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Abstract Understanding smolt migration dynamics is
a critical step in the preservation and conservation of
imperiled salmonids in California’s Sacramento River
system. Late-fall run Chinook salmon yearling smolts
were acoustically tagged and tracked during their out-
migration through California’s Sacramento River and
San Francisco Estuary during 2007–2009. Migration
rates were 14.3 km·day-1 (± 1.3 S.E.) to 23.5 km day-1

(± 3.6 S.E.), similar to rates published for other West
Coast yearling Chinook salmon smolt emigrations.
Region-specific movement rates were fastest through
the upper river regions, and slowest in the Sacramento/
San Joaquin River Delta. River travel times were
recorded for smolts travelling through a series of ten
monitor-delimited reaches. Using these, a smolt travel

time model determined by two parameters (movement
rate and rate of population spreading) was then used to
determine the influence of different factors on the
model’s fit, using model selection with Akaike’s In-
formation Criterion. The model that allowed for both
year and reach to be expressed additively for both
travel time and population spreading rate estimates,
while accounting for a “release” effect, was the best
supported model. Finally, several models incorporated
environmental data as a linear predictor of movement
rates. The addition of the environmental variables, in
order of importance, river width to depth ratio, river
flow, water turbidity, river flow to mean river flow
ratio, and water velocity all resulted in improved mod-
el fit. Water temperature did not improve model fit.
These environmental associations are discussed and
potential improvements on the travel time model are
suggested.
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Introduction

The migration of juvenile Chinook salmon (Onco-
rhynchus tshawytscha) from their riverine origin to
the food-rich ocean is considered one of the most
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vulnerable periods in a Chinook salmon’s life (Healey
1991). During this life stage, juvenile salmon undergo
many morphological, physiological, and behavioral
changes (known as smoltification) to prepare for the
ocean phase of their life cycle. For the Sacramento
River’s Chinook salmon populations, this freshwater
journey may be as long as 600 km, transiting many
different habitats, all with varying natural conditions.
Additionally, anthropogenic stressors such as water
diversions, dams and introduced predators are present
throughout the watershed and have contributed to the
decline of these populations, to the point of their
listing on the Endangered Species Act (ESA). It is
therefore essential to the effective management of
these stocks to understand the movement patterns
and environmental relationships of this outmigration.

Studies have been investigating the timing and
patterns of juvenile salmonid migrations on a large-
scale focus for decades. Thorpe and Morgan (1978)
tracked juvenile Atlantic salmon (Salmo salar) fry
periodicity during outmigration in Scottish Rivers.
Raymond (1968) calculated migration rates by mark-
ing and recapturing yearling Chinook salmon smolts
traveling through the Snake and Columbia Rivers and
their reservoirs. However, to best comprehend the
challenges and intricacies of the migration, one must
gain knowledge at a finer spatial-temporal scale.
Advances in biotelemetry have allowed such resolu-
tion (Cooke et al. 2004); specifically the miniaturiza-
tion of fish tracking tags has allowed the exploration
of small-scale movement during smolt migration.
These technologies have already yielded migration
data on steelhead (Oncorhynchus mykiss) smolts in
the Cheakamus River in British Columbia, Canada
(Melnychuk et al. 2007) and on sockeye salmon
(Oncorhynchus nerka) smolts in the Fraser River in
British Columbia, Canada (Welch et al. 2009) at spa-
tial resolutions that were previously unavailable. More
relevantly, Perry et al. (2010) tagged and tracked out-
migrating Central Valley late-fall run Chinook salmon
smolts through the Sacramento-San Joaquin River
Delta (a complex system of sloughs and channels) to
determine movement rates and survival depending on
the pathway chosen. Once small-scale movement in-
formation is available, our knowledge of salmon
migrations can begin to delve into what might be
governing variability in movement patterns.

