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Abstract. The salmon-eating Southern Resident killer whales (Orcinus orca) of the north-eastern Pacific Ocean are

listed as endangered both in the United States and Canada. Their critical habitat has been defined as the region of the inland
waters of Washington State and British Columbia known as the Salish Sea, where they have traditionally spent much of
their time from spring through fall. Using reports from experienced observers to sightings networks, we tracked the daily
presence of the Southern Residents in these waters from 1 April to 30 June from 1994 through 2016. We found that the

escapement estimates of spring Chinook salmon (Oncorhynchus tshawytscha) on the Fraser River in British Columbia
were a significant predictor of the cumulative presence/absence of the whales throughout the spring season. Therewas also
a difference in both whale presence and salmon abundance before and after 2005, suggesting that the crash in Chinook

salmon numbers has fallen below threshold where it is worthwhile for the whales to spend as much time in the Salish Sea.
The use of the Salish Sea by the Southern Residents has declined in the spring months as they are either foraging for
Chinook salmon elsewhere or are shifting to another prey species. In order to continue providing necessary protections to

this endangered species, critical habitat designationsmust be re-evaluated as this population of killerwhales shifts its range
in response to prey availability.
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Introduction

Sustainable wild animal populations rely on having a large

enough core habitat made up of the ecological features neces-
sary for survival, including areas and resources to forage, breed,
and rest without excessive disturbance. Exploitation and habitat

loss are the most common causes of local or global extinction
amongst marine organisms (Dulvy et al. 2003). When a popu-
lation or species is listed as endangered, the term ‘critical hab-
itat’ is used to refer to the geographic area containing features

essential to the survival, protection, and recovery of the listed
species (Salzman 1990). Policy decisions on critical habitat
boundaries are informed by biologists and their research on the

species in question. If the resources required by a species move
or change, however, populations may shift their core habitat, for
example in response to prey availability (Cimino and Lovari

2003; Worm and Tittensor 2011; Hazen et al. 2013). In these
cases where core habitat shifts, critical habitat designations may
also need to be reassessed.

The north-eastern Pacific Ocean is inhabited by several

sympatric populations of killer whales (Orcinus orca), which
comprise three ecotypes known to specialise on different prey
types (Ford et al. 2000). One of these populations is the fish-

eating Southern Resident killer whales, made up of,80 whales

in three extended family groups, or pods: J-, K-, and L- Pods
(Ford et al. 2000). The Southern Residents were listed as

endangered under Canada’s Species at Risk Act in 2003 and
under the Endangered Species Act in the United States in 2005,
with key risk factors being identified as lack of prey, toxins, and

vessel disturbances (National Marine Fisheries Service 2008).
The Southern Resident killer whales have a known range from
south-east Alaska to central California; however, historically,
the inland waters of Washington State and British Columbia,

known as the Salish Sea, have been the core habitat for the
Southern Residents, particularly during the summer months but
also in the spring and autumn (Osborne 1999; McCluskey 2006;

Hauser et al. 2007). A main reason for the presence of the
SouthernResidents in the Salish Sea is the opportunity to feed on
the Chinook salmon (Oncorhynchus tshawytscha), their primary

prey species (Ford and Ellis 2006), particularly those returning
to the Fraser River of British Columbia (Hanson et al. 2010).
As part of the endangered listing process, each country desig-
nated a critical habitat for the Southern Resident population.

In the United States, the critical habitat was designated as
,2580 square miles of the inland waters of Washington, with
a few small exclusion zones due to national security concerns

(National Marine Fisheries Service 2008). In Canada, critical
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habitat for Southern Residents was similarly designated as most
of the Canadian waters of the Salish Sea (Fisheries and Oceans
Canada 2011) (see Fig. 1).

Pacific salmon stocks have been severely depleted over the
last century due to a combination of many factors, including
overfishing, habitat loss and degradation, and impacts of hatcher-
ies and fish farms on wild stocks (Waples and Teel 1990;

Gustafson et al. 2007; Ford 2011). On the Fraser River, spring
and summer Chinook runs declined dramatically before 1980,
which led to the closing of targeted Chinook fishing (Bailey et al.

2001). This likely contributed to an increase in Chinook abun-
dance for Fraser runs until the early 2000s, but these runs declined
again beginning in 2005 (Pacific Salmon Commission 2017).

Low Chinook salmon abundance has been found to negatively
impact survival (Ford et al. 2010), fecundity (Ward et al. 2009)
and population growth (Wasser et al. 2017) of Southern Resident

killer whales. While additional work has examined patterns of
distribution (Hauser et al. 2007) and behaviour (Noren and
Hauser 2016) within core Southern Resident habitat, thus far no
study has characterised the relationships between salmon

abundance and Southern Resident visits to core habitat.
Published data on the spring diet for the Southern Residents

is limited, with no samples in April and only a small number of

samples in May, which were made up of one-third Fraser River
Chinook (though this estimate has a large standard error). By
June, prey samples from the Salish Sea were dominated by

Chinook salmon that originated from the upper Fraser River
watershed (Hanson et al. 2010). When not in the Salish Sea,
the Southern Residents are presumably also feeding on salmon
from a wide variety of other coastal watersheds, including the

Columbia River.

