
Ecological Applications, 18(8), 2008, pp. 1888–1900
� 2008 by the Ecological Society of America

TRANSPORTING JUVENILE SALMONIDS AROUND DAMS IMPAIRS
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Abstract. Mitigation and ecosystem-restoration efforts may have unintended conse-
quences on both target and nontarget populations. Important effects can be displaced in space
and time, making them difficult to detect without monitoring at appropriate scales. Here, we
examined the effects of a mitigation program for juvenile salmonids on subsequent adult
migration behaviors and survival. Juvenile chinook salmon (Oncorhynchus tshawytscha) and
steelhead (O. mykiss) were collected and uniquely tagged with passive integrated transponder
(PIT) tags at Lower Granite Dam (Washington State, USA) on the Snake River and were then
either transported downstream in barges in an effort to reduce out-migration mortality or
returned to the river as a control group. Returning adults were collected and radio-tagged at
Bonneville Dam (Washington–Oregon, USA) on the Columbia River 1–3 years later and then
monitored during ;460 km of their homing migrations. The proportion of adults successfully
homing was significantly lower, and unaccounted loss and permanent straying into non-natal
rivers was higher, for barged fish of both species. On average, barged fish homed to Lower
Granite Dam at rates about 10% lower than for in-river migrants. Barged fish were also 1.7–
3.4 times more likely than in-river fish to fall back downstream past dams as adults, a behavior
strongly associated with lower survival. These results suggest that juvenile transport impaired
adult orientation or homing abilities, perhaps by disrupting sequential imprinting processes
during juvenile out-migration. While juvenile transportation has clear short-term juvenile-
survival benefits, the delayed effects that manifest in adult stages illustrate the need to assess
mitigation success throughout the life cycle of target organisms, i.e., the use of fitness-based
measures. In the case of Snake River salmonids listed under the Endangered Species Act, the
increased straying and potential associated genetic and demographic effects may represent
significant risks to successful recovery for both target and nontarget populations.

Key words: chinook salmon; delayed effects; differential mortality; juvenile transportation; long-
distance migration; mitigation; Oncorhynchus; sequential imprinting; steelhead; unintended consequences.

INTRODUCTION

Habitat restoration and remediation, captive-breeding

programs, fish hatcheries, and direct interventions with

wild populations have all been used to mitigate for

human-caused impacts on habitats and animal popula-

tions (NRC 1996, Primack 2004). However, evaluations

of the ‘‘success’’ of such projects are often limited to

local-scale studies of direct effects on organisms or

ecosystems. Indirect, delayed, and unintended effects are

rarely considered because of logistical and economic

constraints and because such effects are often manifest-

ed in spatially or temporally distant locations from the

initial mitigation effort.

One of the most extensive interventions ever under-

taken for wild-animal populations is the broad-based

recovery effort for anadromous salmonids in the Pacific

Northwest (Ruckelshaus et al. 2002). Among the most

prominent of these efforts is that for Snake River

chinook salmon (Oncorhynchus tshawytscha) and steel-

head (O. mykiss). These populations have experienced

steep declines and were listed as threatened under the

U.S. Endangered Species Act during the early 1990s

(Good et al. 2005). Population-growth rates lower than

replacement have been attributed to a variety of human

impacts (NRC 1996, McClure et al. 2003), including

mortality associated with migration past eight dams and

reservoirs of the Federal Columbia River Power System

(FCRPS), though ocean conditions and climate regime

also appear to play a strong role in regulating

population dynamics (McFarlane et al. 2000). A central

mitigation strategy to increase juvenile survival and

adult returns of Snake River salmonids has been mass

juvenile transportation through the FCRPS, with

millions of chinook salmon and steelhead barged

downstream in most years (e.g., Ward et al. 1997,

Williams et al. 2005). The program involves fish

collection at Snake River dam bypass facilities, selective

loading on barges, and transport past dams and through

hundreds of kilometers of reservoir at travel speeds up

to 14 times faster than those experienced by in-river
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migrants swimming through reservoirs and past main-

stem dams (Muir et al. 2006).
Juvenile transport from the Snake River coincides

with a particularly sensitive period in the salmonid life
cycle—the physiological transformation required to

move from life in freshwater to life in the ocean
(smoltification). Research has shown that experimental

disruptions during this time can carry over to affect adult
behaviors, including homing and straying (e.g., Unwin
and Quinn 1993, Dittman and Quinn 1996, Chapman et

al. 1997), and collectively suggest that salmonids use
olfactory cues from juvenile out-migration to home to

natal streams (‘‘sequential imprinting’’, Harden Jones
1968). Alteration of adult homing behavior can have

important fitness consequences, and may additionally
affect nontarget populations when adults enter and

breed in non-natal streams (‘‘straying’’; Reisenbichler
and Rubin 1999). In this study we tested whether juvenile

transport was related to eventual adult performance
using fish individually marked as juveniles and then

recaptured and radio-tagged as returning adults. We
examined adult homing (i.e., return to Lower Granite

Dam), permanent straying into non-natal rivers, and
fallback (downstream movement) at dams. The latter is

an energetically costly behavior with direct and indirect
adult mortality risks where upstream migrants pass
downstream through dam turbines or over excess-flow

surface spillways (Boggs et al. 2004, Keefer et al. 2005).
The results revealed consistent patterns of lower survival

and higher rates of straying and fallback in adults that
had been transported as juveniles in both species

examined, and suggest that barging juveniles disrupts
imprinting processes.

