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Abstract. The populations of many native species have increased or expanded in
distribution in recent decades, sometimes with negative consequences to sympatric native
species that are rarer or less adaptable to anthropogenic changes to the environment. An
example of this phenomenon from the Pacific Northwest is predation by locally abundant
pinnipeds (seals and sea lions) on threatened, endangered, or otherwise depleted salmonid
(Oncorhynchus spp.) populations. We used survey sampling methodology, acoustic telemetry,
and molecular genetics to quantify the amount of harbor seal (Phoca vitulina) predation on a
depressed run of coho salmon (O. kisutch) and to determine whether some seals consumed a
disproportionately higher number of salmonids than others. Based on a probability sample
totaling 759.5 h of observation, we estimated that seals consumed 1161 adult salmonids (95%
CI ¼ 503–1818 salmonids) during daylight hours over an 18.9-km estuarine study area in
Oregon during an 84-d period in fall 2002. Simultaneous tracking of 56 seals via an acoustic
telemetry array indicated that a small proportion of marked seals (12.5%) exhibited behavior
that was consistent with specialization on salmonids. These seals spent the majority of their
time in the riverine portion of the study area and did so disproportionately more at night than
day. Genetic analysis of 116 salmonid structures recovered from 11 seal fecal samples
suggested that coho salmon accounted for approximately one-half of total salmonid
consumption. Though subject to considerable uncertainty, the combined results lead us to
infer that seals consumed 21% (range ¼ 3–63%) of the estimated prespawning population of
coho salmon. We speculate that the majority of the predation occurred upriver, at night, and
was done by a relatively small proportion of the local seal population. Understanding the
extent and nature of pinniped predation can provide important inputs into risk assessments
and other modeling efforts designed to aid the conservation and recovery of salmonids in the
Pacific Northwest. Such understanding may also help inform management actions designed to
reduce the impact of pinniped predation on salmonids, which potentially range from short-
term lethal removal programs to long-term ecosystem restoration and protection efforts.
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Protection Act; Oncorhynchus kisutch; Pacific Northwest; Phoca vitulina; predation; scat; spatiotemporal
sampling.

INTRODUCTION

The populations of many native species have

increased or expanded in distribution in recent decades,

sometimes with negative consequences to sympatric

native species that are rarer or less adaptable to

anthropogenic changes to the environment (Wagner

and Seal 1992, Garrott et al. 1993, Goodrich and

Buskirk 1995). Examples include common raven (Corvus

corax) predation on desert tortoises (Gopherus agassizii)

(Boarman 2003), coyote (Canis latrans) predation on

San Joaquin kit foxes (Vulpes macrotis mutica) (Ralls

and White 1995), and cowbird (Molothrus ater) parasit-

ism on passerines such as Kirtland’s warblers (Dendroica

kirtlandii) and black-capped vireos (Vireo atricapillus)

(Rothstein and Cook 2000). Active management of such

situations is often controversial, costly, and litigious

(Soulé 1990, Garrott et al. 1993, Goodrich and Buskirk

1995).

An example of this phenomenon from the Pacific

Northwest is predation by locally abundant pinnipeds

(seals and sea lions) on threatened, endangered, or

otherwise depleted salmonid (Oncorhynchus spp.) pop-
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ulations (Garrott et al. 1993, NMFS 1997, Baraff and

Loughlin 2000). Increases in pinniped abundance and

distribution in this region have largely been the result of

protection under the Marine Mammal Protection Act of

1972 (MMPA; 16 United States Code [U.S.C.] §1361 et

seq.) and several pinniped stocks may now be reaching,

or are within, their ‘‘Optimal Sustainable Population’’

(16 U.S.C. §1362 (9)) range (Baraff and Loughlin 2000,

Jeffries et al. 2003, Brown et al. 2005). Coincident with

these increases has been a decline in many Pacific

salmonid populations (Nehlsen et al. 1991, Hedgecock et

al. 1994). These declines have resulted in the listing or

proposed listing of many as sensitive, threatened, or

endangered under state and federal law (e.g., NMFS

1995). While not believed to be the cause of the declines,

pinniped predation has been identified as a potential

factor that may exacerbate declines or impede recovery

of depressed salmonid stocks (NMFS 1997). Perhaps the

best known example of such a case involved California

sea lion (Zalophus californianus) predation on a de-

pressed run of winter steelhead (O. mykiss) at the

Ballard Locks, Washington, where, from 1986 to 1992, a

relatively small number of sea lions consumed an

average of 42–65% of the annual run (Jeffries and

Scordino 1997, Fraker and Mate 1999).

Concerns over the situation at the Ballard Locks and

the potential effects of pinnipeds on salmonid recovery

in general led to significant amendments to the MMPA

in 1994, including a provision to allow states to apply

for the authorization to lethally take ‘‘individually

identifiable pinnipeds which are having a significant

negative impact on the decline or recovery of salmonid

fishery stocks. . .’’ (16 U.S.C. §1389 (b) (1)). In addition,

the NMFS was directed to conduct a scientific

investigation to assess the impact of California sea lion

and Pacific harbor seal (Phoca vitulina) predation on

endangered and threatened salmonid stocks on the

Pacific coast. The report on that investigation (NMFS

1997) and the subsequent recommendations to the U.S.

Congress (NMFS 1999) cited the need for more

information on the effects of pinniped predation on

specific salmonid populations.

We report here on some of our efforts to provide such

information. Specifically, we describe a study conducted

at the Alsea River estuary, Oregon, during fall 2002, in

which we employed three complementary and concur-

rent approaches to assess harbor seal predation on

salmonids. These approaches and their proximate

objectives were: (1) observation of seal surface-feeding

events to estimate total diurnal salmonid predation; (2)

tracking of seal movements via acoustic telemetry to

infer foraging behavior; and (3) morphological and

genetic analyses of seal fecal material (scat) to describe

diet. We combine the results from these methods in an

attempt to quantify the amount of harbor seal predation

on a depressed run of coho salmon (O. kisutch) and to

determine whether some seals consumed a dispropor-

tionately higher number of salmonids than others.