A few studies have taken the next logical step and
explored how environmental conditions might be

influencing these migration dynamics. This step may
be the crux of juvenile salmon management and con-
servation since the majority of the salmon rivers
throughout the world have been faced with major
anthropogenic influences, which can alter many envi-
ronmental factors in a river. While these relationships
have been studied in several rivers, one could argue
that no river has been studied in this aspect as much as
the heavily impounded Columbia River watershed. In
this system, where environmental variables can be
controlled to some extent (and have therefore been
studied more), one study concluded that neither of
the environmental predictor variables assessed (river
discharge volume and water temperature) were found
to correlate with migration rates (Giorgi et al. 1997),
while another found a strong and consistent relationship
between river flow and travel time (Smith et al. 2002),
while yet another found strong evidence for a relation-
ship between travel time and river flow on a seasonal
basis (Zabel et al. 1998), in all cases with yearling out-
migrating Chinook salmon smolts. However, these stud-
ies and others have assessed the influence of the
environment on migration at large spatial and temporal
scales, typically only using river flow and temperature
as factors. These relationships are therefore usually lim-
ited to inter-annual and inter-population comparisons,
thereby only uncovering the strongest and most persis-
tent of patterns. Variations in movement are initiated at
short intervals, and environmental factors there may
exert significant influences, which may have higher
order population consequences.

The study presented here aims to capitalize on one
of the largest networks of acoustic receivers in the
world, developed by the California Fish Tracking
Consortium, and a collaboration between the National
Oceanic and Atmospheric Administration (NOAA)
and the University of California, Davis (UCD), to
provide the first in-depth analysis of the spatial and
temporal variation of Chinook salmon movement and
migration in the Sacramento River and San Francisco
Estuary. Using this information, we first determine
total movement rate through the entire watershed dur-
ing the outmigration. We then use a model of smolt
travel time described in Zabel and Anderson (1997) to
assess how the incorporation of year, release site,
reach, and different environmental variables improve
the models fit. Finally, we will discuss how migration
and movement dynamics might be influencing smolt
survival during this life stage.
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Methods

Study area

The Sacramento River is the longest and largest (mea-
sured by flow discharge) river to be fully contained
within the state of California and is the third largest river
that flows in to the Pacific Ocean in the contiguous
United States. The headwaters are located south of
Mount Shasta in the lower Cascade Range, and the river
enters the ocean through the San Francisco Estuary at
the Golden Gate Bridge (Fig. 1). The total catchment
area spans approximately 70 000 km2, and the annual
mean daily discharge for the Sacramento River from
1956 to 2008 was 668 m3 s-1 (California Department
of Water Resources DAYFLOW database).

The study area included approximately 92 % of the
current outmigration corridor of late-fall run Chinook
salmon, from release to ocean entry. Specifically, the
study area’s furthest upstream release site at Battle
Creek (534 km upstream from the Golden Gate) is
only 47 km downstream from Keswick Dam (the first
impassable barrier to anadromy) at its confluence with
the Sacramento River (Table 1).

Central Valley late-fall run Chinook salmon

The late-fall run is one of the four Chinook salmon
runs found in the Sacramento River drainage and is the
only run that migrates to sea predominately as year-
lings (Moyle 2002). Coupled with the fall run, the pair
form an evolutionary significant unit (ESU) deemed a
“species of concern” by the Endangered Species Act
as of April 15, 2004. Juveniles exhibit a river residen-
cy of 7 to 13 months, after which the smolts enter the
ocean at 90 to 170 mm fork length (Fisher 1994;
Snider and Titus 2000a, b). Potentially due to water
diversions and increased predation in bank-altered
areas, outmigrating late-fall run juveniles accrue sub-
stantial mortality (Moyle et al. 1995).

Acoustic telemetry

We used Vemco V7-2 L acoustic tags (1.58 g±0.03
S.D.; Amirix Systems, Inc. Halifax, Nova Scotia, Can-
ada) and Vemco VR2/VR2W submergible receivers to
track tagged fish. The receiver array spanned 550 km
of the Sacramento River watershed from Keswick
Dam to the ocean (Golden Gate) (Fig. 1; Table 1).

This array of approximately 300 receivers at 210 re-
ceiver locations was maintained by the California Fish
Tracking Consortium (a group of academic, federal
and state institutions, and private consulting firms;
http://californiafishtracking.ucdavis.edu/).

