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ABSTRACT: Recovery plans for endangered southern resident killer whales Orcinus orca have iden-
tified reduced prey availability as a risk to the population. In order to better assess this risk, we stud-
ied prey selection from 2004 to 2008 in 2 regions of the whales' summer range: San Juan Islands,
Washington and the western Strait of Juan de Fuca, British Columbia. Following the whales in a small
boat, we collected fish scales and tissue remains from predation events, and feces, using a fine mesh
net. Visual fish scale analysis and molecular genetic methods were used to identify the species con-
sumed. Chinook salmon, a relatively rare species, was by far the most frequent prey item, confirming
previous studies. For Chinook salmon prey, we used genetic identification methods to estimate the
spawning region of origin. Of the Chinook salmon sampled, 80 to 90 % were inferred to have origi-
nated from the Fraser River, and only 6 to 14 % were inferred to have originated from Puget Sound
area rivers. Within the Fraser River, the Upper Fraser, Middle Fraser, South Thompson River and
Lower Fraser stocks were inferred to currently be sequentially important sources of Chinook salmon
prey through the summer. This information will be of significant value in guiding management
actions to recover the southern resident killer whale population.
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INTRODUCTION DFO 2003). Interactions between fish and marine
mammals have led to conservation concerns for both

Marine mammals are important predators in taxa. For example, several studies have found pin-

marine ecosystems (e.g. Williams et al. 2004), and
predation by marine mammals on fish stocks of com-
mercial or conservation concern is of continuing
interest to marine resource managers (NMFS 1997,
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nipeds to be significant sources of mortality for
threatened fish stocks (e.g. Bundy 2001, Weise &
Harvey 2005), while others have found reductions in
fish prey abundance to be a significant problem for
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threatened pinniped species (Trites & Donnelly 2003,
Guenette et al. 2006).

Low prey abundance has been suggested as a risk
factor impacting a population of killer whales Orcinus
orca that was listed as endangered under the Canadian
Species at Risk Act (SARA) and the US Endangered
Species Act (ESA). The southern resident population of
killer whales inhabits coastal waters from central Cali-
fornia to northern British Columbia, but during the
summer months is often present in the inland marine
waters of Washington and southern British Columbia
(see Fig. 1). A 6 yr decline in population size from 97 to
79 animals starting in 1995 led to a threatened listing in
Canada in 1999, an endangered listing in Canada in
2001 (Baird 2001) and a petition for ESA listing in the
US in 2001. Following 2 status reviews (Krahn et al.
2002, 2004), the population was listed as endangered
under the ESA in 2005. Numerous risk factors may im-
pact this population, including chemical contamination,
threats from potential oil spills, a small population size
(Krahn et al. 2002) and auditory (Holt et al. 2009) or be-
havioral disturbance from boat traffic in their summer
range (Lusseau et al. 2009, Noren et al. 2009, Williams
et al. 2009). Both of the latter factors may result in re-
duced foraging opportunities or increased energetic
expenditures. An additional potentially important fac-
tor limiting their recovery is the possibility that their
survival and fecundity are limited by prey abundance
(Baird 2001, Krahn et al. 2002, Ward et al. 2009, Ford et
al. 2009). Both the Canadian and US recovery plans
highlight the need to understand prey selection in or-
der to fully assess the potential impacts of limitations in
prey availability (DFO 2008, NMFS 2008b). The spe-
cific mechanisms of mortality associated with poor nu-
trition are not well understood, but could include indi-
rect mechanisms such as greater mobilization of lipid
stores and thus higher blood contaminant levels (Krahn
et al. 2009) or outright starvation.

The plausibility that the southern resident killer
whale population may be limited by prey abundance is
increased by the dietary specializations of this species.
By following and observing known distinctive individ-
uals, Bigg (1982) discovered that killer whales in the
Vancouver Island area were divided into sympatric
populations with prey preferences for either marine
mammals (so-called transients) or fish (so-called resi-
dents). These dietary specializations have been con-
firmed with over 30 yr of direct observations (Ford et
al. 1998, 2000), and are associated with a suite of life
history differences between the fish-eating and mam-
mal-eating population types (reviewed by Baird 2000,
Ford et al. 2000). Dietary specialization among killer
whale populations has been reported from a variety of
areas worldwide (e.g. Matkin & Dahlheim 1995,
Matkin et al. 2007, Pitman et al. 2007).

There are several distinct populations of resident
(fish-eating) killer whales in the eastern North Pacific
(Barrett-Lennard 2000, Ford et al. 2000, Hoelzel et al.
2002, 2007). Previous studies of the diet of the southern
residents and the closely related northern resident
population have shown that Pacific salmon Onco-
rhynchus spp., in particular Chinook salmon O. tsha-
wytscha, appear to be a preferred prey item during the
summer and fall months when the whales are in the
inland waters of northern Washington and southern
British Columbia (Ford et al. 1998, Ford & Ellis 2006).
In particular, Ford et al. (1998) developed a method of
monitoring the whales' behavior for foraging cues with
subsequent recovery of fish scales that provides infor-
mation on the species and age structure of the whales’
prey. Ford & Ellis (2006) expanded upon this work by
employing focal-follow behavioral monitoring and
genetic analysis to identify species from recovered fish
tissues. Together, these studies provided significant
support for a Chinook salmon preference by northern
and southern resident populations, as well as informa-
tion on the whales' behavior, including the occurrence
of prey sharing (Ford & Ellis 2006).