Lastly, we discuss the management implications of our

work in light of recent recommendations to change

pinniped management policies.

METHODS

Study area and species accounts

Study area.—We conducted our study from 1

September to 23 November 2002 at the Alsea River

estuary on the central Oregon coast (Fig. 1a; Appendix

A). The estuary, described in Peterson et al. (1982), is

;1018 ha in area and is characterized by a narrow

mouth, a bay with several subtidal channels that bisect

intertidal sand and mud flats, and a river with a

maximum salinity intrusion of ;21 km. Tides are

semi-diurnal with a mean range of 1.8 m. The bay is

shallow with a water depth at mean low water ranging

from ;10 m at the mouth to ,2 m in most other

locations; water depths in the lower river generally do

not exceed 5 m at mean low water. The estuary is a

popular site for crabbing, fishing, boating, and clam-

ming.

Pinniped species account.—Harbor seals are the most

abundant pinniped in Oregon and number ;10 000

animals statewide (Brown et al. 2005). They are

considered opportunistic predators that consume a wide

variety of seasonally and locally abundant prey (Olesiuk

1993, Orr et al. 2004). The Alsea River estuary

population of harbor seals number between 500 and

750 animals, giving birth in May–June and molting in

July–August. Seals used two haul-outs during the study

period: a sand shoreline at the mouth of the bay and an

intertidal sand flat located 3 km distant in the middle of

the bay (‘‘lower’’ and ‘‘upper’’ haul-outs, respectively;

Fig. 1a). Other pinniped species have only occasionally

been observed in the estuary.

Salmonid species account.—Anadromous salmonids

that have historically spawned in the Alsea River basin

include fall chinook salmon (O. tshawytscha), coho

salmon, winter steelhead, searun cutthroat trout (O.

clarki clarki), and chum salmon (O. keta) (Monaco et al.

1990, Emmett et al. 1991, ODFW 1997). In 2002, these

runs consisted entirely of naturally spawned fish with the

exception of some hatchery steelhead and some salmon

strays spawned at hatcheries outside the basin. While all

five of these species were likely to occur in the estuary

during our study, only chinook and coho salmon were

thought to have run timings and abundances that would

result in significant interactions with seals. Of these two,

our focus was on coho salmon because: (1) they were the

only salmonid in the basin for which a probability-based

estimate of spawner abundance was available and (2) the

Alsea River run of coho was part of a regional

population that had been listed as threatened under

the U.S. Endangered Species Act (ESA; 16 U.S.C. §1531

et seq.) (NMFS 1998, but see NMFS 2006). In contrast,

the chinook salmon run in the Alsea River was

sufficiently healthy to support a popular sport fishery;

March 2007 339SEAL PREDATION ON SALMONIDS



this fishery was concentrated in the riverine portion of

our study area during September and early October.

Surface-feeding observations

While harbor seals generally consume small prey

underwater they usually must surface to manipulate

and consume larger prey such as an adult salmonid (Roffe

and Mate 1984, Bigg et al. 1990, Stanley and Shaffer

1995). We utilized this aspect of their foraging behavior

(i.e., surface-feeding), in conjunction with survey sam-

pling methods (e.g., Cochran 1977, Scheaffer et al. 1990)

to estimate the total number of adult salmonids

consumed by seals during daylight hours. Our use of

survey sampling methods differs from most studies of

pinniped predation which have typically been based on

nonprobability samples (e.g., Bigg et al. 1990, Carter et al.

2001) or, more commonly, have employed a bioenergetics

approach (e.g., Olesiuk 1993, Laake et al. 2002).

FIG. 1. Map of the Alsea River estuary, Oregon, USA, showing: (a) general features of the study area including locations of
harbor seal haul-out sites; (b) surface-feeding observation sites (1–63); and (c) acoustic receiver locations (A–O). Ocean, bay, and
river portions of the study area are demarcated by vertical dashed lines in (b) and (c).
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Diurnal observations.—The variable of interest for this

component of our study was a surface-feeding event

(also referred to as a predation event) whereby a harbor

seal was observed to capture, kill, and/or commence

consuming a previously live, free-swimming adult

salmonid within a prescribed spatiotemporal observa-

tion unit. We assumed that the probability of detecting

an event, given that it occurred, was one. Surface-

feeding observations were conducted primarily from

small, motor-powered skiffs, with one observer per boat

and two boats in simultaneous operation at most times.

Observers conducted observations by visually scanning a

prescribed area with unaided vision and 7 3 50

binoculars. For each predation event, observers record-

ed the time and duration of the event, the number of

individual seals involved, the foraging behaviors ob-

served (search, pursuit, capture, and consumption), the

type of prey consumed (salmonid, non-salmonid,

unknown), and whether it was believed to be a free-

swimming fish (as opposed to one that was caught and

released in the sport fishery or a carcass scavenged from

a fish-cleaning station or crab trap).

Observers followed a schedule of when and where to

observe based on a probability sample from a spatio-

temporal sampling frame. The schedule was generated

from a three-stage cluster (subsampling) design (Co-

chran 1977), with repeated systematic samples (Scheaffer

et al. 1990) at each stage (see Appendix B for a detailed

description of the sampling frame and design). We

defined the spatial extent of our sampling frame as the

main subtidal channel from the mouth of the Alsea

River to river kilometer 18.9 (Fig. 1b). The spatial

observation unit (element) was a 300 m long channel

segment; widths varied from a maximum of 150 m in the

bay to ,50 m in the river. The temporal extent of the

frame consisted of all daylight hours during the 84-d

study period, excluding the first and last 30 min of each

day to allow for travel to and from sites. The temporal

observation unit was a 30-min period (e.g., an 11-h day

would have 22 observation periods). If salmonid

predation occurred outside these spatiotemporal

bounds, such events would indicate undercoverage in

our frame and would result in an underestimate of

diurnal predation.