The acoustic receivers automatically process all
detection data and drop false detections or incom-
plete codes from the detection file. All detection
files were additionally subjected to standardized
quality control procedures to minimize the number
of false detections. Specifically, we considered for
removal detections flagged by an automated script
that searched the detection records of each indi-
vidual smolt to determine if they fulfilled any one
of the three following independent conditions: (1)
The detection occurred before release date-time of
that tag. (2) A single detection that occurred at a
location was not between valid upstream and
downstream detections (a valid detection is defined
as less than 10 d or 50 rkm to prior or next
detection). (3) Multiple consecutive detections of
a tag at one location were greater than 216 min
apart (10 % less than the minimum observed time
between consecutive known false detections of the
same tag).

Tagging and releases

For three consecutive winters, from January 2007 to
January 2009 (henceforth referred to as 2007, 2008
and 2009 seasons, based on the year during which
January tagging occurred), 200 to 304 late-fall run
Chinook salmon smolts were tagged and released into
the Sacramento River watershed. The size of tagged
smolts (Table 2) was consistent with the observed size
distribution for this Chinook salmon run, albeit larger
than other life-history type Chinook salmon smolts
(Fisher 1994).

Hatchery origin yearling late-fall run Chinook
salmon smolts, obtained from the United States Fish
and Wildlife Service’s (USFWS) Coleman National
Fish Hatchery (Anderson, CA), were used in this
study. Acoustic tags were surgically implanted into
the peritoneal cavity of anesthetized smolts as de-
scribed by Ammann et al. (2011, this issue). To min-
imize potential effects on survival, growth, and
behavior, smolts were size selected resulting in an
average tag weight to total body weight ratio of
3.6 %, and individual ratios rarely exceeded 5 %.
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Lab experiments run concurrently with this study in-
dicated that growth and survival were not significantly
affected by the tag burden (Ammann et al. 2011, this
issue).

Post-surgery, the smolts were held before release for
7 d in 2007 and 24 h in 2008 and 2009 to ensure proper
recovery from surgery. In the 2007 season, a portion of
the tagged smolts were released each weekday for three
consecutive weeks in January. In the two following
seasons, half the smolts were released in December
and half in January, both on a single day. All releases
occurred at dusk to minimize predation as the smolts
became habituated to the riverine environment.

In the first year this study (2007), all 200 smolts
were released at the Coleman National Fish Hatchery
into Battle Creek, a tributary to the Sacramento River.
In the latter 2 years, 300 smolts a year were tagged and
simultaneously released from three release sites in the
upper 150 rkm of the mainstem Sacramento River
(Table 1), allowing the lower release groups a greater
likelihood of reaching the lower river and estuary in
large numbers (to improve statistical confidence
intervals).

Data analysis

Smolt outmigration

Detection probabilities for each receiver location were
calculated using the Cormack-Jolly-Seber (CJS) mod-
el for live recaptures (Cormack 1964; Jolly 1965;
Seber 1965) within Program MARK (created by
Gary White, Colorado State University (White and
Burnham 1999)). A subset of the receiver locations
that had consistently high tag detection probabilities
and that were strategically located were chosen to
delimit the river reaches that were used in the spatial
movement analysis. A total of 14 receiver locations
were chosen, from just below the most upstream re-
lease site to the Golden Gate (Table 1).

Two metrics for smolt movement were utilized, the
former describing total migration movement, and the
latter describing small-scale movements during migra-
tion. Smolt movement rates from release site to the
Golden Gate was calculated for each smolt that sur-
vived to the Golden Gate (3–13 % of all smolts,
depending on release group and year (C. Michel
unpubl. data)) and averaged by release group (by year
and release site), representing the mean successful
migration movement rate (MSMMR; Table 3). Migra-
tion time from release point to the entry of the Sacra-
mento/San Joaquin Delta, as well as migration time
from the entry of the Sacramento/San Joaquin Delta to

Table 1 Locations of acoustic
receivers and tagged smolt
release locations

Location River km Description

Battle Creek 534 Release site 2007

Jelly's Ferry 518 Monitor location & release site 2008/09

Bend Bridge 504 Monitor location

China Rapids 492 Monitor location

Above Thomes 456 Monitor location

Below GCID 421 Monitor location

Irvine Finch 412 Monitor location & release site 2008/09

Above Ord 389 Monitor location

Butte City Bridge 363 Monitor location & release site 2008/09

Above Colusa Bridge 325 Monitor location

Meridian Bridge 309 Monitor location

Above Feather River 226 Monitor location

Freeport 169 Monitor location, delta entry

Chipps Island 70 Monitor location, estuary entry

Golden Gate 2 Monitor location, ocean entry

Fig. 1 Map of the study area, including the Sacramento River,
Sacramento—San Joaquin River Delta, San Francisco Estuary,
and Pacific Ocean. Bull’s-eye icons signify release locations,
stars symbolizes major cities, and black dots symbolizes receiv-
er locations. Shaded regions delimit (from north to south) the
upper river, middle river, lower river, delta, and estuary

R
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the entry into the Pacific Ocean, were also calculated
and averaged by release group.