While these studies established the validity and value
of the focal-follow approach for assessing prey prefer-
ences, the efforts were focused primarily on northern
residents, and the number of samples collected from
southern resident killer whales was relatively small (46
predation events; Ford & Ellis 2006). Confirming the im-
portance of Chinook salmon in the diet of southern res-
ident killer whales is important for understanding factors
potentially limiting population recovery. In addition, in-
formation on which stocks of Chinook salmon this popu-
lation consumes is also of value: 9 Chinook salmon evo-
lutionarily significant units (ESUs) within the range of
southern resident killer whales are themselves listed as
threatened or endangered under the ESA (NMFS 2005),
even while in some cases they continue to be subjected
to significant fisheries (PSC 2007). Most Chinook salmon
ESUs are also at risk from a variety of additional factors,
including habitat degradation, genetic and ecological
impacts from hatchery production and impacts from hy-
dropower (NMFS 2005). In addition, there are numerous
Canadian populations of Chinook salmon (Candy et al.
2002, Holtby & Ciruna 2007) which occur within the
range of southern resident killer whales in Canada
(Krahn et al. 2004), of which the statuses of some are of
concern to managers (PSC 2008b). If Chinook salmon
constitute the bulk of these whales' diet, then fish man-
agers will need to take this information into account
when managing Chinook salmon fisheries and conserva-
tion efforts (NMFS 2008a).

The present study was designed to increase the
number of southern resident prey samples and to
determine the region of origin of Chinook salmon prey
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taken by the whales in their summer range. We used
both visual analysis of fish scales and molecular
genetic techniques to identify prey species. For Chi-
nook salmon we also used genetic stock identification
methods to infer the prey samples’ regions of origin.

MATERIALS AND METHODS

Field methods. Field activities were based out of the
San Juan Islands (SJI), and Port Renfrew, British
Columbia, in Juan de Fuca Strait (JDFS), and were
undertaken during summer months from 2004 to 2008
using a 6 m rigid-hulled inflatable boat (WA) and in
2007 using a 12 m welded aluminum boat (BC). Prior to
each day's field work, killer whales were located based
on sightings reported by other researchers, commer-
cial whale watching operators or The Whale Museum's
Soundwatch Program. Similar to previous studies of
killer whales (Baird & Dill 1995, Ford & Ellis 2006), for
each encounter we recorded location, pod(s) present,
the approximate area covered by the group of whales
(an indicator of how spread out the group was) and the
focal animal or group (sensu Altmann 1974).

Identities of individual whales in the focal group were
recorded whenever possible. We used a published cata-
log (Center for Whale Research 2008) to identify individ-
ual whales. Although we identified which pods were
present during an encounter, we were generally unable
to determine whether all the members of a specific pod
were present in any given encounter. To confirm the
identity of difficult-to-identify individuals, we attempted
to obtain photographs of the dorsal fin of whales in focal
groups or from which prey remains were collected. Pho-
tographs were taken with digital SLR cameras with
lenses ranging from 100 to 300 mm in focal length.

To minimize potential conflicts with shore- and boat-
based whale watchers in US waters, we did not closely
approach the whales if they were <500 m from shore in
areas of high human habitation, or if more than 2
whale-watching boats were near a tightly spaced
(0.25 km? or less) group of whales. We collected sam-
ples using 2 different approaches depending on the
number of whales in the immediate vicinity. Following
Ford & Ellis (2006), whenever possible we closely fol-
lowed one or more focal whales and attempted to
obtain predation event samples associated with just
those whales. Alternatively, if the number of whales
near the boat was too great to keep track of individual
whales, we collected samples opportunistically. We did
not attempt to distribute effort randomly or evenly
between different pods or individuals, but chose
whales to follow based primarily on distance from com-
mercial or recreational whale-watching vessels and
areas of high human habitation.

The method we used for predation event detection
was similar to Ford & Ellis (2006) and the sample col-
lection method was based on the approach developed
by Ford et al. (1998). In the San Juan Island area, fol-
lows and approaches were typically undertaken in the
late afternoon and evening hours due to the difficulty
of finding the whales' location(s) in the early morning
and the subsequent occurrence of a large number of
boats near the whales in the morning through mid-day
and afternoon. We used several cues (e.g. fast direc-
tional or non-directional, moderate non- directional,
first surface after a long dive or whales converging) to
trigger close approaches to look for fish parts. When-
ever any whale surfaced less than ~20 m from the boat,
we would also watch the mouth-line of the whale to try
to assess whether it was carrying prey. Upon observing
1 or more cues we would approach the fluke print
(glassy areas of water caused by upwelling from the
whales' tail as it dives) of the focal whale, noting the
presence of other whales nearby and recording infor-
mation on any interactions between the focal whale
and other whales (e.g. change in distance among
whales). Approaches were always made in a way to
avoid or minimize disturbance to the whale(s) present,
by slowing the vessel speed either to stop in the fluke
print if the whale was still actively non-directionally
surfacing or matching the speed and direction of the
whale upon arrival at the fluke print.