Diurnal predation estimation.—If we let yiju be the

number of adult salmonids consumed by seals in the uth

tertiary sampling unit (TSU), within the jth secondary

sampling unit (SSU), drawn from the ith primary

sampling unit (PSU), then an unbiased estimator for

the total number of adult salmonids consumed (ts) can

be constructed from Cochran (1977) as

ts ¼ NMK

Xn

i¼1

Xm

j¼1

Xk

u¼1

yiju

nmk
ð1Þ

where N and n are the number of PSUs in the population

and sample, respectively; M and m are the number of

SSUs in the population and sample, respectively; and K

and k are the number of TSUs in the population and

sample, respectively. Since our sampling fractions were

constant at each stage (see Appendix B), Eq. 1 can be

rewritten as the following weighted sum:

ts ¼ 68:25
Xn

i¼1

Xm

j¼1

Xk

u¼1

yiju: ð2Þ

An unbiased estimator for the variance of the total was

also constructed from Cochran (1977).

Nocturnal observation.—Logistical constraints prohib-

ited us from conducting boat-based, estuary-wide

surface observations at night. Our objective, therefore,

in conducting nocturnal observations was simply to

document the occurrence of pinnipeds foraging success-

fully for salmonids at night. We conducted these

observations on an opportunistic basis from two docks

located near observation sites 25 and 43 (Fig. 1b).

Observations were made during the three hours before

sunrise or after sunset using head-mountable third-

generation night vision goggles, a 33 slip-on f1.2

magnifier lens, and an infrared illuminator with 6 3

106 candela power.

Seal movements

Capture and marking.—We captured and handled

harbor seals following procedures outlined in Jeffries et

al. (1993). Briefly, these procedures consisted of rapidly

deploying a large net in the water immediately in front

of a haul-out area and pulling it to shore in the manner

of a beach seine. Seals were extracted at the water’s edge

and placed in individual hoop nets. Seals were weighed

and measured, sex was determined, and general age

classes were estimated. Individually numbered plastic

cattle ear-tags were applied to the webbing of both hind

flippers of each seal. We attached acoustic pingers

(ultrasonic transmitters) to the dorsum of each animal

using five-minute epoxy. The pingers, Vemco V16-1H-

R256 coded pingers (Vemco, Nova Scotia, Canada),

were 16 mm in diameter, 55 mm in length, weighed 9 g in

water, and operated at a frequency of 69 kHz with a

power of 152 dB re 1 lPa at 1 m. Each pinger emitted a

uniquely identifiable pulse train at random intervals

every 30–79 s.

Tracking.—Seals were passively tracked using a fixed

array of 15 acoustic receivers (Fig. 1c). The receivers,

Vemco VR2 (Vemco; software version 1.08), recorded a

pinger’s identification number, date, and time whenever

a marked seal traveled within a receiver’s detection

range. Average detection distances varied from 200 to

750 m across sites (Fig. 1c); variations in range were

largely functions of environmental conditions such as

ambient noise, salinity, turbidity, and local bathymetry.

Receivers were moored using 18-kg kedge anchors with

1.25-cm line attached to two floats; receivers were

attached to the line ;1 m below the floats. The spatial

arrangement of the receivers was designed primarily to
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ensure detections of seals moving from haul-outs in the

bay to foraging sites upriver and in the ocean. The exact

placement depended on local conditions such as boat

traffic, depth, and distance from other receivers. Some

receivers were not operational for the entire 84-day

study due to vandalism, battery failure, and weather

constraints; these included receivers A (operational for

only 33 of 84 days), B–C (64 days), E (68 days), H–I (64

days), and M (78 days). We downloaded data from

receivers located in the estuary on a weekly basis and

from offshore receivers upon recovery.

Seal diet

General procedures.—We collected, processed, and

described seal fecal (scat) samples based on methods

described in Kvitrud et al. (2005). Briefly, we attempted

to collect all scat found on each of the two primary haul-

outs (Fig. 1a) at least once every two weeks. Undigested

prey structures were recovered by rinsing scat through a

series of nested sieves. Prey were identified to the lowest

taxon possible based on species-specific or family-

specific diagnostic structures such as otoliths, teeth, gill

rakers, and vertebrae (hereafter referred to as bones or

structures). We quantified diet composition by calculat-

ing the frequency with which each prey type occurred

among all scat samples with undigested remains. Since

morphological identification of salmonid bones is only

possible to genus we used molecular genetic techniques

to identify bones further to the species and individual

levels.

Genetic analyses.—Genomic DNA from salmonids

was isolated from undigested bones in a 96-well format

as described in Kvitrud et al. (2005). A polymerase chain

reaction (PCR)-based species identification test based on

growth hormone type 2 (GH2) (Greig et al. 2002) was

used to type individual bones to species. Positive

controls from known coho, chum, and chinook salmon,

steelhead, and cutthroat trout were included on each gel.

To maximize the number of successful amplifications

and minimize genotype scoring errors, genotype data

was collected from two independent PCR reactions. The

PCR conditions in the first GH2 amplification were the

same as described in Kvitrud et al. (2005); thereafter we

reduced primer concentration from 0.2 lmol/L to 0.12

lmol/L.