Reach-specific movement

Smolt-specific movement rates were then calculated
per major geographic region using the last detection
time from the upstream receiver locations and the first
detection time from the downstream receiver locations
for that region. The regions selected consisted of the
upper river (river km (rkm) 518 to 456), the middle
river (rkm 456 to 363), the lower river (rkm 363 to
169), the Sacramento/San Joaquin Delta (rkm 169 to
70), and finally the San Francisco Estuary (rkm 70 to
2). Distances between receiver locations were calcu-
lated in kilometers using the geographic information
system software program ArcGIS 9 (ESRI) and
NHDPlus 1:100 K hydrography, giving a movement
metric of km·day-1. These movement rates were then
represented graphically with boxplots for each region
by year interaction (Fig. 2).

To explore the small-scale movements of the smolts
tagged in this study, we used an advection–diffusion
smolt travel time model, explained in detail with re-
gard to the riverine movement of salmonids in Zabel

and Anderson (1997) and subsequent publications by
those authors (Zabel et al. 1998; Zabel 2002; Zabel et
al. 2008). The advection–diffusion model allows a
probability density function (p.d.f) for the distribution
of travel times in a given reach. Specifically, the model
incorporates an advection term (including the param-
eter r describing the mean rate of downstream move-
ment), and a diffusion term (including the parameter σ
describing the rate of population spreading). One key
element of the model used is an absorbing boundary
for movement rate r at the value of zero; this assump-
tion is acceptable in the case of outmigrating Chinook
salmon smolts because it is rare to see upstream move-
ment once migration has commenced. The distribution
of smolt travel times under these assumptions are
described by the inverse Gaussian distribution, with
the following probability density function:

gðtÞ ¼ L
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2pσ2t3

p exp
�ðL� rtÞ2

2σ2t

 !

ð1Þ

(Zabel and Anderson 1997). L represents the reach
length (in kilometers) and t represents travel time.
The inverse Gaussian p.d.f. is unimodal and right
skewed which captures the occurrence of most smolts

Table 2 Means and standard
errors for weight and fork length
of acoustically-tagged smolts by
year and for all years combined

a,b,cSize distributions with dif-
ferent superscripts are signifi-
cantly different (P<0.05)

Year Weight±SE (g) Fork length±SE (mm) Sample size

ALL 46.0±0.4 161.5±0.5 804

2007 46.6±0.7a 164.6±0.8a 200

2008 52.6±0.8b 168.7±0.8b 304

2009 38.9±0.5c 152.1±0.5c 300

Table 3 Mean travel time in days from release point to Sacramento—San Joaquin River Delta entry, mean travel time in days from
Delta entry to Pacific Ocean entry, and mean successful migration movement rate (MSMMR) for all years and all release groups

Year Release (rkm)a # released Release to Delta entry travel time
(days)±SE

Delta entry to Ocean entry travel time
(days)±SE

Total MSMMR
(km·day-1)±SE

2007 534 200 13.7±1.6 8.5±2.4 23.5±3.6

2008 517 102 14.2±1.2 14.5±1.0 18.9±1.9

413 101 10.8±1.2 16.7±3.1 18.1±3.3

363 101 9.7±0.9 13.8±2.0 15.6±1.8

2009 517 100 14.6±0.5 12.1±4.0 22.7±3.1

413 100 13.0±0.8 12.6±1.3 18.1±1.3

363 100 11.0±0.6 14.1±1.9 14.3±1.3

a distance (river km (rkm)) from Golden Gate
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travelling at a very similar rate, with a small minority
of individuals taking longer to complete the passage of
the reach.