Once at the fluke print, we recorded whether we
observed any fish, fish scales, fish parts, fecal material
or other type of material discharged by the whales. If
material was observed, we recorded the estimated
number of prey parts or other material visible in the
water column. When no material was observed in the
first fluke print, we would proceed to subsequent fluke
prints. We also collected feces and regurgitations from
or between fluke prints in the San Juan Islands. Feces
were identified as semi-cohesive brownish to greenish
material in the water column or floating at the surface.
Regurgitations were identified as a cloud of very fine
parts (including, in the case of juveniles, light-colored
material, presumably milk) and were confirmed by the
presence of items not recovered from predation events
(i.e. bones and nematodes), while scales were absent
and were typically from individuals not showing any
other cues of foraging or prey chases. We used a long-
handled (4 m) fine-mesh net to collect any material
observed in the water. Samples collected in the US
were stored in plastic bags in a cooler while in the
field. Prey samples (comprised of 1 or more prey parts)
were later stored at —80°C prior to analyses, except for
fish scales which were removed from the initial sample
bag and dried at room temperature. Samples collected
in BC were transferred directly into a vial of ethanol
(Ford & Ellis 2006). Each type of preservation method
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is used routinely by respective fisheries management
agencies (i.e. Washington Department of Fish and
Wildlife, Department of Fisheries and Oceans Cana-
da), which both require preservation of scale structure
for visual ID of species and age as well as maintaining
the viability of the material for genetic analyses.

Genetic analyses. Genetic analyses were similar to
those used by Ford & Ellis (2006). Scales collected in
the San Juan Islands were initially air-dried and visu-
ally (48x magnification) examined to determine spe-
cies and age from marine and freshwater annuli pat-
terns (Jearld 1983). We then extracted DNA from fish
scales and other prey samples using standard methods.
We also used fecal samples that yielded sufficient DNA
to allow stock assignment. Salmonid prey remains
were identified visually, and species was determined
by PCR amplification and sequencing the COIII/ND3
region of the mitochondrial genome using the primers
and PCR reaction conditions described in Purcell et
al. (2004).

For the Chinook salmon prey samples collected in
Washington waters, we used a coast-wide data set of
genotypes at 13 microsatellite loci recently developed
by a consortium of laboratories (Genetic Analyses of
Pacific Salmonids [GAPS]; Seeb et al. 2007) to infer the
region of origin of the Chinook salmon prey samples.
Samples collected in BC waters were analyzed simi-
larly using the coast-wide baseline described in
Beacham et al. (2006).

The 2 baseline databases are similar, each consist-
ing of genotypes from >20000 Chinook salmon sam-
pled from >150 populations ranging from central Cali-
fornia to Alaska. The known population samples were
grouped into regional reporting groups based upon
their genetic similarity to each other, and the propor-
tional contributions of the reporting groups to overall
prey sample were estimated using the method of Pella
& Masuda (2001) as implemented in the program
cBayes (Neaves et al. 2005). The result is an estimate
of the percentage (and standard error) of each report-
ing group within the prey samples. The statistical sig-

nificance of differences between mixture samples
from different times or places was evaluated directly
from the allele frequencies in the prey samples using
a contingency test of homogeneity between samples,
as implemented in the program GENEPOP 4.0 (Ray-
mond & Rousset 1995a,b, Rousset 2008). This method
uses a Markov Chain Monte Carlo randomization
approach to directly estimate the probability of the
null hypothesis that sample groups were drawn from
the same allele frequency distribution at a locus. The
p-value for the null hypothesis considering all loci
was then calculated using Fisher's method. Rejection
of the null hypothesis indicates that the 2 samples
were drawn from different mixtures of stocks,
although it does not indicate which stocks contribute
to the statistical rejection of homogeneity of allele fre-
quencies.

RESULTS

From 2004 to 2008, southern resident killer whales
were encountered in the San Juan Islands on 114 d of
effort from May through September and in the western
Juan de Fuca Strait on 35 d from June through early
September 2007 (Table 1), during which 163 and 75
predation event collections were made in each area,
respectively. In addition, in the SJI we collected 6
regurgitations and 101 fecal samples. Although sam-
pling efforts in both areas were opportunistic, in SJIwe
encountered J pod nearly twice as often (47 encoun-
ters) as K (20) or L (26) pods when the pod could be
identified or the whales were not in mixed pod aggre-
gations. The encounters which occurred in the JDFS,
(for which pods could be identified), were more often
with L pod (9) than with K (3) or J (2) pods. Samples
were collected from all 3 southern resident pods in
both areas, although the majority of the samples
(prey/fecal) in the SJI were from J pod (77/28) with
fewer from L (29/19) and K (15/10) pods. Conversely, in
the JDFS most prey samples were collected from L pod

Table 1. Summary of sampling effort and sample type recovered from southern resident killer whales during May to September
2004 to 2008 in the Juan de Fuca Strait (JDFS) and San Juan Island (SJI) study areas. No sampling was conducted in May in JDFS.
(-): No attempt made to collect fecal samples in JDFS

Sampling month Days of effort

No. of scale/tissue samples No. of fecal samples

JDFS SJI JDFS SJI JDFS SJI JDFS SJI
May 2006-2008 11 137 2
Jun 2007 Jun 2005-2008 5 30 19 53P - 26
Jul 2007 Jul 2005-2008 10 17 23 24 - 6
Aug 2007 Aug 2004-2008 18 26 32 32 - 20
Sep 2007 Sep 2005-2008 2 30 1 41°¢ - 47
Total 35 114 75 163 101

aIncludes 2 regurgitations; "Includes 3 regurgitations; ‘Includes 1 regurgitation
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(15), whereas for the remaining 12 samples where pod
ID was noted, any of the members of all 3 pods could
have been responsible. Only 15 samples were col-
lected in May, all of which were from J pod.

Prey samples from the SJI were collected in US
waters from Hein Bank in the central JDFS north to
Point Roberts in the southern Strait of Georgia, but
most were collected on the southwest side of San Juan
Island (Fig. 1), where all 3 pods spend much of their
time in summer months (Hauser 2006, Hauser et al.
2007). Samples collected in the western JDFS were all
collected in Canadian waters, from Tsusiat Point in the
west to Beechey Head in the east, with most samples
collected between Carmanah Point and Sombrio River,
an area that was frequented more often by L pod
(Hauser et al. 2007), although all 3 pods were docu-
mented in that area.

