation of conservation and precautionary resource management
measures. Implementation will require acknowledgement of the potential
trade-offs involved between conservation and resource management,
including harvest, and open dialog between involved agencies and
stakeholders24. BothCanadaand theUSAhaveproduced recoveryplans and
strategies for SRKW43,68. Those plans have recognized the need to ensure
adequateprey sources for survival and recovery of SRKWsince at least 2008.
In a declining population, the longer the lag time between knowledge and
mitigation, the more draconian the recovery actions can become, with a
larger social cost, and a higher risk that harm reduction actions may not
work69,70. Unfortunately, a legal species listing alone is insufficient to ensure
survival and recovery of threatened taxa63. In the face of bright extinction,
targeted threat reduction measures and community involvement, in addi-
tion to monitoring, are needed to reverse declines71. Yet the capacity to
determine what we can do often outstrips our ability to decide what we will
do; a dilemma that leads to delays in threat reduction measures and per-
petuates extinction debt, especially in long-lived species72.

Abundant examples, however, of successful rescues of plants, insects,
and animals in aquatic, terrestrial, and aerial environments confirm that we
canhalt the loss of endangeredwild species and that extraordinarymeasures
can even recover critically imperiled ones. Unfortunately, these eleventh-
hour rescues carry higher environmental and societal costs than earlier
actions might have. Preventing extinctions of populations on the brink
require a high degree of planning and coordination by scientists, managers,
decision makers, stakeholders, and affected communities, and may require
higher levels of threat reduction than would have been the case had actions
been taken sooner.Thebenefits of species recoverymaybedifficult todefine,
both in terms of reversing global biodiversity loss and to the long-term
resiliency and health of ecosystems. Rising to the challenge of biodiversity
conservation requires robust data on species and threats, but also acting on
those threats in a timely manner73.

Methods
We used program Vortex 10.6.0 to parameterize a population viability
analysis (PVA) model (software and manual available at scti.tools/vortex)
for Southern Resident killer whales (SRKW)20 with demographic rates
observed over 1976 through 2022. We tested the sensitivity of population
growth to variability and uncertainty in fecundity and survival rates (by age
class), and prey-demography functional relationships22,23. Next, we con-
structed a PVA that explores population consequences of the three primary
anthropogenic threats to SRKWs identified in Canadian and USA recovery
plans, namelyprey limitation (Chinook salmon),noise-mediateddisruption
of foraging, and effects of contaminants (e.g., PCBs).

We ran more speculative scenarios to consider the threat of not only
PCBs, but also other POPs including legacy organochlorine pesticides
(OCPs), pathways of effects of contaminants on calf survival74,75, climate-
mediated impacts of Chinook salmon on SRKW demography22,23, climate-
and fisheries-related declines in the size of Chinook salmon76, and increased
oil spill risk related to industrial development applications in the Salish Sea67.
In addition to modeling population consequences of threats, efforts were
made tomodel the likely population-levelbenefits ofmanagementmeasures

intended to mitigate human-caused impacts to abundance and population
structure from fisheries.

Addressing prey needs requires increasing the abundance of large,
older Chinook. Increased abundance and quality of prey within SRKW
critical habitat can be realized by changing fishing practices. Moving Pacific
Salmon Treaty fisheries in Alaska and BC away from Chinook rearing
grounds and migration routes into terminal river and estuarine locations
results in an immediate increase of Chinook salmon in critical habitat of up
to 25% (Supplementary Table S2). Secondly, transitioning marine fisheries
to terminal (river-based) areas can recover amore archetypical Chinook age
structure (early- mid 20th century). By not harvesting immature fish in
marine fisheries, and then allowing large females to pass through terminal
fisheries to spawning grounds, a size increase up to 40%can occur over a 50-
year period. Scaling these scenarios to consider both improved value and
abundance ofmature Chinook salmon in critical habitat results in increases
of 35%, 28%, 18%, and 9% at the end of 50 years, if scaled for effectiveness at
100%, 75%, 50%, and 25% (Supplementary Table S2).While not quantified,
freshwater habitat restoration and protection would further support
recovery of wild Chinook abundance.

The relative importance of each threat and mitigation opportunities
were explored by projecting the population growth across the possible range
of each threat. Finally, we used the PVA to explore the degree to which
threats would have to be mitigated, alone or in combination, to stop the
decline and achieve positive population growth toward recovery68.

For the baseline model, parameters for fecundity and survival (for
calves; subadults young, older, and post-reproductive adult females; young
and older adult males) were estimated from 1976 to 2022 data (Table 1).
Prey availability was drawn from the Chinook prey indexed to the mean
from 1976 to 2022 (i.e., impacts scaled such that when Chinook = 1,
demographic rates are the means over that time span). The prey-
demography relationship of killer whale breeding rate and survival of
each age class to the Chinook salmon index was drawn from a recent re-
analysis77. Inputs for noise (disturbance) impacts and its effect on feeding
were as in Lacy et al.20. We used the model from Hall et al.74 for PCB
accumulation and depuration parameters and the impact on calf survival
was estimated through a comparison between a sympatric killer whale
population,NorthernResident killerwhales andSRKWs.A1.75× factorwas
applied to our previously modeled population impact attributed to only
PCBs to capture the contribution and associated risk of other POPs,
including legacy OCPs. The factor was derived from a risk-based quotient
for endocrine disruption for local harbor seals (Phoca vitulina)27. Inputs for
variance in male breeding success were sampled from beta distribution
(mean = SD = 0.40). Effects of inbreeding depression were set to 6.29 lethal
equivalents per diploid, imposed via reduced calf survival.

Data availability
Please see additional technical details on methods and results in the Sup-
plementary Notesfile. The data needed to replicate the model can be found
on Zenodo at: Lacy, Robert C, &Williams, Rob. (2023). Vortex project file
for PVAof SouthernResidentKillerWhale—manuscript byWilliams et al.
(1.0) [Data set]. Zenodo. https://doi.org/10.5281/zenodo.8099710.

Code availability
TheVortex codeneeded to replicate themodel can also be foundonZenodo
at: Lacy, Robert C, &Williams, Rob. (2023). Vortex project file for PVA of
SouthernResidentKillerWhale—manuscript byWilliams et al. (1.0) [Data
set]. Zenodo. https://doi.org/10.5281/zenodo.8099710.
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