For bones successfully typed to species we estimated

the number of individual salmon consumed on each

collection date using a suite of highly polymorphic

microsatellite loci. We individually amplified genomic

DNA on a PTC-100 thermocycler (MJ Research, San

Francisco, California, USA) at the following loci: Oki-

16 (Smith et al. 1998), One-13 (Scribner et al. 1996), Ots-

2 (Banks et al. 1999), P-53 (Park et al. 1996), Ots-212

and Ots-215 (Greig et al. 2003), and Ots-104 and Ots-

107 (Nelson and Beacham 1999; see Appendix C for

reaction conditions and volumes). The PCR products

were run on 5% denaturing polyacrylamide gels at 1800

V for 80 min with the GeneScan-400HD [ROX]

(Applied Biosystems, Foster City, California, USA) size

standard. Electrophoresis was performed using a Base-

Station DNA Fragment Analyzer (MJ Research), and

the size of amplified products was assessed against the

size of standard fragments co-loaded with each sample

using Cartographer software (MJ Research). Two loci,

Oki-212 and Oki-16, did not amplify an adequate

number of individuals and were dropped from further

analyses.

We recognized that low DNA content of undigested

salmonid bones could potentially result in high allele

dropout at polymorphic microsatellite loci. We therefore

attempted to track and assess genotyping errors (see

Bonin et al. 2004) by including blind samples among the

structures recovered from scat. Blind samples were

obtained from an Oregon Department of Fish and

Wildlife (ODFW) reference collection and consisted of

one or more bones from individuals of each salmonid

species of interest as well as one non-salmonid fish. After

all amplified samples were assigned to species and to

individuals within species, the identities of the blind

samples were revealed. Genotyping errors in the blind

samples were then evaluated and used to search for and

reevaluate suspect results from the unknown samples.

Coho predation rate

Estimating a coho-specific predation rate in a system

with multiple salmonids required estimates of total

diurnal and nocturnal predation, a method to apportion

predation among salmonid species, and an estimate of

coho spawner abundance. Estimates of diurnal salmonid

predation and coho spawner abundance were obtained

from surface-feeding observations and Chilcote et al.

(2005), respectively. We used indirect methods to

estimate the amount of nocturnal and coho-specific

predation.

Nocturnal predation.—We estimated the relative

amounts of diurnal and nocturnal predation based on

the temporal distribution of movements by marked

seals. That is, we used the proportion of time marked

seals spent in the river (at or above receiver J, Fig. 1c)

during the day as an estimate of the proportion of total

predation represented by our probability-based diurnal

estimate. This approach was predicated on the assump-

tion that the majority of salmonid predation by seals

would occur in the river, which in turn was based on our

personal observations during previous pilot studies in

the estuary. As an example, if our diurnal estimate of

predation was 100 salmonids and we found that 50% of

the time that seals occurred in the river was during the

day, then our estimate of total predation would be

100/0.5 ¼ 200 salmonids. We estimated uncertainty in

the diurnal proportion of predation ( pd) based on simple

percentile confidence limits (Manly 1997) of the boot-

strap distribution of time seals spent in the river.

Coho predation.—We estimated coho-specific preda-

tion by multiplying the nocturnally adjusted estimate of

total salmonid consumption by the proportion of coho
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genotypes among all salmonid genotypes identified from

scat. To continue the example from above, if one quarter

of all salmonid genotypes were coho, then our estimate

of total coho predation would be 200 3 0.25 ¼ 50

individuals. We estimated uncertainty in the coho-

specific proportion of predation (pc) based on simple

percentile confidence limits (Manly 1997) of the boot-

strap distribution of coho genotypes in scat.

Predation rate.—We estimated the proportion of the

coho run consumed by harbor seals as

pr ¼
ðts 3 pcÞp�1

d

ðts 3 pcÞp�1
d þ tc

ð3Þ

where pr represents the estimated proportion of the

potential coho run size consumed by seals; ts is total

diurnal salmonid predation (estimated from surface-

feeding observations; Eq. 2); pc is the proportion of coho

salmon consumed relative to other salmonids (estimated

from genetic analysis of scat); pd represents the

proportion of diurnal salmonid predation relative to

total predation (estimated from upriver seal move-

ments); and tc is the total coho spawner abundance

(estimate from Chilcote et al. 2005). We expressed the

effects of uncertainty in the parameter estimates by

substituting the point estimates of each parameter with

their 95% confidence limits that yielded the lowest and

highest estimates of pr. For example, pr is minimized by

using the lower confidence limits of ts and pc and the

upper limits of pd and tc.

RESULTS

Surface-feeding observations

Diurnal observations.—We observed 17 instances of

harbor seals consuming previously live, free-swimming,

adult salmonids during 759.5 h of diurnal surface-

feeding observations. These events occurred nearly every

week of the study and across the entire length of the

study area (Fig. 2). Seventy-six percent (13/17) of the

events occurred in the river (at or above site 20). We

observed group feeding behavior (2–3 seals consuming a

single salmonid) during 47% (8/17) of the events.

Multiplying the 17 observed events by the expansion

factor of 68.25 (Eq. 2) yields an estimated total of 1161

adults salmonids consumed by seals over the sampling

frame. The approximate 95% confidence interval for the

total was 503–1818 salmonids; the coefficient of

variation (CV) was 28.9%.

Nocturnal observations.—We observed three instances

of seals and one instance of a California sea lion

consuming salmonids during 77.5 h of nocturnal

surface-feeding observations. All four of these events

occurred near site 43 during the post-sunset observation

period.

Seal movements

We attached pingers to 59 harbor seals captured over

three days in late August and one day in early September.

The first two capture occasions occurred at the upper

haul-out, where 80.5% (29/36) of the captured seals were

female. In an attempt to balance the sex ratio of our

overall sample, we selectively retained and marked males

during the subsequent two capture occasions. The

resulting sample from the latter two occasions, which

occurred at the lower haul-out, was 78.3% (18/23) male.

Pingers from three females were accidentally dislodged

during unintentional recaptures, resulting in a final total

of 56 marked seals (55.3% female, 44.6% male).