Species composition

We collected 157 scale and tissue samples from
predation events, 6 regurgitation samples and 101
fecal samples in the SJI area. A total of 158 of the tis-
sue and scale samples, including all 6 regurgitation
samples, and 69 of the fecal samples could be used
for species identification (Table 2). Only 1 of the scale

49°

48°-

Pacific Ocean

124°W

and tissue samples and 8 of the fecal samples were
from species other than salmonids. Scale analysis
species classification agreed with the genetic species
classification for salmonids. Of the 75 scale and tissue
samples collected in the JDFS area, all were from
salmonids. Chinook salmon was the most prevalent
salmonid species in all sample types, and in each
month in both sample areas. Of the non-salmonids,
all of which were collected in the SJI area, the prey
item was an unidentified flatfish, and the fecal sam-
ples included lingcod Ophiodon elongatus, halibut
Hippoglossus stenolepis, rockfish Sebastes spp. and
Dover sole Microstomus pacificus. The proportion of
Chinook salmon in the samples was highest in mid-
summer (>90%) and lower in May (50%) in the SJI
(no collections were made in JDFS in May and only 1
in September). Steelhead Oncorhynchus mykiss was
nearly as common as Chinook salmon in May in the
SJI, although the sample size was small. Three steel-
head were also recovered in June and in September.
One sockeye salmon Oncorhynchus nerka was taken
in July and 3 in August. Two chum salmon
Oncorhynchus keta were recovered in June and 1 in
July. In the SJI, 1 coho salmon Oncorhynchus kisutch
was recovered in June, 2 were recovered in August
and 4 were recovered in September. Only 1 coho
salmon was recovered in the JDFS (in September).

Fig. 1. Western Juan de Fuca Strait and San Juan Island study areas for collection of prey samples by southern resident
killer whales from May to September 2004 to 2008. Each point represents the location of an individual prey sample included in
the analysis
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Table 2. Total number of southern resident killer prey species identified from scale (S) or tissue (T), including regurgitations and
fecal (F) analysis in the Juan de Fuca Strait (JDFS) and San Juan Islands (SJI). SJI samples do not include all 2008 fecal samples.
Blanks indicate that no samples were collected

Prey species Location Sample type Sampling month—M———— Total
May Jun Jul Aug Sep
Chinook JDES S/T 19 22 31 1 73
SJI S/T 9 49¢ 21 25 27 131
F 2 17 4 11 14 48
Steelhead JDFS S/T
SJI S/T 6 3 3 12
F 2 2
Chum JDES S/T
SJI S/T 3 3
F 2 2
Sockeye JDFS S/T
SJI S/T 1 3 4
F
Coho JDFS S/T
SJI S/T 1 2 4 7
F 16 16
Unidentified JDFS S/T
salmonid SJI S/T
F 1 1 2
Other JDFS S/T
SJI S/T 1 1
F 1 2 5 8
“Includes 1 juvenile fish

Stock composition of Chinook samples

Of the 179 samples that contained Chinook salmon
DNA in the SJI (131 from scales or tissues and regurgi-
tations and 48 fecals), we were able to obtain genotypes
from 105 of them (98 tissue and scales and 7 fecals) for
at least 5 loci. For the JDFS, of the 74 samples with Chi-
nook salmon DNA, 73 produced useful genotypes for
mixture analysis. The majority of Chinook salmon from
both study areas was estimated to be predominately of
Fraser River origin, although the SJI had a higher pro-
portion (89.7 %) than the JDFS (79.7 %) (Table 3, Fig. 2).
For the months in common (June, July, August), the al-
lele frequencies in the prey samples from the 2 sam-
pling areas differed significantly overall (2 = 26.3 df =
8, p =0.00092). None of the comparisons within months
between areas were significant (y? = 12.2, df = 8, p =
0.14; x*=11.5,df =8, p=0.1%%*=9.5,df = 8, p = 0.30
for June, July and August, respectively), perhaps due to
small sample sizes. Allele frequencies differed signifi-
cantly among months within both the SJI (y? = o, df =
26, p <0.00001) and JDFS (32 = 58.8, df = 24, p =.00009)
sampling areas, and most of the pair-wise comparisons
among months within sampling areas were also highly
significant (Table 3).

The composition of the Chinook salmon stocks var-
ied seasonally, and for the Fraser River stocks this vari-

ation reflected the expected seasonal composition of
Chinook salmon from that river system. In particular,
in May and June, the Fraser River stocks in the prey
samples were dominated by stocks from the upper por-
tion of the watershed (Fig. 2). In July and August,
stocks from the central portion of the watershed were
most common, while in September the predominant
Fraser River stocks were from the lower watershed, a
pattern consistent with the seasonal distribution of the
major Fraser River Chinook salmon stocks as they
enter the river mouth (Parken et al. 2008).