We then optimized function (1) using the Nelder-
Mead algorithm, given the observed travel times t, to
find the most likely estimation for r and σ (i.e. max-
imum likelihood estimation, MLE). By substituting in
more complex parameter structures for r and σ, we
explored potentially more accurate models, e.g. allow-
ing for reach-specific variability or influence of envi-
ronmental factors such as flow in estimates. Several
models were therefore constructed based on a priori
understanding of the target population, in an attempt to
determine the different sources of variability in the
data (Table 4). We used Akaike’s Information Criteri-
on to evaluate the strength of evidence for these dif-
ferent models.

The observed travel time data that was used to
estimate r and σ included the ten river reaches that
are upstream of the influence of tidal fluctuations. The
first model we constructed was one that only allowed
one movement and spreading rate parameter (r and σ),
thereby essentially reducing the entire system to one
reach. This model will be referred to hereafter as the
null model. We also constructed a model allowing
movement rate to vary per reach (10 parameters esti-
mated) while spreading rate was again held constant (1
parameter). A third model was constructed in which

both movement and spreading rates were allowed to
vary per reach (20 parameters total). A fourth and fifth
model were built to allow and test for a “release”
effect, in other words, allowing smolts that were re-
leased from the two downstream sites (Irvine Finch
and Butte City) to have a different r estimates (and in
the fifth model, σ estimates as well) from the smolts
passing through from a more upstream origin, for the
one reach downstream of the release site (models
referred to as “reach+release”). A sixth model allowed
for reach-specific r and σ estimates to also vary by
year, while still accounting for a release effect (“reach
+release+year”). Finally a series of six more models
were constructed to allow six different environmental
variables to act as linear predictors for r and σ, as seen
in Zabel et al. (1998). These models therefore included
an environmental parameter beta coefficient (β),
allowing determination of the direction and slope of
the relationship. Additionally, by standardizing the
environmental variables (subtracting the mean value
from each raw data point, then dividing by the stan-
dard deviation, essentially giving all standardized var-
iable datasets a mean of zero and a standard deviation
of one), standardized beta coefficients were calculated,
allowing for the comparison of the strengths of beta
coefficients for different models. For a change in one
standard deviation unit of the environmental variable,
travel time will change by the amount specified by that

Upper Middle Lower Delta Estuary

Region

da
y−1

)

Upper Middle Lower Delta Estuary Upper Middle Lower Delta Estuary

0

25

50

75

100

125 2007 2008 2009

Fig. 2 Yearling late-fall run Chinook salmon migration move-
ment rate distributions by region and year. The bold horizontal
lines that dissect the boxes represents the median values, while
the upper and lower edges of the boxes represent the 75th and
25th percentiles of the movement data, respectively. The upper
and lower ends of the vertical lines represent the maximum and

minimum values of the movement data, unless outliers are
present. Outliers are data points that are above the 75th percen-
tile or below the 25th percentile by more than 1.5 times the
inter-quartile range (the range from the 25th to 75th percentile)
of each specific boxplot

Environ Biol Fish



model’s standardized beta coefficient. Once the envi-
ronmental models were ranked based on their AIC, a
final model was constructed using a combination of
two or more of the best ranked environmental varia-
bles. The purpose of this final model is to attempt to
construct the best possible model using environmental
variables alone. In total we therefore used thirteen
different models, and using model selection methods,
we should not only be able to determine the best
model, but also test for the effect of certain factors.

Once the best model was determined, the parametric
estimates of movement rates (br; km·day-1) and

population spreading rates (bσ; km·day-½) were reported
at the resolution offered by the model (Table 5).

Influence of the environment

Spatial-temporal environmental data were collected
for this study for the majority of the river reaches,
from the release points to the upper limit of tidal
influence on the river (rkm 189; Table 6). All varia-
bles were chosen a priori based on salmon migration
literature and data availability for the watershed.