Marked seals were detected by receivers across the

entire study area (Fig. 3). While nearly all animals were

detected near the haul-out sites (receivers D and E),

many animals were detected, or detected most often, at

only a subset of the receivers. We classified the different

detection patterns into four types that we illustrate with

the movements of four seals over a one-week period in

October (Fig. 4). Fig. 4a depicts a seal exhibiting an

‘‘ocean’’ pattern. This seal was only detected in the lower

bay and ocean; its repeated use of the latter suggests that

it foraged primarily for prey outside the estuary. Fig. 4b

depicts a seal exhibiting a ‘‘lower river’’ pattern. This

seal was not detected at receivers in the lower bay,

ocean, or upper river. It made repeated foraging trips to

the lower river and presumably only hauled out in the

upper bay. Fig. 4c depicts a seal with a pronounced

‘‘upper river’’ pattern. This seal consistently departed

the bay around sunset each day and traveled upriver to

FIG. 2. Cumulative distribution of observed harbor seal
predation on salmonids by (a) date (in 2002) and (b) location.
Observation site numbers are as in Fig. 1.
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presumably forage for salmonids. It generally stayed

upriver all night and returned to the bay in the morning,

an ;30-km round-trip. Lastly, Fig. 4d depicts a seal that

exhibited no clear pattern in estuary usage. This seal was

detected using the entire range of the study area.

Forty-one percent (23/56) of marked seals were

detected using the river at least once (Fig. 5). However,

just 12.5% (7/56) appeared to specialize in river use,

accounting for 93.6% (4747/5067) of the total hours

marked seals were detected upriver. Seals captured on

the upper haul-out were disproportionately more likely

to be detected in the river than seals captured on the

lower haul-out (55.8% compared to 18.1%, respectively;

Fisher’s exact test for difference in proportions, P ¼
0.006). The temporal distribution of river use by seals

during the day and night was 27% and 73%, respectively;

in contrast, the temporal distribution of available hours

by day and night was 47% and 53%, respectively.

Seal diet

Harbor seal diet during the study period consisted of

over 30 different prey types (Table 1). The most

frequently occurring prey were Pacific herring (Clupea

pallasii), English sole (Parophrys vetulus), and rex sole

(Glyptocephalus zachirus). We did not compare prey use

relative to availability due to a lack of information on

abundance of prey species within the study area. Prey

types appeared to vary by haul-out location but a small

sample size at the upper haul-out (n ¼ 6 scat samples)

precluded meaningful comparison. (The skewed sample

size was the result of differences in scat abundance

between haul-outs rather than differences in collection

effort.)

Adult salmonid remains were found in 9.4% (11/117)

of the scat containing remains. From these we recovered

116 putative salmonid structures (primarily teeth, gill

rakers, and vertebrae). The number of salmonid

structures per scat sample ranged from 1 to 44. Species

identification was successful for 87% (101/116) of the

structures from 100% (11/11) of the scat. All three

salmon species that historically spawn in the Alsea River

basin (coho, chinook, chum) were present in harbor seal

scat (Table 2). In addition, a single bone was identified

as either a cutthroat trout or steelhead (we could not

FIG. 3. Estuary usage patterns of 56 harbor seals passively tracked via acoustic telemetry. Numbers in parentheses following
the receiver identifying letter are the numbers of days individual receivers were operational (maximum ¼ 84 d). Numbers in
parentheses following the seal-identifying number are the numbers of days individual seals were detected in the study area
(maximum ¼ 84 d, unless noted with an asterisk where the maximum ¼ 79 d). Solid and open circles indicate seals that were
captured at the lower and upper haul-outs, respectively. Small, medium, and large circles indicate that seals were detected on ,1/3,
1/3–2/3, and .2/3 of the days a receiver was operational, respectively.
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confidently discriminate between the two trout species

using the GH2 species identification test). The number of

salmonid species per scat sample ranged from one to

two; the number of salmonid individuals (i.e., unique

genotypes) per scat sample ranged from one to seven.

Coho salmon occurred in 63.6% (7/11) of the scat

samples containing salmonids and accounted for 54.3%

(19/35) of the individual salmonids consumed.

Coho predation rate

We estimate that harbor seals consumed ;20.7%

(2370/11 443) of the estimated run of coho salmon in the

Alsea River basin during fall 2002 (Table 3); accounting

for parameter uncertainty yielded minimum and maxi-

mum consumption estimates of 2.8% (394/14 116) and

63.2% (7600/12 024), respectively.

DISCUSSION

In this study we attempted to quantify harbor seal

predation on a depressed run of coho salmon and to

determine whether some seals consumed a dispropor-

tionately higher number of salmonids than others. To

the best of our knowledge our study is unique on at least

three counts: (1) the use of spatiotemporal probability

sampling to estimate predation; (2) the large sample size

of seals tracked to infer foraging behavior; and (3) the

use of molecular genetic methods to identify multiple

prey species to the individual level. In this discussion we

briefly synthesize the main findings of our study, discuss

their associated limitations, and place our work in a

management context.

Harbor seal foraging behavior

Our diurnal observations of harbor seal foraging

behavior provide direct evidence that seals consumed at

least 500–1800 adult salmonids in the Alsea River

estuary during fall 2002. Further, the genetic analysis

of prey structures recovered from harbor seal scat

provides evidence that seals consumed several salmonid

species including coho, chinook, and chum salmon, and

either cutthroat trout or steelhead. This study also

provides indirect evidence that the majority of salmonid

predation by seals likely occurred in the river, at night,

and was done by a relatively small proportion of the

local seal population. Several lines of evidence support

these latter inferences.