The contribution of non-Fraser River stocks also var-
ied seasonally and between the 2 prey sampling areas.
In May in the SJI, Fraser River stocks were estimated
to make up only about one-third of the prey composi-
tion, with stocks from South Puget Sound, Hood Canal
and California forming the majority of the sample
(Table 3). However, the sample size for May was rela-
tively small (n = 9), so these estimates have large stan-
dard errors (Table 3). By June, Fraser River stocks
made up the majority of the samples in both study
areas, although the Middle Fraser and North Thomp-
son (a tributary of the Fraser) were much lower in the
SJI. Similarly, North Puget Sound stocks were esti-
mated to be ~10 % of the sample in the JDFS but were
not seen in the SJI. In July, Fraser River stocks contin-
ued to dominate both areas, but a reversal was seen in
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Table 3. Estimated mean percentage (+SE) of Chinook salmon stock composition of killer whale prey from the Juan de Fuca Strait (JDFS)
and the San Juan Islands (SJI) based on predation event remains and fecal samples

Overall estimates® Estimate by month
May June July August September

Chinook stock JDFS SJI SJI JDFS SJI JDFS SJI JDFS SJI SJI

n=73 (=105 n=9) (n=19) (n=41) (n=22) (n=195) (n=32) (n=23) n=17)
Region
Central BC Coast 08=+1.1 0.1+04 02+1.1 00+x12 03=x1.1 00+x1.1 0.1+08 00+£09 02x1.1 02+1.0
W Vancouver I. 86+29 0.1x02 0.4+20 00+12 01+05 45+40 03x13 63+45 02+08 03+1.3
E Vancouver L. 1.1+13 00+0.2 03+1.5 25+43 01+05 03+20 02+1.0 00+09 02+12 02+1.0
Fraser River (all) 79.7 89.7 31.2 84.2 93.3 83.1 94.2 74.8 89.4 77.0
Upper Fraser 11.7+37 312+£52 186+150 375+127 77.3+6.6 281+10.1 6.6=+8.1 00+£08 02+1.1 0.1+0.9
Mid Fraser 102+36 19.1+47 11.3+13.1 179+99 6.1+3.9 344 +10.6 588+132 0.0x09 193+86 02+1.3
Lower Fraser 10.1+4.2 126 +£3.6 0.5+2.6 00+x14 0.1+03 00+13 0.1+08 157+£69 157+9.0 542+124
N Thompson 55+28 7.5+3.0 03+1.9 224+102 0.1+0.5 01+1.1 158+96 00+05 45+47 0.8+3.5
S Thompson 353+5.0 16.9+4.0 02+1.5 29+45 48+32 206+9.0 127+8.1 59.0+8.7 49.5+11.5 17.7+104
Lower Thompson 0.8+1.4 24+20 02+1.6 3.5+6.0 50+34 00+0.7 0.1+1.0 00+05 0.1+0.7 3.9+6.8
N Puget Sound 1.1+16 24+23 1.1+33 106 +122 1.0+19 90+78 06+1.8 04+20 41+51 17.8 + 10.1

S Puget Sound 13.0+57 37+22 25.3 £20.7 2.5+6.5 1.7+£23 30+6.7 02+12 1727+73 03=+13 02+1.1
Cent. Valley Fall 0.0+02 19=x1.5 21.2+129 0.0+08 0.1x03 00+07 02=x1.1 0.0+07 0.1x08 0.1+0.7
Other 1.9 2.2 20.4P 0.2 3.5 0.1 4.2 0.7 54 4.3

aStatistical tests of homogeneity of allele frequencies were as follows: JDFS versus SJI: May—Jun-Jul (x? = 26.3, df = 8, p = 0.0092), Jun (x>

=12.2,df =8, p=0.14), Jul (x*= 11.5, df = 8, p = 0.17), Aug (x> = 9.5, df = 8, p = 0.30); JDFS: Jun-Jul-Aug (32 = 58.8, df = 24, p = 0.00009),
Jun-Jul (x? = 29.7, df = 24, p = 0.19), Jun—-Aug (x* = 73.7, df = 24, p < 0.000001), Jul-Aug (x* = 35.3, df = 24, p = 0.06); SJI:
May-Jun-Jul-Aug-Sep (32 = o, df = 26, p < 0.000001), May-Jun (x? = 76.6, df = 26, p < 0.000001), May-Jul (x? = 49.9, df = 26, p =
0.00316), May-Aug (x> = 55.1, df = 26, p = 0.00074), May-Sep (x? = 54.6, df = 26, p = 0.00086), Jun-Jul (x> = 43.1, df = 26, p = 0.019),
Jun-Aug (x% = e, df = 26, p < 0.000001), Jun—Sep (x? = =, df = 26, p < 0.000001), Jul-Aug (x> = 45.4, df = 26, p = 0.01069), Jul-Sep (x? =
81.2, df = 26, p < 0.000001), Aug—Sep (x* = 44.3, df = 26, p = 0.014)

"Mostly Hood Canal origin
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Fig. 2. Stock proportion (+SE) of southern resident killer whale Chinook salmon prey items by study area and collection month
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presence of North Thompson stocks, and while Upper
Fraser had declined slightly in the JDFS, they had
decreased substantially in the SJI (Table 3). During
this month, west coast Vancouver Island and Northern
Puget Sound stocks were estimated to be at relatively
high frequencies in the JDFS (~4 and ~9%, respec-
tively), but <1% in the SJI. Similarly, in August the
JDFS had a substantial proportion of South Puget
Sound stocks (~18 %) compared to <1 % South Puget
Sound stocks in the SJI sample. The composition of
Fraser River stocks differed substantially between the
sampling areas during this month as well, with Middle
Fraser River stocks estimated to make up ~19% of the
SJI sample but 0% of the JDFS sample (Table 3).
Finally, September was the only sampling month with
substantial estimates of North Puget Sound stocks
(~18 %) in the SJI sample.