Table 4 Model statistics for all
smolt travel time models run,
with parameter listed first (either
movement rate r or spreading
rate σ), followed by resolution
allowed by parameter structure
in parentheses (a “1” represents
no spatial or temporal variabili-
ty). AICc represents Akaike’s
Information Criterion (corrected
for small sample sizes). Models
have been sorted from best
(at top) to worse fit, in order
of increasing AIC values

Model Parameters AICc Standardized β Coefficient

r(reach+release+year) σ(reach+release+year) 28 2,193.4

r(reach+WDR+flow) σ(reach) 22 2,297.7 −0.1; 0.1
r(reach+release) σ(reach) 22 2,310.4

r(reach+release) σ(reach+release) 24 2,314.0

r(reach) σ(reach) 20 2,322.4

r(reach) σ(1) 11 2,398.4

r(WDR) σ(1) 3 2,643.0 −3.2
r(flow) σ(1) 3 2,652.0 2.2

r(turbidity) σ(1) 3 2,658.9 1.7

r(FMFR) σ(1) 3 2,659.6 2.5

r(velocity) σ(1) 3 2,666.5 −1.5
r(1) σ(1) Null model 2 2,674.3

r(temperature) σ(1) 3 2,675.8 −0.4

Table 5 Parametric estimates for movement rate br (km·day-1)
and population spreading rate (km·day-½) for all ten non-tidally
influenced river reaches, from the “r(reach+release+year)
σ(reach+release+year)” model. For reaches six and eight,

estimates for both “run-of-river” (ROR) and downstream re-
leased (REL) smolts have been included for 2008 and 2009
(only one release site in 2007)

Reach Rkm from Golden Gate Total N br 2007 bσ2007 br2008 bσ2008 br2009 bσ2009

1 518–504 293 33.0 25.7 36.8 21.5 34.4 15.1

2 504–492 278 61.3 23.6 65.1 19.4 62.7 13.0

3 492–456 194 27.2 26.3 31.0 22.1 28.6 15.7

4 456–421 147 13.9 31.1 17.7 27.0 15.3 20.5

5 421–412 145 13.0 27.3 16.8 23.2 14.4 16.8

6 ROR 412–389 105 10.6 25.5 14.4 21.3 12.0 14.9

6 REL 412–389 161 – – 21.3 21.9 18.9 15.5

7 389–363 212 11.1 32.3 15.0 28.1 12.5 21.7

8 ROR 363–325 97 22.2 29.3 26.0 25.1 23.6 18.7

8 REL 363–325 88 – – 24.1 23.8 21.7 17.4

9 325–309 135 25.6 31.0 29.4 26.8 27.0 20.4

10 309–226 163 25.4 43.0 29.2 38.9 26.8 32.5
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The variables included water temperature (°C),
river flow (m3·s-1), water turbidity (ntu), channel
water velocity (m·s-1), a ratio of river surface width
(m) to maximum river depth (m) (WDR), and a ratio
of daily river flow to mean river flow over the
migration season of the year in question (FMFR).
The WDR will increase as the river becomes shal-
lower and wider. If the FMFR value is above one,
this means the daily flow was above average for
that particular migration season, and if the value
is below one, the daily flow was below average
for that particular migration season. Variables such
as temperature, turbidity and flow were recorded
directly from gauge stations on the river (Table 6).
Measurements such as water velocity and WDR
were simulated using actual flow recordings, high-
resolution bathymetric cross-sections, and gradient
information in the riverine hydraulics modeling
software program HEC-RAS (US Army Corps of
Hydraulic Engineers). All reach-specific environ-
mental variables were then averaged by reach and
by day. All reach-specific spatial-temporal environ-
mental variables were then associated with their
respective reach-specific movement rates in a rela-
tional database (Microsoft SQL Server 2005, Micro-
soft Corporation).

Results

Smolt outmigration

The mean successful migration movement rate
(MSMMR) per release group varied by release site and

by year (Table 3). Mean total movement rates decreased
the further downstream the release group was released.
Movement rates varied from 14.3 km·day-1 (S.E. 0±
1.3 km·day-1) for the 2009Butte City release group (rkm
363) to 23.5 km·day-1 (± 3.6 S.E.) for the 2007 Battle
Creek release group (rkm 534). An ad hoc analysis of
variance confirmed this pattern: release location had a
significant effect on MSMMR (P <0.05), while year did
not (P00.2).

Reach-specific movement

Movement rates decreased as smolts moved from
upstream regions downstream toward ocean entry,
with the fastest movement rates found in the upper
river region, followed by a decreasing trend up
until the slowest region: the Sacramento-San Joa-
quin River Delta (Fig. 2). The interaction between
region and year suggested a similar trend in all
years of generally decreasing movement rates the
further downstream the region, but in 2009 move-
ment rates were generally slower and more uniform
among regions.