River foraging.—Our supposition that the majority of

salmonid predation by seals occurred in the river stems

from our diurnal surface-feeding observations (Fig. 2b),

our previous pilot work in the estuary, and a lack of

known alternate prey in the river that would explain the

foraging behavior depicted by seals such as the one in

Fig. 4c. Furthermore, pinniped predation on salmonids

in rivers and at river mouths has been documented in

FIG. 4. (a–d) Examples of harbor seal movement patterns from four seals over a one-week period in October 2002. Dark and
light vertical bars indicate night and day, respectively. The curvilinear light gray foreground represents relative tide height.
Horizontal dashed lines demarcate the ocean (receivers A–C), bay (D–I), and river (J–O) portions of the study area. Seal detections
are indicated by triangles (night) and circles (day). Ocean receivers (A–C) and upper-bay receivers (F–I) were grouped in order to
present movements in two dimensions.
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other studies throughout the Pacific Northwest (Roffe

and Mate 1984, Bigg et al. 1990, Stanley and Shaffer

1995, Yurk and Trites 2000, Lyman et al. 2002, Orr et al.

2004) and in the United Kingdom (Carter et al. 2001,

Middlemas et al. 2005). We suspect that the narrow

physiognomy of rivers provide increased foraging

opportunities for seals by increasing prey density and

thereby lowering search times. It may also be that rivers

provide good locations for salmonids to hold as they

mature and/or wait for environmental cues (e.g., water

flow, temperature) to continue migration. Such behavior

may increase foraging opportunities for seals further by

increasing the duration of time salmonids are exposed to

predation.

Nocturnal foraging.—Our supposition that the major-

ity of salmonid predation by seals occurred in the river

at night stems from the disproportionate use of the river

at night by marked seals (Fig. 5) and our direct

observations of successful nocturnal foraging for sal-

monids. That seals have the ability to track prey in low-

visibility conditions was experimentally demonstrated

by Dehnhardt et al. (2001), who suggested that seals

detect and track fish by following fish-generated water

movements with their whiskers. One reason seals may

have used the river more at night than during the day

was to avoid anglers. This seems unlikely, however, since

the nocturnal patterns we observed persisted after the

chinook salmon sport fishery had ended in mid-October.

Other researchers have documented disproportionately

higher rates of nocturnal movements by seals (Thomp-

son et al. 1989, Thompson and Miller 1990) and have

suggested they are in response to the behavior of their

prey. It may be that some aspect of salmon behavior

(e.g., nocturnal migration) might make them more

vulnerable to seal predation at night. However, diel

patterns in salmonid migration can vary by population

and the relationship between time of day and migration

is in need of further assessment (Quinn 2005:72). An

alternative explanation for the nocturnal use we

observed may be related to artificial lighting along the

river. Yurk and Trites (2000), for example, described a

situation in which harbor seals congregated under

artificial lights along the Puntledge River, British

Columbia, in order to consume out-migrating salmonid

smolts. While they found that turning the lights off was

initially effective as a deterrent, seals eventually habit-

uated and appeared to make use of residual city lighting.

Salmonid specialization.—If it is true that nocturnal

river foraging was indicative of foraging for salmonids,

then the seal movement data (Figs. 3 and 5) suggest that

only a small percentage of the local seal population

specialized in such behavior. This is consistent with

other studies of pinniped predation on salmonids. At the

Ballard Locks, Washington, just three California sea

lions accounted for 80% of the steelhead consumed

during the winter of 1998–1999 (Fraker and Mate 1999).

And near the Puntledge River, British Columbia, only a

small proportion of some 200 harbor seals actually

entered the river to feed on salmon smolts (Yurk and

Trites 2000). Fraker and Mate (1999) speculated that

learning plays a large part in the diet of individual

pinnipeds, whereby they become more specialized and

efficient as they learn the behavior and habitat of

particular prey species. They go on to suggest that the

removal of such specialists would likely reduce the rate

at which new individuals were recruited into the pool of

animals that learn to exploit such niches.

Study limitations

While our interpretation of the data suggests that

harbor seals may have consumed one-fifth of the

estimated coho run, the confidence interval for the

estimate is wide (3–63%) and some of the assumptions

underlying it are difficult to verify. Factors that

contributed to the uncertainty in our estimate, as well

as other study limitations, include the following.

Diet.—Scat analysis, while forming the cornerstone of

most studies that attempt to estimate prey consumption

by pinnipeds, nonetheless suffers from several well-

known shortcomings (see review in Pierce and Boyle

1991), such as differential digestion and passage rates of

prey hard parts. The introduction of molecular tools to

augment scat analysis (e.g., Orr et al. 2004, Kvitrud et al.

2005), while refining our ability to describe diet,

FIG. 5. Duration and frequency of river use by harbor seals.
Numbers to the right of bars are numbers of trips. The start and
end of a ‘‘river trip’’ was defined as the time of first detection at
receiver site J followed by a subsequent detection at receivers G,
H, or I.
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introduces yet additional assumptions and uncertainty

(see Bonin et al. 2004).

One issue that has received less attention is the scope

of inference for a particular sample of scat, both in terms

of the seal population of interest and geographic

foraging area. Pierce and Boyle (1991) cautioned that

information on the daily movements of individual seals

is needed to evaluate the relevance of diet information to

the general population. Our movement data suggests a

gradient of foraging activity ranging from the ocean to

the river (Fig. 3); the diets of seals utilizing such

disparate areas presumably varied as well. The move-

ment data further suggest that some seals (‘‘river seals’’

in particular) may not have frequented the lower haul-

out (e.g., see seals in Fig. 4b, c). This may be important

since the majority of our scat samples came from the

lower haul-out (Table 1). If the lower and upper haul-

outs were associated with ocean/bay and river foraging,

respectively, then our dietary analyses will be biased

towards the former.