DISCUSSION
Species selection

Our results confirm earlier studies suggesting that
Chinook salmon are the dominant component of the
southern resident killer whales' summer diet (Ford et
al. 1998, Ford & Ellis 2006). The more contemporary
and larger sample size obtained in the present study
adds considerable weight to previous reports that
Chinook salmon are by far the preferred prey of the
southern resident killer whales during the summer
months. In fact, we observed a similar or even higher
proportion of Chinook as prey during June-August
than did Ford & Ellis (2006) (83% SJI, 99% JDFS,
versus 84 % for SE Vancouver Island as derived from
Table 6 in Ford & Ellis [2006]). We also documented
that the southern residents consumed some steel-
head, especially in the spring and fall months, consis-
tent with previous results from Ford & Ellis (2006)
and Felleman et al. (1991). Steelhead might be a sig-
nificant prey item during the spring in the SJI when
Chinook salmon are only just beginning to arrive.
The presence of steelhead in our SJI samples is also
consistent with observations of steelhead predation in
central Puget Sound during the winter and spring by
a lone northern resident killer whale, A73 (M. B.
Hanson unpubl. data). The importance of steelhead
in the diet of southern resident killer whales in spring
is unclear, however, and additional effort is needed to
fully assess its role considering the relatively low
abundance of this species (R. Bison pers. comm.). It
appears that May in the SJI might be a transitional
month during which the whales need to forage on a
wider variety of species and runs. September prey
selection in the SJI also seems to follow a similar pat-

tern as May, as the contribution of Chinook salmon
declines and other salmonids become more prevalent.
However, it is also important to note that for both of
these months some or all of the southern resident
pods may spend significant time outside the inland
waters and as such may be foraging on different prey
than reported here.

Notably absent from the samples were pink salmon,
and there were only a few sockeye salmon, confirming
Ford & Ellis' (2006) previous observation that pink and
sockeye salmon are not significant sources of prey for
the whales, despite the high abundance of these spe-
cies in the area. The limited number of sockeye salmon
found in prey samples is particularly striking because
the annual abundance of Fraser River sockeye runs is
up to 100-fold greater than Fraser River Chinook
salmon. For example, the estimated terminal run size
of Chinook salmon to the mouth of the Fraser River
from 2004 to 2006 ranged from 265 274 to 333 330 (PSC
2007). In contrast, typical run sizes of Fraser River
sockeye range from ~5 to 20 million (PSC 2008a). It is
not clear why the whales do not eat many sockeye
since they do eat other salmonids, particularly early
and late in the season. One possibility is that the peak
of the sockeye salmon run in the area largely overlaps
with the peak of the Chinook salmon run (Roos 1991,
Parken et al. 2008), so the whales may not need to
switch from their preferred prey during this time
period (Ford & Ellis 2006). The sockeye salmon runs
are also of shorter duration than the Chinook salmon
runs (Roos 1991, Parken et al. 2008), and perhaps the
whales prefer a prey source that is available over a
longer period of time (Ford & Ellis 2006). Pink salmon
return to the Fraser River in similar numbers as sock-
eye salmon, but only in odd years and with a return
timing concentrated in late summer when Chinook
salmon are also relatively abundant (Roos 1991).

Chinook salmon stock assignments

The predominance of salmon originating from the
Fraser River in the diet of southern resident killer
whales in both study areas was not unexpected
because the whales' core summer habitat (Osborne
1999, McCluskey 2006, Hauser et al. 2007) coincides
with the migration route of Fraser River salmon runs
(Healey & Groot 1987) and the co-occurrence of killer
whales and salmon has been previously noted (Heim-
lich-Boran 1986, 1988, Felleman et al. 1991, Hoelzel
1993). The Fraser River Chinook salmon stocks are also
the most abundant Chinook salmon populations that
migrate through the area (PSC 2007). However, in
May, Fraser River Chinook salmon are relatively rare
(English et al. 2007, Parken et al. 2008) and, consistent
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with this rarity, Fraser River stocks were estimated to
make up a lower fraction of the prey samples in May
than in the other months (Table 2). The start of the sig-
nificant return of Fraser River Chinook salmon to
inland marine waters in June may be why K and L
pods typically do not arrive back in the SJI from the
coastal areas until this time (Osborne 1999). However,
only 15 samples were collected in May, so conclusions
regarding the prey composition early in the season will
remain tentative until additional data are collected.

Although the stock composition estimates from the 2
sampling areas were both dominated by Fraser River
stocks, there were significant differences in the overall
stock composition estimates between the 2 areas.
These differences are likely due to the location of the 2
areas relative to the migratory routes and timing of
Chinook salmon runs in the region, since many salmon
returning to the Fraser River have to migrate through
the JDFS before they enter the SJI area (Fig. 1). Chi-
nook salmon in the Fraser River are characterized by a
distribution of seasonal times of return to freshwater
(runs), with distinct spring, summer and fall run stocks.
The stocks returning to spawn in the Upper Fraser are
mostly spring-run, and at the Fraser River mouth their
abundance peaks in late June and early July (Parken
et al. 2008). Stocks from the Middle Fraser and North
Thompson River tend to have a peak migration time of
late July or early August, and stocks from the South
Thompson River and Lower Fraser areas have peak
migration times of late August and late September,
respectively.