METHODS

Juvenile collection

The fish used in the transportation study were part of
two separate projects in theU.S. PacificNorthwest: a long-

term National Marine Fisheries Service (NMFS) study of
smolt-to-adult survival rates (SARs) for Snake River
salmon and steelhead (e.g.,Marsh et al. 2004), and amulti-

year radiotelemetry study of adult migration behavior and
survival in the Columbia River basin (e.g., Keefer et al.

2005). The objectives of the NMFS study changed slightly
fromyear to year, resulting in differences that were beyond

our control in the timing and transportation site of
juveniles. Consequently, we also evaluated whether these

differences could have compromised tests of juvenile
transportation effects on adult migration.

All juvenile spring–summer chinook salmon and
steelhead were collected from 1998 through 2002 in the

juvenile collection and transportation facility at Lower
Granite Dam (Washington, USA) on the Snake River

(Fig. 1), where they were internally tagged with unique
passive integrated transponder (PIT) tags (Gibbons and

Andrews 2004). After tagging, fish were either released
back into the river downstream from Lower Granite

Dam or placed on transportation barges. Some fish

released back to the river were subsequently collected at

downstream projects (Little Goose or Lower Monu-

mental dams) on the Snake River and barged down-

stream (Appendix A). All barged fish were transported

.350 km, while the control group migrated in-river for

the entire out-migration (;470 km from Lower Granite

Dam to below Bonneville Dam). Adult fates did not

systematically differ by juvenile barge site (P . 0.28,

Pearson v2 tests), and barged fish from the three sites

were therefore pooled for analyses to maximize statis-

tical power. The mean timing of juvenile collection

differed among treatment and origin groups and among

years in complex ways (see Keefer et al. 2006). On

average, juvenile hatchery chinook salmon were collect-

ed 4–11 d later than wild salmon in 1998 and 1999. After

controlling for origin differences, barged salmon were

collected 2–9 d later than in-river migrants. In 2000 only

wild chinook salmon were PIT-tagged, and barged fish

were collected on average 4 d earlier than in-river

migrants. Juvenile hatchery steelhead were collected on

average 3–13 d later than wild migrants in 1999 and

2000, and barged steelhead were collected 7–13 d later

than in-river fish in 1999. Overall, differences in

collection timing between transportation groups were

inconsistent among years and groups, suggesting year-

to-year differences in collection protocols did not

explain the observed differences in adult migration,

particularly given the consistency of the transportation

effects across years (see Results, below).

Adult collection and monitoring

Adult chinook salmon (n ¼ 457 individuals) and

steelhead (n¼727 individuals) for the transport evaluation
were collected and radio-tagged at the Adult Fish Facility

at Bonneville Dam on the Columbia River from 2000

through 2003. A detailed description of fish anesthetiza-

tion, intragastric tagging methods, handling and release

protocols, and transmitter specifications are provided in

Keefer et al. (2004c, 2005). Briefly, the facility is adjacent to

the north-shore fish ladder, and is the only adult collection

site in the lower river. During operation, adults in the

north-shore ladder were routed through an automated

PIT-tag detection system that identified individuals PIT-

tagged at Lower Granite Dam. These adults were then

manually diverted for radio-tagging. Salmon were radio-

tagged throughout the spring–summer run (April–July)

and steelhead were tagged from June to October in

approximate proportion to the run. Radio-tagged fish

were released either ;10 km downstream from Bonneville

Dam (random, both sides of the river) or in the Bonneville

Dam forebay to meet other monitoring objectives (2001

and 2002 only). Proportions of barged and in-river fish

released in the forebay did not differ for chinook salmon in

either year or for steelhead in 2001. More barged (19%)

than in-river (11%) steelhead were randomly released in

the forebay in 2002.

Forty-five percent of radio-tagged salmon and 20% of

steelhead had fin clips, indicating certain hatchery origin.
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We considered fish lacking fin clips to be ofwild origin, but
this sample may have included some unclipped hatchery

fish.Overall, 51% of barged chinook salmonwere hatchery
fish vs. 35% of in-river salmon. Conversely, 15% of barged
steelhead were hatchery fish vs. 28% of in-river steelhead.

Origin by treatment proportions differed significantly in
some years (Keefer et al. 2006), but sampling differences
were due to year-to-year changes in barging priorities that

were beyond our control.
As would be expected given stock-specific migration

patterns (e.g., Keefer et al. 2004b), the timing of adult

return exhibited effects of origin in both species.
Hatchery chinook salmon returned to Bonneville Dam
12–16 d earlier on average than wild salmon in 2001 and
2002. Hatchery steelhead returned 13–34 d later than

wild fish in 2001 and 2003, reflecting the relatively large
hatchery contribution among late-migrating adult steel-
head. This group includes relatively more fish that spend

an additional year in the ocean (Busby et al. 1996).
Notably, adult-return date, estimated by tagging date,
did not differ between transport treatments for either

species in any year.

Dam passage (Keefer et al. 2004a) and fallback
downstream over dams after ascension (Boggs et al.