Finally, we acknowledge the possibility that some

salmonid remains recovered from scat may have come

from fish consumed outside the study area or from

carcasses scavenged from fish-cleaning stations or crab

traps. While our anecdotal observations confirmed that

TABLE 1. Frequency of prey items morphologically identified from harbor seal scat collected at
haul-out sites in the Alsea River estuary, Oregon, USA, during fall 2002 (adult salmonids appear
in boldface type).

Common name Taxon

Frequency (%)

Lower haul-out Upper haul-out Combined

Pacific herring Clupea pallasii 44.1 41.9
English sole Parophrys vetulus 38.7 36.8
Rex sole Glyptocephalus zachirus 20.7 19.7
Dover sole Microstomus pacificus 15.3 16.7 15.4
Pacific sand lance Ammodytes hexapterus 13.5 33.3 14.5
Pacific tomcod Microgadus proximus 13.5 12.8
Flatfish Pleuronectidae 10.8 16.7 11.1
Sanddab spp. Citharichthys spp. 11.7 11.1
Smelt spp. Osmeridae 11.7 11.1
Butter sole Isopsetta isolepis 10.8 10.3
Salmonid spp. (adult) Oncorhynchus spp. 7.2 50.0 9.4
Sculpin spp. Cottidae 10.0 9.4
Pacific hake Merluccius productus 8.1 16.7 8.5
Flatfish order Pleuronectiformes 7.2 16.7 7.7
Northern anchovy Engraulis mordax 4.5 50.0 6.8
Herring/shad Clupeidae 5.4 5.1
Rockfish spp. Sebastidae 4.5 4.3
Shiner perch Cymatogaster aggregata 3.6 16.7 4.3
Unidentified fish 3.6 16.7 4.3
Octopus spp. Octopodidae 3.6 3.4
Pacific staghorn sculpin Leptocottus armatus 2.7 16.7 3.4
Surfperch spp. Embiotocidae 3.6 3.4
Slender sole Lyopsetta exilis 1.8 16.7 2.6
Sand sole Psettichthys melanostictus 1.8 1.7
Lingcod/greenling Hexagrammidae 1.8 1.7
Skate spp. Rajidae 0.9 16.7 1.7
Lamprey spp. Lampetra spp. 1.8 1.7
Codfishes Gadidae 0.9 0.8
Lingcod Ophiodon elongatus 0.9 0.8
Pacific sandfish Trichodon trichodon 0.9 0.8
Irish lord spp. Hemilepidotus spp. 0.9 0.8
Pacific sardine Sardinops sagax 0.9 0.8
Salmonid spp. (juvenile) Oncorhynchus spp. 0.9 0.8
Cephalopod Cephalopoda 0.9 0.8
Eelpout spp. Zoarcidae 16.7 0.8
Poacher spp. Agonidae 0.9 0.8
Gunnel spp. Pholidae 0.9 0.8
n scat 111 6 117

TABLE 2. Number and frequency of salmonid prey by scat and
genotype genetically identified from 11 harbor seal scat
samples collected at haul-out sites in the Alsea River estuary,
Oregon, during fall 2002.

Species

Scat Genotypes

n Frequency (%) n Frequency (%)

Coho 7 63.6 19 54.3
Chinook 5 45.5 12 34.3
Chum 3 27.3 3 8.6
Trout spp.� 1 9.1 1 2.9

Total 11� � 35 100

� We could not confidently discriminate between cutthroat
trout and steelhead using the GH2 species identification test.

� Total number of scat samples and frequency of occurrence
do not equal the sum of the columns because more than one
species may occur per scat.
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scavenging did occur, it is difficult to know the extent

relative to predation on free-swimming fish. Similarly, if

scavenging was misconstrued as predation on free-

swimming salmonids then this would have resulted in

a positive bias in our diurnal estimate of predation. We

feel such measurement error was unlikely, however,

since predation events used for estimation were based on

observations of live fish being captured, large pieces of

whole fish being consumed, or other indicators that a

free-swimming fish had been killed.

Movements.—The second limitation concerns seal

movements. As with scat sampling, it is not possible to

obtain a truly random sample of animals for marking

and tracking purposes. For example, the sample of seals

in this study was skewed towards females at the upper

haul-out site (either by chance or by a true sex bias at

that site) and toward males at the lower haul-out site (by

design to try and balance sex ratio of the sample). As a

result, the relationship between sex and foraging

behavior was largely confounded by capture location.

If there is a real sex bias between haul-outs (i.e., more

females at the upper haul-out, more males at the lower)

then it might suggest some sexual segregation in

foraging areas as well. This did not seem to be the case,

however, at least with respect to the seven seals that

specialized in river use (Fig. 5), as their sex ratio was

relatively even at three males and four females.

Even if we assume that our sample of seals was

representative of the local population, movements

themselves are only an indirect measure of foraging

behavior. Further research requiring in situ capture and

sampling or instrumentation of river seals is required to

better link location data with quantity and composition

of prey. Further insight into these questions may also be

gained by monitoring seal movements on a year-round

basis in order to determine whether the movement

patterns we observed persist during periods when there

is no adult salmonid migration through the study area.

Combined with year-round abundance monitoring and

scat collection, such tracking would allow for an

evaluation of diet-switching and aggregative and func-

tional responses of seals to seasonal variation in

salmonid prey numbers (e.g., see Brown and Mate

1983, Middlemas et al. 2005).