The differences in stock composition between the 2
sampling areas are consistent with the stock-specific
run timing differences seen at the Fraser River mouth
(Parken et al. 2008). In particular, the June JDFS sam-
ples have lower proportions of spring-run stocks
(Upper Fraser) and higher proportions of summer run
stocks (North Thompson and Middle Fraser) compared
to the SJI samples (Fig. 2). A reasonable interpretation
of this pattern is that most of the Upper Fraser (spring-
run) stocks had already moved through the JDFS prior
to June, but were still the dominant stocks in the SJI.
During the same time period, the Middle Fraser and
North Thompson stocks were starting to appear in the
JDFS but had not yet reached the SJI. By July, in con-
trast, North Thompson and Middle Fraser stocks were
at higher frequencies in the SJI than in the JDFS, and
by August these stocks were not seen in the JDFS at all
and were much less frequent in the SJI (Fig. 2). The
decline of South Thompson and increase of Lower
Fraser fish in the SJI appears to be a continuation of
this pattern.

The close correspondence of the stocks from prey
samples from the SJI and the Fraser River run timing
pattern noted above suggest that the whales are con-

suming Chinook salmon stocks at least roughly in pro-
portion to their abundance. The ratio between Fraser
River and Puget Sound stocks in the prey samples also
appears consistent with the relative abundance of
these stocks. Based on terminal run abundance esti-
mates of the major Fraser River and Puget Sound Chi-
nook salmon stocks, Puget Sound stocks are estimated
to make up ~17 % of the Chinook salmon returning to
inland marine areas (PSC 2007, their Appendix B), a
level that was similar to what we observed in the
August and September prey samples.

The monthly stock composition of the prey samples
was also generally reflective of the stock composition
observed in various fisheries. In May, although the
sample size was small, the Chinook salmon present
were primarily from Puget Sound, similar to Chinook
salmon caught in the recreational fishery in the Victo-
ria fishery area that month (Bailey et al. 2001). Stock
composition estimates of Chinook salmon taken as
bycatch in tribal and commercial sockeye and pink
salmon purse-seine fisheries in the SJI area during late
August and early September 1998, 2006 and 2007 were
dominated by South Thompson (62 to 67 %) and Lower
Fraser (1 to 20%) stocks (Blankenship et al. 2009).
Stocks from those areas also made up high proportions
of the August and September prey samples (Table 3),
suggesting that the composition of Chinook salmon
stocks captured by fisheries was similar to that of
whale prey, when the collections analyzed overlapped
geographically. However, the stock composition esti-
mates from the prey samples were not similar to all
fisheries samples. Although prey samples from the
mid-Fraser River comprised the second most abundant
stock in SJI in August (19.1%), these were virtually
absent in the purse-seine (0 to 6 %) and recreational
fisheries (0 %). Specifically, in the Washington Depart-
ment of Fish and Wildlife Area 7 recreational fishery
management unit (SJI north to the Canadian border),
the stock composition was substantially different in
that it was dominated by south Puget Sound Chinook
salmon, a stock that was essentially absent from the SJI
prey samples (0.2 to 0.3%, but represented ~18% in
the JDFS).

The discrepancy between the fishery data and whale
samples within the SJI was likely due to most of the
fishing effort being concentrated in central and south-
ern Rosario Strait area from July through September
(Blankenship et al. 2009), an area that the whales
infrequently use during those months (Hauser et al.
2007) and where we did not collect any samples
(Fig. 2). In areas where this fishery overlapped with
prey samples collected (southwest side of San Juan
Island), fish taken in the recreational fishery, like the
prey samples, were primarily from the Fraser River.
Similarly for the purse-seine fisheries, these samples
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were obtained in the Strait of Georgia, an area that
overlaps with only some of prey samples collected. The
differences between the prey and fishery stock compo-
sitions could be due to the relatively small sample sizes
of both types of samples, combined with a patchy dis-
tribution of stocks in time and space. The whales and
the fisheries may also be selective in the stocks taken,
which could lead to different stock composition esti-
mates. Differences exist in mean body size among
returning Chinook salmon stocks (Healey 1991). Ford
& Ellis (2006) observed that the Chinook salmon recov-
ered from northern resident killer whale predation
events were older (and therefore larger) than what
would been expected based on the estimated relative
abundance of available age classes of Chinook salmon
in the waters of NE Vancouver Island. It is also possible
that fisheries may be selective. The Chinook salmon
bycatch noted above was from purse-seine fisheries
targeting sockeye and pink salmon relatively close to
the surface, whereas the recreational fisheries likely
catch fish across a wide variety of depths. Dive profiles
from time depth-recorders attached to southern resi-
dent killer whales show that dives in excess of 100 m
are not unusual (Baird et al. 2005) and collection of
prey samples often occur after long (i.e. deep) dives
(Northwest Fisheries Science Center unpubl. data).

Despite some differences between the stock compo-
sition of the prey samples and those from nearby fish-
eries, the general pattern that the composition of the
prey samples appears to roughly reflect the composi-
tion of the Chinook salmon stocks in the area has some
important implications. In particular, although the
results from the present and previous studies (Ford et
al. 1998, 2000, Ford & Ellis 2006) have provided a good
picture of the whales' diet while they are in inland
marine waters, much less information exists about the
whales' diet during the large proportion of the time
they are in the outer coastal areas. Assuming their diet
on the outer coast is also mostly Chinook salmon (Black
et al. 2001, Zamon et al. 2007), our results suggest that
it is also reasonable to assume that the whales are
preying on Chinook salmon stocks roughly in propor-
tion to the stocks' abundance. However, considering
the differences between the Chinook salmon fishery
composition and the composition of the prey samples
from a similar time and area discussed above, it is clear
that there can also be some differences between the
whales' prey composition and those of nearby fish-
eries.