FromApril 1976, when dedicated Southern Resident surveys
began, until April 2009, at least one of the three pods was
detected in the inland waters of the Salish Sea in every month of

every year. In April 2009, for the first time on record, Southern
Residents were not documented anywhere in inland waters.
Since then, spring reports of the Southern Residents in the Salish
Sea have become much more sporadic. We hypothesise that as

spring Fraser River Chinook salmon runs have continued to
decline, the Southern Residents have started spending fewer
days in April through June in what has been considered their

core habitat for the spring through autumn seasons. We also
hypothesize that there is a threshold of salmon abundance,
below which the whales will reduce visits to the Salish Sea.

Methods

Numerous sightings networks have recorded killer whale

presence within the Salish Sea in detail since the 1990s. Due to
their regular visitation, the Southern Residents are well known
in the region and can be visually identified using identification

catalogues produced by The Center for Whale Research. Many
naturalists, whale watch captains, and members of the general
public are adept at identifying the difference between Southern

Resident killer whales and other ecotypes of killer whales,
providing a reliable record of Southern Resident occurrence in
the region (Hauser et al. 2006). Using The Whale Museum’s

OrcaMaster dataset, sightings archives fromOrca Network, and
sightings reports from the PacificWhaleWatch Association, we
noted the daily presence or absence of any Southern Residents
within the Salish Sea from 1 April through 30 June, 1994–2016.

For the purpose of this study, the Salish Sea was defined by the

Vancouver Island, BC

Washington State

Sooke

Seattle

Nanaimo

Fig. 1. Map of the Salish Sea, the region considered the core habitat for Southern Resident killer whales.

The region where whale presence/absence was noted for this study is shaded in grey.
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region of consistent sighting effort, and thus included all the
inlandwaters ofWashington andBritishColumbia east of Sooke

and south of Nanaimo, including the southern Strait of Georgia,
the Canadian Gulf Islands the US San Juan Islands, the eastern
Strait of Juan de Fuca, and Puget Sound. Only reports where

killer whales were confirmed as Southern Residents were used;
rare cases where killer whales were not identified to ecotype
were excluded.

Fraser River Chinook salmon runs have been tracked in detail
by the Pacific Salmon Commission since 1975 (Pacific Salmon
Commission 2017). The Pacific Salmon Commission divides

Fraser River Chinook salmon into five stock groups with three
run timings: spring, summer, and late. For the purpose of this
study, we used escapement estimates (i.e. fish that return to the
river to spawn, ‘escaping’ fisheries and natural predators) as a

proxy for the number of fish available to whales in spring
months. Escapement estimates are the primary statistic upon
which many Pacific Coast fisheries rely to determine Chinook

salmon abundance for management purposes (Pacific Salmon
Commission 2017). Escapement estimates are conducted from
visual surveys that are known to be biased low, but the methods

used on the Fraser River include a correction factor and have
been shown to be repeatable, precise, and accurate indicators of
relative abundance over time (Bailey et al. 2000; Tompkins and
Baxter 2015). We did not include commercial harvest numbers

in estimating Chinook salmon abundance due to the lack of
seasonal and run-specific data. However, focusing on two
specific Fraser River spring runs, we could better examine the

impact of the Chinook salmon upon which the Southern
Residents primarily feed (Hanson et al. 2010). These two runs
are used as indicator stocks by the Pacific Salmon Commission,

requiring a rigorous survey each year. Spring Run 1.2 includes
fish that return to the Lower Thompson River tributaries and
Spring Run 1.3 comprises spring spawners to the rest of the

Fraser River watershed. Spring runs are defined as all fish that
return to their spawning grounds before 15 July, and are
considered primarily available to coastal fisheries (and hence
also the Southern Residents) in May and June (Bailey et al.

2001).

To compare the indicator variable of Fraser River spring
Chinook salmon escapement with the response variable of a

count of number of days that Southern Resident killer whales
were in the Salish Sea in the spring, we initially used a Poisson
model, but the data showed overdispersion, sowe also compared

quasi-Poisson and negative binomial regression models.
Additionally, we look at descriptive statistics for both escape-
ment and spring whale days for the period before and after the

crash of the Fraser River springChinook salmon runs that started
in 2005.