The different smolt travel time models were con-
structed, and ordered in terms of their AICc value
(Table 4). The “r(reach) σ(1)” was found to be much
better supported (AICc difference larger than seven) than
the null model, suggesting that there is heterogeneity in
reach specific movement rates. Additionally, the “r
(reach) σ(reach)” model was also much better supported
than the “r(reach) σ(1)” model, suggesting that the pop-
ulation spreading rate is also heterogeneous on a reach-
specific basis.

Table 6 Sources of environmental data for this study

Environmental variables Data sourcea Data Location

Water temperature (°C) UCD, BOR, DWR, USGS, USFWS http://cdec.water.ca.gov/

Water turbidity (NTU) BOR, DWR, USGS http://cdec.water.ca.gov/

River flow (m3·sec-1) BOR, DWR, USGS http://cdec.water.ca.gov/

Channel water velocity (m·sec-1) HEC-RAS simulations using DWR bathymetry Ricky Doung, Todd Hillaire pers. comm.b

Maximum river depth (m) HEC-RAS simulations using DWR bathymetry Ricky Doung, Todd Hillaire pers. comm.b

River surface width (m) HEC-RAS simulations using DWR bathymetry Ricky Doung, Todd Hillaire pers. comm.b

aAgency Acronyms: UCD University of California—Davis, BOR United States Bureau of Reclamation, DWR California Department
of Water Resources, USGS United States Geological Survey, USFWS United States Fish and Wildlife Service, USACE United States
Army Corps of Engineers
b Ricky Doung (rdoung@water.ca.gov); Todd Hillaire (hillaire@water.ca.gov)
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Parameters allowing for newly released smolts to
have a different movement rate from the “run-of-river”
smolts (ROR; smolts that are migrating through the
reach in question, i.e. smolts that were not recently
released) were incorporated into the “r(reach+release)
σ(reach)” model, and this substantially improved the
models support over the “r(reach) σ(reach)” model
(which served as the framework for the new model).
Additionally, this model was marginally better sup-
ported than the “r(reach+release) σ(reach+release)”
model, suggesting that spreading rates were not sub-
stantially different between newly released smolts and
ROR smolts. The maximum likelihood estimate
(MLE) for movement rate for the Irvine Finch group
(middle release site) in the first reach after release was
22.3 km·day-1 versus 13.4 km·day-1 for the ROR
smolts in that reach. As for the Butte City release
group (furthest downstream release site), their MLEs
for movement rate in the first reach after release was
22.3 km·day-1 versus 24.0 km·day-1 for the ROR
smolts.

Parameters allowing for an additive effect of year of
release were also incorporated into the smolt travel
time model. Given that a release effect had been
found, and that 2007 did not have any downstream
released fish, the year model had to account for the
release effect. Therefore the model “r(reach+release+
year) σ(reach+release+year)” was constructed, and
was found to have substantially better support than
the “r(reach+release) σ(reach+release)” base model.
This implies that year had an influence of reach-
specific movement and spreading rates in an additive
way. The movement rate β coefficients for the 2008
and 2009 years (2007 was the intercept) are both
positive, with 2008 having the larger value. This indi-
cates that in general, 2008 had the fastest movement
rates, followed by 2009, then 2007. The spreading β
coefficients for 2008 and 2009 were both negative,
with 2008 having the larger value. This means that
2007 had the largest spreading rates, followed by
2008, and finally 2009 had the smallest spreading
rates. This year model was the best supported model
of all the models run, and therefore the MLEs for each
parameter are shown in Table 5.

Influence of the environment

The influence of different environmental variables was
also assessed using the smolt travel time model. Each

of these models can be compared to the null model for
an indication of fit; the environmental models are
based off the null model, and therefore, any improve-
ment in fit is purely due to movement rate variability
explained by variability in the environmental factor in
question. The environmental model to perform the
best was the river width-to-depth ratio model
(WDR) (Table 4). WDR had a negative relation-
ship with movement rates, indicating that the
deeper and narrower reaches (low WDR) will have
faster movement rates. The WDR model also had
the strongest standardized β coefficient. The next
best supported smolt travel time model was the
river flow model, with a positive relationship be-
tween flow rates and movement rates. The turbid-
ity and FMFR models were the next best
supported models, again with positive relationships
with smolt movement rates. The velocity model
was also well supported, albeit much less than
some of the previously mentioned models, and
with one of the weakest standardized β coeffi-
cients. The relationship between velocity and smolt
movement was negative. Finally, the temperature
model was the only environmental model that was
not found to be better supported than the null
model.