Management implications

It is our operating assumption that pinniped preda-

tion on adult salmonids that are listed under the ESA

warrants concern. While our study was initiated in part

due to the listing of Oregon coast coho as threatened

under the ESA (NMFS 1998), that listing was chal-

lenged in the courts and ultimately withdrawn (NMFS

2006). Absent a formal listing under the ESA, alterna-

tive criteria upon which to assess the impact of

predation might include management targets for spawn-

er abundance and viability thresholds from risk assess-

ments. For example, Nickelson (1998) modeled the

number of coho spawners needed for maximum smolt

production in Oregon coastal streams under three levels

of marine survival. These levels and the number of

spawners needed in the Alsea River basin were 3%, 5%,

and 10%, and 15 100, 21 100, and 25 500 coho, respec-

tively. In contrast, the minimum number of spawners

needed to ensure persistence of coho in the Alsea

Complex (which included streams outside of the basin

itself) was just 1400 individuals (Nickelson 2001). In the

absence of an ESA listing, we would suggest that only

the latter type of benchmark be used as a threshold for

determining whether pinniped predation constitutes a

potentially significant mortality factor.

While we have suggested that harbor seals may have

consumed one-fifth of the estimated run, the coho

population in the Alsea River basin is currently unlisted

under the ESA and above its viability threshold level.

Indeed, recent indices of coho (as well as chinook and

possibly sea-run cutthroat) spawner abundance in the

basin have been the highest in decades (ODFW,

unpublished data), despite co-occurring with historically

high numbers of seals (Brown et al. 2005). These facts

indicate that management actions to reduce predation

pressure by seals are unwarranted at this time and that

factors other than predation are primarily influencing

coho population dynamics in the basin. Nickelson and

Lawson (1998) have suggested, for example, that

persistence of coastal coho populations in Oregon was

largely dependent on freshwater habitat quality and

survival in the marine environment. Their simulation

study, however, assumed that predation during upriver

migration was negligible.

Should direct management someday be required in the

Alsea River, or elsewhere, options for alleviating

pinniped predation on salmonids are limited. Effective

TABLE 3. Parameter estimates for coho predation rate in the
Alsea River estuary, Oregon, during fall 2002.

Parameter Estimate

95% confidence limits

Lower Upper

Total diurnal salmonid
predation (ts)�

1161 503 1818

Total coho spawner
abundance (tc)�

9073 4424 13 722

Coho predation as
proportion of total ( pc)§

0.543 0.250 0.857

Diurnal predation as
proportion of total ( pd)jj

0.266 0.205 0.319

Proportion of coho run
consumed by seals ( pr)}

0.207 0.028 0.632

� Based on surface-feeding observations (Eq. 2); confidence
limits are estimate 61.96 SE.

� Source: Chilcote (2005).
§ Based on genetic analysis of scat samples; confidence limits

are from bootstrap distribution of coho genotypes in 117 scat
samples.
jjBased on movements of marked seals; confidence limits are

from bootstrap distribution of diurnal occurrence in the river
by 56 marked seals.

} See Eq. 3; ‘‘confidence limits’’ are derived from the
combination of limits from ts, tc, pc, and pd that yielded the
lowest and highest values of pr.
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deterrent methods have proven elusive (NMFS 1997,

Fraker and Mate 1999, Yurk and Trites 2000), and

lethal control is all but impossible under current MMPA

criteria. Those criteria require evidence that individually

identifiable pinnipeds are having a significant negative

impact on depleted salmonid fishery stocks. We believe

that only under the rarest of circumstances could such

criteria ever be met (e.g., the aforementioned Ballard

Locks case). In recognition of these and other difficul-

ties, the NMFS, in consultation with the states of

California, Oregon, and Washington, has urged the U.S.

Congress to consider a new management framework

(NMFS 1999) for addressing conflicts involving Cal-

ifornia sea lions and Pacific harbor seals on the west

coast. Among other things, this framework provides

procedures for the lethal removal of pinnipeds impacting

severely depleted salmonids, such as ESA-listed popu-

lations or those identified as being of special concern by

states. Importantly, lethal removal would be restricted

to individual pinnipeds (rather than indiscriminate

culling) and only under conditions meeting specific

criteria. In our opinion, the recommended framework is

in keeping with the decision pathway proposed by

Goodrich and Buskirk (1995) for determining when to

control abundant native species.

In the case of the Alsea River, should the NMFS

recommendations be implemented someday, and should

the conditions allowing for the management of seals be

met, then our data indicate that such management

(lethal or otherwise) should focus on individual seals

that forage upriver, at night, during the period when

coho are migrating through the estuary. With respect to

lethal removal, it is our opinion that limited removals

would not impact the Oregon/Washington Coast Stock

of harbor seals, which is not considered to be ‘‘depleted’’

or ‘‘strategic’’ under the MMPA and which currently has

an allowable take incidental to commercial fishing

operations (i.e., ‘‘potential biological removal’’) of

1343 individuals per year (Carretta et al. 2004).

The question of whether pinnipeds can have a

significant impact on salmonid populations is a compli-

cated and contentious one with a long history (e.g., see

Merriam 1901). It is likely one without a definitive

answer. Nevertheless, resource managers often face

situations in which they must initiate action in the face

of uncertainty. The case of pinniped predation on

depleted salmonids is particularly difficult given the

strong protections afforded each taxa under state and

federal laws, as well as their economic and cultural

significance. Nevertheless, we think that in some cases

the targeted removal of appropriately selected individual

pinnipeds found to be predating on ESA-listed fish

populations or populations found to be below their

viability threshold level should be a tool available to

resource managers. While we believe that the control of

locally abundant predator populations may sometimes

be necessary, we also believe that it is only a short-term

solution that should be undertaken in conjunction with

long-term ecosystem restoration and protection efforts.
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APPENDIX A

Aerial photographs of the Alsea River estuary, Oregon, USA (Ecological Archives A017-014-A1).

APPENDIX B

A detailed description of the sampling frame and design used to estimate diurnal salmonid predation by harbor seals in the Alsea
River estuary, Oregon, USA (Ecological Archives A017-014-A2).

APPENDIX C

A table showing reaction conditions and concentrations for microsatellite loci used to genotype salmonid bones recovered from
harbor seal scat from the Alsea River estuary, Oregon, USA (Ecological Archives A017-014-A3).
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