Results

Between 1994 and 2016, both spring Fraser River Chinook
salmon escapement numbers for the 1.2 and 1.3 runs and the
number of spring days that Southern Resident killer whales

spent in the Salish Sea declined (Fig. 2). A Poisson model
showed a significant effect of Fraser River spring Chinook
salmon escapement numbers on the number of whale days in

the Salish Sea during April–June (b ¼ 6.544E–6, x2 ¼ 33.9,
P , 0.001); however, the scale factor was much greater than 1
(3.48), indicating overdispersion of the data. In a Poisson

model, the dispersion parameter is forced to equal 1, so next
we ran a quasi-Poisson where the dispersion parameter can be
estimated; however, this did not change the residual deviance,
so was not a better fit. A negative binomial regression model

also indicated a significant effect of Fraser River spring
Chinook salmon escapement numbers on number of whale
days in the Salish Sea during April–June (b ¼ 6.637E–6,

x2 ¼ 33.9, P , 0.05) and had a scale factor of 1.08, indicating
a good fit to the data.

Since there was a sharp decline in spring Chinook salmon

numbers in 2005, we also conducted an informal comparison of
salmon numbers and whale presence for the two periods before
and after this drop-off. Average escapement for the 1994–2004

period was 46 796 (s.d. ¼ 12 942) compared with an average of
24 137 (s.d. ¼ 9495) for 2005–16. The average number of days
that the Southern Resident killer whales spent in the Salish Sea
from 1April to 30 June also dropped between these two periods,
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Fig. 2. Fraser River springChinook salmon escapements and SouthernResident killer whale visits to the

Salish Sea, April–June 1994–2016.
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from an average of 62.45 days (s.d.¼ 10.1) for 1994–2004 to an
average of 47.75 (s.d. ¼ 14.6) days for 2005–16 (Fig. 3).

Discussion

We found an overall trend between the number of days that
Southern Residents spend in the Salish Sea during April–June

and Fraser River spring Chinook salmon escapement values,
with both salmon run size and the whales’ usage of their core
habitat declining over the last two decades. We also found

evidence for a threshold effect as spring Fraser Chinook salmon
runs crashed around 2005. As spring salmon run size reached
new lows, the energetic cost of foraging in the Salish Sea may
have been too high. While the whales do still visit inland waters

during thesemonths, their visits tend to be both shorter andmore
infrequent.

A predator’s presence in its habitat is likely to be causally

related to the presence of its prey, so it is not surprising to see the
Southern Residents reducing usage of their core habitat in
response to declining salmon runs. While other conditions in

the Salish Sea may have changed over this period, any abiotic
factors such as changes in ocean temperatures or pH due to
climate change would be more likely to affect salmon and thus
indirectly affect the whales (Stachura et al. 2014).

Until spring Fraser River Chinook salmon runs recover, the
whales must switch to an alternative prey during the spring.
While killer whales are considered generalist predators, partic-

ular ecotypes tend to be very limited in their prey types (Felle-
man et al. 1991; Ford et al. 1998; Ford and Ellis 2006). For the
Southern Residents, Chinook salmon make up most of their

year-round diet (between 50 and 90% depending on season),
though they are also known to regularly consume other salmonid
species such as chum and steelhead (Ford and Ellis 2005, 2006).

Hanson et al. (2010) argue that steelhead may be an important
food source for the Southern Residents, especially before the
summer runs of Chinook salmon. With the spring Fraser River
Chinook salmon runs in such decline, it will be key to determine

whether the Southern Residents are finding another run of
Chinook salmon or if chum and steelhead are playing an

increased role in their diet. Any of these alternatives will likely
result in a shift in habitat.

There are likely additional factors determining whether or

not the Southern Residents visit the Salish Sea. While low prey
numbers in the Salish Sea could drive reduced whale visits
to the area, it is also possible that elevated prey numbers

somewhere else, which we did not integrate into the analysis,
could drive this pattern. Because there are limited sighting data
for the Southern Residents outside the Salish Sea, it is difficult
to directly test this hypothesis. However, the Columbia River,

the largest salmon-producing river within the known range
of the Southern Residents, is the most likely candidate for a
major alternative prey source. Data from satellite tagging has

shown that the whales spend time in the winter and spring near
the mouth of the Columbia River. Moreover, average minimum
run size for Columbia River spring Chinook salmon using

Washington Department of Fish and Wildlife estimates
have not changed dramatically in the 2005–15 period
(274 857, s.d. ¼ 181 330) compared with 1994–2004 (247 775,

s.d. ¼ 99 162). Thus, future work should investigate whether
the Southern Residents have increased usage of the Columbia
River spring runs.

The Southern Resident killer whales are a dynamic,

behaviourally complex endangered species living in an ever-
changing habitat. As such, their protection is not simple, as both
the prey sources and habitats they depend onmust be continually

re-evaluated as conditions change. We have demonstrated
that the geographic area important to the Southern Residents
is shifting, and thus it is key that designated critical habitat in

the US and Canada is reconsidered accordingly.
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