2004) were monitored at all lower Columbia and Snake
River dams and straying was monitored in all major
tributaries using an extensive array of aerial and

underwater antennas (described in Keefer et al.
[2004a], Goniea et al. [2006]). Additional telemetry data
were gathered using mobile-tracking units on trucks and

boats. Final fish fates were determined from a reward-
based transmitter-return program, from telemetry rec-
ords in tributaries and at dams, and from detections of

PIT tags at Lower Granite and other dams (Keefer et al.
2005). The latter greatly reduced the possibility of fate
misidentification for fish that may have regurgitated
radio transmitters. Four adult fish fates were identified:

(1) returned to Lower Granite Dam (homed), (2)
reported as harvest downstream from Lower Granite
Dam, (3) permanently strayed into non-natal tributaries

downstream from Lower Granite Dam, and (4) last
recorded at a dam or in a reservoir with unknown fate
(‘‘unaccounted for’’). Permanent strays were those last

detected inside non-natal tributaries downstream from

FIG. 1. Columbia River basin, with locations of main-stem hydroelectric dams and tributaries where radio-tagged adult chinook
salmon and steelhead were monitored. Juvenile collection, PIT-tagging, and transport was from Lower Granite, Little Goose, or
Lower Monumental dams, and returning adults were collected and radio-tagged at Bonneville Dam. Numbered tributaries are those
where permanent strays (fish that returned to non-natal sites) were last recorded: 1, Eagle Creek; 2, Herman Creek; 3, Wind River; 4,
Little White Salmon River; 5, White Salmon River; 6, Klickitat River; 7, Deschutes River; 8, John Day River; 9, Umatilla River; 10,
Tucannon River; and 11, upper-Columbia River.
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Lower Granite Dam, either at fixed-site aerial telemetry

antennas or while mobile tracking. Unaccounted-for fish

were presumed mortalities, although other fates were

possible (e.g., unreported harvest or undetected stray-

ing). Some fish classified as permanent strays may also

have been mortalities or unreported harvest. We note,

however, that fate misclassification was unlikely to

create false differences between transport and in-river

groups. Telemetry arrays at dams included multiple

independent receivers and antennas, and redundancy

between telemetry and PIT-tag systems greatly reduced

the probability of fish reaching or passing Lower

Granite Dam undetected (e.g., Naughton et al. 2005).

Similarly, the likelihood that fish designated as strays

exited non-natal tributaries and continued upstream
migration without detection was very low.

Statistical analysis

We used a series of logistic regression models (PROC

LOGISTIC; SAS 2000) and information-theoretic tech-

niques (Burnham and Anderson 2002) to evaluate factors

potentially affecting migration success (return to Lower

Granite Dam) and fallback behavior at dams. Predictor

variables included transportation treatment (barged, in-

river); juvenile release year and date; adult release year,

date, and site (downstream, forebay); and fish origin (wild,

hatchery). The a priori model set (Burnham andAnderson

2002) was selected to address the major potential effects

and biologically meaningful interactions, with an empha-

sis on the transportation treatment. Models evaluated

were: (1) all univariate models; (2) models with the

transportation term and each univariate term; (3) the

latter, plus one-way interaction terms; (4) a global model

with all terms; (5) a global model with all terms except

transportation treatment; and (6) models with combina-

tions of transportation, origin, and migration timing

variables (Appendices B and C). All models were ranked

using Akaike’s information criteria (AIC) and evaluated

with respect to Akaike weights (wi) and DAIC, the change

in AIC relative to the most parsimonious model (Burn-

ham and Anderson 2002).

In the migration-success models, the non-homing

group included both unaccounted-for fish and perma-

nent strays. Transportation effects could not be tested

across all three fate classes (home, stray, unaccounted)

simultaneously because straying was not observed in all

species-years; this resulted in complete data separation

in some models (Allison 1999) or missing cells preclud-

ing the testing of interaction terms. We therefore used

separate Pearson v2 tests to evaluate if there were

transportation effects on straying (home vs. stray) by

pooling these fates across years for each species.

During the 2001 out-migration year, an extreme low-

water year, all juveniles were barged, resulting in no

control group. These fish were excluded from all

statistical analyses, but migration patterns for this group

were compared qualitatively to other years. All analyses

also excluded fish reported harvested downstream from

Lower Granite Dam (11.2% of chinook salmon and

11.0% of steelhead) because homing, straying, and

fallback behaviors could not be accurately assessed for

these groups. We note that harvest rates did not differ

by transportation treatment for either species within or

across years (P � 0.13, v2 tests).

RESULTS

Adult fate

Chinook salmon.—Juvenile migration history was

associated with adult fate in chinook salmon, with

FIG. 2. Mean fate (homing, straying, unknown) and fallback percentages for adult chinook salmon and steelhead, by juvenile
transport treatment. Means are based on out-migration years, with 2001 excluded. Logistic regression: *P , 0.05, **P , 0.005.
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lower migration success and higher straying for the

barged group (Fig. 2, Tables 1 and 2). In the most

parsimonious migration-success model (Barge þ Juv-

year; Table 2) barged chinook salmon were 2.52 (odds

ratio 95% CI: 1.25–5.07) times more likely than in-river

migrants to be unsuccessful as adults (v2 ¼ 6.7, P ¼
0.010, df¼ 1). Four additional models had DAIC � 2.0

(Table 2). In all cases, the point estimate of the odds

ratio for the barging term (range: 2.49–2.74) was similar

to the best model. Lower success for barged salmon was

consistent for all adult return years, adult release sites,

for hatchery and wild fish, and for all but the 2000 out-

migration year (Table 1). Three of the five models

provided support for a juvenile release-year effect. In

these models, chinook salmon success differed among

out-migration years, with relatively lower homing for

both barged and in-river migrants collected in 1998.