In addition to differences due to run timing, some of
the differences in stock composition between the SJI
and JDFS prey samples likely reflect differences in the
marine distributions of salmon stocks. For example, the
higher proportion of South Puget Sound stocks in JDFS
prey samples is consistent with previous studies that

indicate that Chinook salmon from South Puget Sound
return along the west coast of Vancouver Island (PSC
2007) and then move to the southern side of the JDFS
before entering Puget Sound (Marshall et al. 1991).
The lack of West Coast Vancouver Island Chinook
salmon in the SJI sample is not surprising because
these fish would not return through that area to their
natal rivers. However, it was surprising that although
North Puget Sound fish were only present in the JDFS
sample in June, it was not until September that they
made a substantial contribution in the SJI, suggesting
that perhaps these stocks spend a considerable time
holding in the JDFS before returning to spawn.

The results of the present study have important
implications for salmon management actions aimed at
the conservation of killer whales. Southern resident
killer whale survival and fecundity are correlated with
Chinook salmon abundance (Ward et al. 2009, Ford et
al. 2009). Many salmon populations are themselves at
risk, with 9 ESUs of Chinook salmon listed as threat-
ened or endangered under the ESA. Among the stocks
we found to be consumed by the whales, the North and
South Puget Sound stocks are part of the Puget Sound
Chinook salmon ESU that is listed as threatened
(NMFES 2005). In addition, the North Puget Sound
spring and fall Chinook salmon stocks and several
Fraser River spring and summer stocks (Bailey et al.
2001, Parken et al. 2008) have been listed as having
medium to high conservation concern and fishery rele-
vance (PSC 2008b). The endangered status of the
southern resident killer whales and their apparent
dependence on salmon as a prey source means that the
National Marine Fisheries Service has been required
to evaluate the effects of prey reduction on the whales
due to fisheries (NMFS 2008a) and other activities (e.g.
water diversions; NMFS 2009). The results from the
present study will allow fish managers to potentially
fine tune their activities to meet both salmon and
whale recovery goals. For example, our results suggest
that the whales may be particularly dependent upon
Fraser River Chinook salmon stocks during the sum-
mer months. In considering the risk of fisheries to the
whales via prey reduction, it may therefore make
sense to pay particular attention to fisheries that
impact these stocks.

In addition to considering the effects of reduced
abundance of wild salmon on the whales, our results
may also inform an assessment of the potential impor-
tance of hatchery-produced salmon in meeting the
whale's prey requirements. The data we collected did
not allow us to specifically identify hatchery fish in the
samples we obtained. However, it is highly likely that
some of fish consumed by whales included hatchery
fish, because some of the stocks we identified in the
whales' diet contain high proportions of hatchery ori-
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gin fish. For example, in many of the South Puget
Sound Chinook salmon stocks, the hatchery contribu-
tion to these runs exceeds 75 % (Pacific Fishery Man-
agement Council 2009), and hatchery fish account for
approximately 30% of the run of Lower Fraser River
Chinook salmon (C. Parken pers. comm.). In the long
term, hatchery production has been identified as an
important risk factor impacting the viability of wild
salmon stocks (Myers et al. 1998), and reducing hatch-
ery releases has been used as a conservation strategy
for wild salmon (Mobrand et al. 2005, Buhle et al.
2009). In the short term, however, our results suggest
that managers may need to consider the potential
impacts of reduced killer whale prey that may result by
reducing releases of hatchery salmon.

The present study has provided important new infor-
mation on the species and stocks of prey taken by
southern resident killer whales in summer months. In
particular, the present study has added to the evidence
that the whales consume mostly Chinook salmon dur-
ing this time period, and has provided a fairly detailed
picture of how the stock composition of Chinook
salmon they consume changes over the course of this
season. However, it is important to note that the pre-
sent study has some limitations. First, it relies primarily
on the collection of prey fragments that are only recov-
ered at or near the surface. There has been some con-
cern that prey remains collected on the surface could
be a biased sample if the whales are catching and con-
suming other types of prey while at depth (Ford et al.
1998, Baird et al. 2005). Recently, Ford & Ellis (2006)
observed that the whales tend to routinely bring prey
that are caught at depth to the surface for prey sharing,
suggesting that surface-collected prey is probably a
reasonably unbiased sample of the total prey taken.
However, the whales sometimes dive to considerable
depths (Baird et al. 2005) and it remains possible that
some types of prey items may be consumed far below
the surface. Our results (Table 2) did show some differ-
ences in species contributions from scales and tissues
versus feces (e.g. a higher proportion of coho and non-
salmonids in feces), such that analyses of additional
fecal samples collected from the whales may help to
address this issue. Secondly, the present study was
limited to inland marine waters during the summer
months, and the results may not be representative of
the whales' diet in other areas or times of the year.
During the fall, winter and spring months, the whales
spend most of their time in outer coastal waters, rang-
ing from central California to northern BC (Krahn et al.
2004) where they would have access to numerous
other stocks of Chinook salmon (Weitkamp 2010) as
well as other potential prey sources. Even during the
summer months, the whales sometimes make multi-
day sojourns to the outer coastal waters, so the esti-
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mated prey composition we reported in the present
study does not necessarily reflect their overall summer
diet. It will therefore be important to conduct similar
studies in outer coastal areas in order to gain a more
complete understanding of the whales' diet composi-
tion. The present study provides an important founda-
tion upon which to assess impacts of identified risk fac-
tors (Krahn et al. 2004). Specifically, next steps will
include assessing the impact of southern resident killer
whales on Fraser River salmon stocks as well as pro-
viding more realistic estimates of the intake of persis-
tent organic pollutants than those of a recent analysis
(Cullon et al. 2009).
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