In comparisons between chinook salmon adults that

homed vs. strayed, there was a strong association

between straying and barging, though stray sample sizes

TABLE 1. Number and percentage of radio-tagged adult chinook salmon that homed (returned to
Lower Granite Dam), permanently strayed into non-natal tributaries, or were unaccounted for
during upstream migration, by juvenile transportation history, adult return year, juvenile out-
migration year, and rearing history.

Fish group Year
Transport
treatment No. fish

Transport treatment outcome (%)

Homed Strayed Unaccounted

All fish All in-river 161 92.6 0.6 6.8
barged 245 82.5 3.3 14.3

Out-migration 1998 in-river 14 85.7 0 14.3
barged 19 63.2 0 36.8

1999 in-river 85 94.1 0 5.9
barged 163 82.2 4.9 12.9

2000 in-river 62 91.9 1.6 6.5
barged 40 92.5 0 7.5

2001� in-river 0
barged 23 82.6 0 17.4

Adult return 2000 in-river 8 75.0 0 25.0
barged 14 64.3 0 35.7

2001 in-river 81 93.8 0 6.2
barged 151 83.4 4.6 11.9

2002 in-river 42 95.2 2.4 2.4
barged 40 82.5 2.5 15.0

2003 in-river 30 90.0 0 10.0
barged 40 85.0 0 15.0

Hatchery All in-river 53 90.6 0 9.4
barged 117 80.3 6.0 13.7

Wild All in-river 108 93.5 0.9 5.6
barged 128 84.4 0.8 14.8

Note: Harvested fish were removed prior to analysis.
� The 2001 out-migration data were not used in statistical tests of transport treatment effects.

Blank cells indicate that no fish were sampled for this treatment.

TABLE 2. Results of multimodel selection for logistic regression models of chinook salmon and
steelhead migration success (homed or did not home to Lower Granite Dam).

Model� df AIC DAIC AIC wi

Chinook salmon

Barge þ Juvyear 3 293.61 0.00 0.189
Barge þ Adultsite 2 294.20 0.60 0.140
Barge þ Juvyear þ Juvdate 6 294.55 0.95 0.118
Barge þ Juvyear þ (Barge 3 Juvyear) 5 292.24 1.63 0.084
Barge þ Origin þ Juvyear 4 295.52 1.91 0.073

Steelhead

Barge 1 519.49 0.00 0.149
Barge þ Adultyear þ (Barge 3 Adultyear) 5 519.68 0.19 0.136
Barge þ Adultyear 3 520.08 0.59 0.111
Barge þ Adultdate 2 520.53 1.04 0.088
Barge þ Adultsite 2 521.00 1.51 0.070
Barge þ Origin 2 521.46 1.97 0.056
Barge þ Origin þ Adultyear 4 521.48 1.99 0.055
Barge þ Juvdate 2 521.48 1.99 0.055

� Models shown had DAIC � 2.0 and are the best subset of 25 models considered for each
species (Appendix B). Parameters with P , 0.05 are given in boldface type for each model.
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were small. Across years, chinook salmon stray rates

were: 1.0% (n¼ 102 in-river, wild fish), 0.0% (n¼ 48 in-

river, hatchery fish), 1.1% (n¼ 90 barged, wild fish), and

6.9% (n¼101 barged, hatchery fish). Overall, barged fish

were significantly more likely to stray than in-river fish

(v2 ¼ 4.1, P ¼ 0.044, df ¼ 1). The final locations of

straying chinook salmon also differed between treatment

groups (Fig. 3). Barged fish strayed to lower Columbia

River tributaries, whereas the single in-river stray

entered the Umatilla River, closer to the confluence

with the Snake River.

Steelhead.—Barged steelhead had lower homing,

higher unaccounted-for loss, and higher straying than

in-river migrants across all categories (Table 3). Multi-

model selection for migration success resulted in eight

models with DAIC � 2.0, and transportation history was

a significant predictor in all of these models (Table 2).

The most parsimonious migration-success model includ-

ed only the transport term, with barged fish 2.33 (95% CI

odds ratio: 1.45–3.76) times more likely to be unsuccess-

ful than in-river migrants (v2¼ 12.1, P , 0.001, df¼ 1).

The odds ratio for the barging term was significant and

similar in magnitude in all other models (range: 2.22–

2.36). Notably, migration year, origin, and migration-

date models had relatively little explanatory power for

either steelhead or chinook salmon (Appendix B).

The probability of steelhead straying vs. homing was

related to both barging and origin. Across years,

steelhead stray rates were: 2.0% (n ¼ 153 in-river, wild

fish), 7.6% (n¼ 66 in-river, hatchery fish), 7.3% (n¼ 220

barged, wild fish), and 10.2% (n ¼ 49 barged, hatchery

fish). The transport effect was significant for wild

steelhead (v2 ¼ 5.3, P ¼ 0.022, df ¼ 1), but not for

hatchery fish (v2 ¼ 0.2, P ¼ 0.621, df ¼ 1).

The distribution of steelhead strays differed between

in-river and barged groups (Fig. 3). About 3.1% of

barged steelhead strayed into the John Day River, 2.2%

strayed into the Deschutes River, and 1.2% entered four

other tributaries. By comparison, no in-river fish strayed

into the John Day River, 1.7% strayed into the

Deschutes River, and 1.7% strayed into four Bonneville

reservoir tributaries. Distribution of steelhead straying

locations did not differ systematically by fish origin.

FIG. 3. Percentages of radio-tagged adult chinook salmon and steelhead recorded permanently straying into non-natal
tributaries, by juvenile transport treatment and final tributary detection site (‘‘stray location’’).
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Adult migration behavior

Fallback.—Chinook salmon and steelhead barged as

juveniles were more likely to fall back at dams and had a

higher number of fallback events per fish that fell back

than in-river migrants (Fig. 4). Multimodel selection of

logistic models testing for fallback (no fallback vs. one

or more fallback events) produced four models with

DAIC , 2.0, and all models included significant

transportation and year effects (Table 4). In the most

parsimonious chinook salmon fallback model (Barge þ
Adultyear), barged salmon were 3.37 times (95% CI:

1.67–6.82) more likely to fall back than in-river salmon

(v2¼ 11.4, P , 0.001, df¼ 1) (Table 4). Point estimates

for the barging odds-ratio term were similar in the other

models (range: 3.46–3.53). The significant year effect in

three models reflected much lower adult fallback rates in

2001 when there was limited spill at dams. The strong

correlation between juvenile release year and adult

return year probably explains the significant juvenile-

year effect in the fourth model. Multimodel selection

produced a single fallback model for steelhead (Bargeþ
Adultyear þ [Barge 3 Adultyear]; Table 4). In this

model, steelhead barged as juveniles were 1.71 times

(95% CI: 1.26–2.33) more likely to fall back than in-river

steelhead (Table 4). The transport term was significant

(v2¼ 5.1, P¼ 0.023, df¼ 1), year was not significant (v2

¼ 0.4, P¼ 0.838, df¼ 2), and there was some support for

an interaction between barging and year (v2 ¼ 5.5, P ¼
0.065, df ¼ 2). Specifically, more barged than in-river

steelhead fell back in 2001 and 2003 (P , 0.05, v2 tests),

but not in 2002 (v2 ¼ 0.729).

Barged fish were also approximately twice as likely to

fall back multiple times at dams. Among in-river

chinook salmon, 6.8% fell back once and 0.6% fell back

twice or more (Fig. 4). By comparison, 7.7% of barged

chinook salmon fell back once and 11.7% fell back twice

or more times (v2 ¼ 17.9, P , 0.001, df ¼ 2). Results

were similar for steelhead: 6.8% of in-river fish vs. 9.3%

of barged fish fell back once, while 1.7% of in-river vs.

8.1% of barged fish fell back at least twice (v2¼11.2, P¼
0.004, df ¼ 2). Mean fallback frequencies (fallbacks per

fallback fish) were 1.08 for in-river chinook salmon, 2.84

for barged chinook salmon, 1.20 for in-river steelhead,

and 2.02 for barged steelhead. Results for fish from the

2001 out-migration were consistent (1.00 for chinook

salmon, n ¼ 4 individuals; 2.16 for steelhead, n ¼ 19

individuals) with those for barged fish in other years.

Fallback patterns also had a spatial component.

Overall, 92% of chinook salmon fallbacks and 73% of

steelhead fallbacks were at the four lower Columbia

River dams (Bonneville, The Dalles, John Day, and

McNary). Proportionately more barged fish than in-

river fish fell back at these sites: 94% of fallbacks by

barged chinook salmon vs. 69% by in-river salmon (v2

test, P ¼ 0.002), and 83% of barged steelhead fallbacks

were at lower river dams vs. 33% for in-river steelhead

(P , 0.001).

Given significant transportation effects on both adult

fate and fallback behavior, we expected strong associ-

ations between fallback and migration success. In

logistic models, chinook salmon that fell back were

4.88 (95% CI odds ratios: 2.51–9.49) times more likely to

be unsuccessful than salmon that did not fall back (v2¼

TABLE 3. Number and percentage of radio-tagged adult steelhead that homed (returned to Lower
Granite Dam), permanently strayed into non-natal tributaries, or were unaccounted for during
upstream migration, by juvenile transportation history, adult return year, juvenile out-migration
year, and rearing history.

Fish group Year
Transport
treatment No. fish

Transport treatment outcome (%)

Homed Strayed Unaccounted

All fish All in-river 238 88.7 3.4 8.0
barged 409 75.6 6.9 17.6

Out-migration 1999 in-river 36 83.3 8.3 8.3
barged 61 75.4 4.9 19.7

2000 in-river 186 89.3 2.7 8.1
barged 226 78.8 7.5 13.7

2001� in-river 0
barged 87 70.1 8.1 21.8

2002 in-river 16 93.8 0.0 6.3
barged 35 68.6 2.9 28.6

Adult return 2001 in-river 112 89.3 5.4 5.4
barged 154 72.7 8.4 18.8

2002 in-river 110 87.3 1.8 10.9
barged 201 79.1 7.0 13.9

2003 in-river 16 93.8 0.0 6.3
barged 54 70.4 1.9 27.8

Hatchery All in-river 70 87.1 7.1 5.7
barged 59 79.7 8.5 11.9

Wild All in-river 168 89.3 1.8 8.9
barged 350 74.9 6.6 18.6

Note: Harvested fish were removed prior to analysis.
� The 2001 out-migration data were not used in statistical tests of transportation-treatment

effects. Blank cells indicate that no fish were sampled for this treatment.
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21.9, P , 0.001, df ¼ 1). Similarly, fallback steelhead

were 3.88 (95% CI odds ratios: 2.32–6.48) times more

likely to be unsuccessful than non-fallback fish (v2 ¼
26.8, P , 0.001, df ¼ 1).

DISCUSSION

Efforts to increase juvenile salmonid survival in the

Columbia River system, including transportation

around dams, are among the largest mitigation pro-

grams ever undertaken for a migratory species, with

total costs in the billions of U.S. dollars (NRC 1996,

Huppert 1999, Ruckelshaus et al. 2002). While the

transportation program has increased juvenile salmonid

survival through the impounded hydrosystem and often

results in more adult fish returning than in-river

migration, overall population-level benefits have been

lower than expected in many years (see reviews in Ward

et al. [1997], Sandford and Smith [2002], and Williams et

al. [2005]). Continued low adult returns have been

attributed in part to juvenile mortality in the estuary and

near-shore ocean following transport (‘‘delayed mortal-

ity’’; Kareiva et al. 2000, Budy et al. 2002, Muir et al.

2006). Our results indicate that delayed survival effects

likely extend well into the adult life stage as well.

TABLE 4. Results of multimodel selection for logistic regression models of adult chinook salmon
and steelhead fallback at dams (i.e., fish did or did not fall back during migration).

Model� df AIC DAIC AIC wi

Chinook salmon

Barge þ Adultyear 4 298.03 0.00 0.330
Barge þ Origin þ Adultyear 5 298.89 0.86 0.215
Barge þ Adultyear þ Adultdate 5 299.54 1.51 0.155
Barge þ Juvyear þ (Barge 3 Juvyear) 5 299.68 1.65 0.144

Steelhead

Barge þ Adultyear þ (Barge 3 Adultyear) 5 458.45 0.00 0.298

� Models shown had DAIC � 2.0 and are the best subset of 25 models considered for each
species (Appendix C). Parameters with P , 0.05 are given in boldface type for each model.

FIG. 4. Percentages of radio-tagged adult chinook salmon and steelhead recorded falling back at main-stem dams, by number
of fallback events per fish and juvenile transport treatment.
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Approximately 10% fewer adults barged as juveniles

successfully homed, and we observed a similar increase

in the proportions of adults with unknown fate

(presumed mortalities). Moreover, permanent straying

into non-natal rivers and fallback at dams were higher

for the barged fish. These patterns are consistent with

the hypothesis that barging disrupted imprinting during

out-migration and thereby reduced successful homing.

With a few exceptions, the transportation effects were

similar for hatchery and wild fish of both species and

across years, despite considerable variation in juvenile

and adult migration conditions.

One critical assumption of this study was that

sampled fish were reasonable surrogates for the Snake

River populations. While the National Marine Fisheries

Service sampling was unselective within year, streams of

origin and hatcheries of origin were unknown for most

fish, and phenotypic or genetic differences among sub-

basin stocks may have influenced the results. For

example, smolt-to-adult survival rates vary based on

juvenile out-migration timing (Williams et al. 2005,

Muir et al. 2006). However, interannual differences in

stock and collection-timing patterns were not consis-

tently associated with adult migration behavior or

success, while transport treatment effects were largely

consistent among years, suggesting the effects of origin

and collection timing were minor compared to trans-

portation effects. Nonetheless, greater attention to

stock-of-origin in future transportation evaluations is

warranted, given potential stock-specific differences in

juvenile rearing, survival, migration distance, and

susceptibility to transport-related stress (Achord et al.

1996, Congleton et al. 2000, Zabel and Achord 2004),

and differences in adult timing (Keefer et al. 2004b).

Assuming the observed differences between treatment

groups were caused by transportation history, the use of

barging to mitigate for high juvenile-salmonid mortality

has generated effects that may hinder some salmon

recovery efforts. The altered adult behaviors—fallback

at dams, reduced homing, and increased inter-basin

straying—have all been identified as potential con-

straints on recovery of the basin’s federally listed

populations (NMFS 2000). Fallback is a direct adult

mortality risk (Keefer et al. 2005), while straying to non-

natal sites represents both a demographic loss from

donor populations and a genetic risk for populations

receiving strays (Waples 1991, Quinn 1993). These

impacts have direct and indirect fitness consequences,

and we note that our estimates may reflect minimum

differences between transportation-treatment groups

given that Lower Granite Dam (the study homing site)

is well downstream (50 to .700 river kilometers) from

spawning grounds.

Over the short term, the direct homing reduction of

;10% probably has relatively small demographic

consequences for Snake River populations because

salmonid population growth rates are thought to be

most sensitive to mortality in early life-history stages

(Kareiva et al. 2000, McClure et al. 2003). However, the

Kareiva et al. (2000) model also suggests increasing

demographic consequences when total adult mortality

exceeds ;50%. Such impacts are possible in this system,

particularly if transportation contributes indirectly to

pre-spawn mortality above Lower Granite Dam by

increasing the already high energy costs of adult

migration (e.g., Geist et al. 2000, Hendry and Beall

2004). Pre-spawn mortality is of particular concern for

populations where density dependence is not a limiting

factor and where pre-spawn mortality rates may reach

high levels in some years (e.g., .70% for some Snake

River chinook salmon; Pinson 2005).

The demographic and genetic effects of straying by

barged fish are more difficult to quantify, but may be

more problematic to achieving recovery goals. While

limited straying is a normal feature of salmonid

metapopulations (Quinn 2005), an influx of strays may

reduce fitness of wild endemics in the short term (e.g.,

Chilcote 2003, McLean et al. 2003, Araki et al. 2007),

and may be particularly problematic for relatively small

wild populations currently at moderate to high risk of

extinction (Nehlsen et al. 1991, Levin et al. 2001). The

longer-term ecological and genetic consequences of

straying are thought to be negative and multifaceted

(Weber and Fausch 2003). Introgression and/or compe-

tition between wild and hatchery fish lowers productiv-

ity (Waples 1991, Chilcote 2003), introduces genetic

changes that reduce fitness (Reisenbichler and Rubin

1999), and ultimately increases extinction risk (McGinn-

ity et al. 2003).

Our results, particularly the increased fallback and

straying, suggest that juvenile transportation impaired

adult orientation to homing cues. A plausible explana-

tion is that transportation interrupts sequential imprint-

ing in juveniles (Harden Jones 1968, Dittman and Quinn

1996). Salmonids are particularly sensitive to imprinting

during juvenile out-migration (Hasler and Scholz 1983,

Dittman et al. 1996, Lema and Nevitt 2004), and

previous spatial displacement and transportation exper-

iments have shown that transporting fish even small

distances during this time reduces adult homing success

(Hansen and Jonsson 1991, Solazzi et al. 1991, Bugert et

al. 1997, Chapman et al. 1997). Transportation appears

to disrupt spatial and temporal components of juvenile

imprinting that then manifests as incorrect or inefficient

homing in adults. In this study, alterations in the

temporal component may have been more important

than missing chemical cues, as river water was contin-

uously circulated through barges during transport. We

note that the observed patterns could also be explained

by alternative mechanisms, such as relaxed selection in

transported fish during out-migration (i.e., by increased

survival for weaker fish). However, this would require

selection in juvenile in-river migrants for traits affecting

adult homing and orientation abilities.

Collecting data for individual animals over multiple

life-history stages provides the ability to evaluate fitness

MATTHEW L. KEEFER ET AL.1896 Ecological Applications
Vol. 18, No. 8



effects of factors acting across stages. For example, a

central uncertainty in Snake River salmonid recovery

efforts is the question of what mechanisms cause post-

FCRPS (Federal Columbia River Power System)

mortality in juvenile fish (Kareiva et al. 2000, Budy et

al. 2002, Schaller and Petrosky 2007). Post-FCRPS

survival to adulthood is consistently lower for trans-

ported fish, averaging 55–61% of survival for in-river

migrants (Williams et al. 2005). This differential

mortality (termed ‘‘D’’) can negate much of the

juvenile-survival benefit observed within the Hydro-

system for transported migrants (approximately two-

fold over in-river groups, Muir et al. 2006). Importantly,

D has largely been attributed to events in pre-adult

stages, including altered timing of estuary and ocean

entry and size-dependent predation on juveniles, while

adult survival has implicitly been assumed to be equal

for the two groups. The current data suggest that a

portion of D is clearly due to transportation effects

manifesting in adults rather than juveniles. The propor-

tion of D attributable to barging effects on adults is

directly proportional to the difference in homing

between adults in the two groups (;10%). These results

suggest that transported juveniles perform better after

release than previously thought and that operational

changes that minimize transport effects in adults may

reduce D. We note that neither this correction nor D

account for any indirect or delayed effects upstream

from Lower Granite Dam. While additional data are

needed to evaluate variability in the adult portion of D,

we expect it may be less variable than juvenile and ocean

components because the interrupted imprinting mecha-

nism should be relatively consistent within and among

years.

The effects of juvenile salmonid transport on migra-

tion success illustrates how early life experiences can

affect fitness in reproductive stages. ‘‘Carryover’’ or

delayed effects can influence the initial energetic or

physiological state of an organism (Welch et al. 2000,

Baker et al. 2004) or may be related primarily to

information in the form of prior experience (e.g.,

imprinting). In both cases, carryover effects can reduce

eventual reproductive success through direct lethal

effects (e.g., pre-spawn and fallback-related mortality)

or sublethal effects (e.g., straying and outbreeding

depression). Given strong selection pressures for appro-

priate arrival timing at spawning grounds and adequate

energy reserves for spawning (McLean et al. 2004,

Dickerson et al. 2005), inefficient homing caused by

barging may represent a delayed cost to reproductive

success.

Delayed effects and their impacts on both individual

and population-level fitness, have been documented for

many taxa (e.g., Wiegmann et al. 1997, Rose et al. 1998,

Morgan and Metcalfe 2001; reviews in Metcalfe and

Monaghan [2001] and Beckerman et al. [2002]), though

few studies of long-distance migrants have quantified

such effects using individual animals. The paucity results

in part from the difficulty of tracking individuals

through large landscapes and multiple environments

and life stages (Webster et al. 2002). Most examples

examine how winter habitat quality or physiology

during migration affects breeding success for Nearctic

and Neotropical songbirds and shorebirds (e.g., Sherry

and Holmes 1996, Sillett et al. 2000, Baker et al. 2004).

Many of these studies have been spatially and/or

temporally restricted, while others used surrogate

measures such as stable isotopes (Marra et al. 1998,

Kennedy et al. 2002) or inter-population comparisons

(Crossin et al. 2004) in place of individual-animal

histories. These approaches have provided evidence that

carryover effects strongly influence adult-migration

success, and this conclusion is supported by our

individual-based study.

The importance of delayed effects may vary with

changes in environmental conditions. Notably, this

study was conducted during years when the North

Pacific Ocean was in a relatively productive phase

(Scheuerell and Williams 2005), with generally good

feeding and growth conditions for salmonids. In years

with poor ocean conditions, negative transportation

effects may be magnified, as adults enter natal river

systems in poor initial condition (Crossin et al. 2004,

Greene et al. 2005). Alternately, if initial adult condition

is the principal predictor of adult performance, delayed

transportation effects may be relatively less important in

poor ocean years.

In summary, the effects of barging Snake River

juvenile salmonids on adult behavior and survival

demonstrate how well-intentioned interventions can

affect migratory fish behaviors and population demo-

graphics in unintended ways, including impacts on

nontarget populations. This example joins a list ranging

from the cascading effects of intentional nonnative

species introductions (e.g., Spencer et al. 1991, Rahel

2002, Ruzycki et al. 2003) and predator removals (e.g.,

Crooks and Soulé 1999) to the adverse effects on arctic

ecosystems from waterfowl populations artificially

subsidized in wintering areas (e.g., Abraham et al.

2005). Given the often complex relationships between

mitigation interventions and their population- and

ecosystem-level consequences, particularly in migratory

species, managers are encouraged to evaluate impacts

across life stages and habitats, and on other potentially

affected populations. Monitoring programs that are

flexible, focus on mechanistic measures (e.g., fitness),

and that can expand both their spatial scope and

duration (e.g., Steinbeck et al. 2005, Caudill et al.

2007) will produce more complete ecological impact

assessments.
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Baker, A. J., P. M. González, T. Piersma, L. J. Niles,
I. de Lima Serrano do Nascimento, P. W. Atkinson, N. A.
Clark, C. D. T. Minton, M. K. Peck, and G. Aarts. 2004.
Rapid population decline in red knots: fitness consequences of
decreased refuelling rates and late arrival in Delaware Bay.
Proceedings of the Royal Society of London, B 271:875–882.

Beckerman, A., T. G. Benton, E. Ranta, V. Kaitala, and P.
Lundberg. 2002. Population dynamic consequences of
delayed life-history effects. Trends in Ecology and Evolution
17:263–269.

Boggs, C. T., M. L. Keefer, C. A. Peery, T. C. Bjornn, and L. C.
Stuehrenberg. 2004. Fallback, reascension and adjusted
fishway escapement estimates for adult chinook salmon and
steelhead at Columbia and Snake River dams. Transactions
of the American Fisheries Society 133:932–949.

Budy, P., G. P. Thiede, N. Bouwes, C. E. Petrosky, and H.
Schaller. 2002. Evidence linking delayed mortality of Snake
River salmon to their earlier hydrosystem experience. North
American Journal of Fisheries Management 22:35–51.

Bugert, R. M., G. W. Mendel, and P. R. Seidel. 1997. Adult
returns of subyearling and yearling fall chinook salmon
released from a Snake River hatchery or transported
downstream. North American Journal of Fisheries Manage-
ment 17:638–651.

Burnham, K. P., and D. R. Anderson. 2002. Model selection
and multimodel inference: a practical information-theoretic
approach. Second edition. Springer-Verlag, New York, New
York, USA.

Busby, P. J., T. C. Wainwright, E. J. Bryant, L. J. Lierheimer,
R. S. Waples, F. W. Waknitz, and I. V. Lagomarsino. 1996.
Status review of west coast steelhead from Washington,
Idaho, Oregon, and California. NOAA Technical Memoran-
dum NMFS-NWFSC-27. National Technical Information
Service, U.S. Department of Commerce, Springfield, Virgin-
ia, USA. hhttp://www.nwfsc.noaa.govi

Caudill, C. C., W. R. Daigle, M. L. Keefer, C. T. Boggs, M. A.
Jepson, B. J. Burke, R. W. Zabel, T. C. Bjornn, and C. A.
Peery. 2007. Slow dam passage in adult Columbia River

salmonids associated with unsuccessful migration: delayed
negative effects of passage obstacles or condition-dependent
mortality? Canadian Journal of Fisheries and Aquatic
Sciences 64:979–995.

Chapman, D., C. Carlson, D. Weitkamp, G. Matthews, J.
Stevenson, and M. Miller. 1997. Homing in sockeye and
chinook salmon transported around part of the smolt
migration route in the Columbia River. North American
Journal of Fisheries Management 17:101–113.

Chilcote, M. W. 2003. Relationship between natural produc-
tivity and the frequency of wild fish in mixed spawning
populations of wild and hatchery steelhead (Oncorhynchus
mykiss). Canadian Journal of Fisheries and Aquatic Sciences
60:1057–1067.

Congleton, J. L., W. J. LaVoie, C. B. Schreck, and L. E. Davis.
2000. Stress indices in migrating juvenile Chinook salmon
and steelhead of wild and hatchery origin before and after
barge transportation. Transactions of the American Fisheries
Society 129:946–961.
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