Using the two environmental variables that had the
best fitting models, WDR and river flow, we then
constructed a new model incorporating both into the
“r(reach) σ(reach)” model. This model far outper-
formed all other environmental models, and was sec-
ond only to the “r(reach+release+year) σ(reach+
release+year)” model.

Discussion

Migration rates from the Battle Creek release site to
the ocean in 2007 (23.5 km·day-1), were similar to a
mean migration rate of late-fall run Chinook salmon
smolts released at the same site and recaptured
at the beginning of the San Francisco Estuary using
a mid-water trawl (30.25 km·day-1, USFWS
Stockton FWO data 1994–2010, [http://www.fws.gov/
stockton/jfmp/datamanagement.asp]). The mean mi-
gration rate for yearling Chinook salmon smolts on
the Columbia River, another large West Coast river,
was 21.5 km·day-1 (Giorgi et al. 1997). Although
migration rates of yearling Chinook salmon on the
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Fraser River (a large undammed West Coast river that
runs through British Columbia) are not available in the
literature, similarly sized sockeye salmon (Oncorhyn-
chus nerka) smolts navigated the watershed at a rate of
15 to 30 km·day-1 (Welch et al. 2009). The results for
late-fall Chinook salmon smolts presented here in
combination with those of yearlings from other studies
strongly suggest that like-sized smolts exhibit very
similar migration rates regardless of the large river
system.

Smolt movement rates varied substantially
throughout the watershed. The fastest movement
rates were seen in the river regions, with the
Upper Sacramento River having the fastest rates
of the three, potentially due to the faster water
velocities seen there, allowing for faster passive
transport of an actively migrating smolt. The slow-
est movement rates were seen in the Sacramento-
San Joaquin River Delta, a highly modified and
complex system of sloughs and channels. Water
diversions in the southern delta remove nearly
40 % of the historic flows through the delta,
resulting in substantial modifications in flow dy-
namics and directions (Nichols et al. 1986). This
creates a region in which smolts have a high
susceptibility of entering the interior delta, predis-
posing them to longer routes, higher predation, and
the risk of entrainment into water pumps, inevita-
bly leading to higher mortality rates (Perry et al.
2010).

The use of the smolt travel time model was an
effective tool for exploring movement in this system,
as well as determining longitudinal patterns of activity
interacting with different environmental variables. As
we uncover characteristics specific to movement dy-
namics in this system, we will be able to further
improve the conceptual model to explain more of the
variability in the observed data. As such, the careful
discussion of model fit and parameter estimates should
provide insight into more complex models worth
exploring.

Movement and population spreading rates were
seen to vary on a reach basis, as suggested by different
smolt movement model comparisons. This heteroge-
neity in movement rates was expected, especially
when considering the changing river habitats through-
out the reaches. This variability demonstrates the need
for delving into what environmental variables may be
governing these reach specific differences. The

changing population spreading rate appears to be in
large part due to varying reach length, with the longest
reaches having the largest spreading rates. This could
be due to the fact that one of the models underlying
assumptions is a lack of any diel migratory behavior.
In the case of this study, smolts would mostly travel at
night (Chapman et al. 2012, this issue), and in the case
of the largest reaches (since they could not be tra-
versed in one single night) the smolts would have
had to experience diurnal time periods within that
reach, thereby slowing the migration for some and
effectively increasing the population spreading. We
suggest that an improved smolt travel time model be
created that allows for diel migration behavior as this
is a staple in many smolt populations.

The smolt travel time model that allowed for reach
and year variability, while accounting for a “release”
effect, was the best supported model of the models
tested. This suggests that movement rates varied by
year, with 2008 having the fastest movement rates,
followed by 2009 then 2007. The rate of population
spreading did not follow the same pattern, with a
general decrease from 2007 through to 2009. Howev-
er, all 3 years of the study were all similarly dry years
resulting in low river flows (DWR 2009. WSIHIST
Water Year Hydrologic Classification Indices, [http://
cdec.water.ca.gov/cgi-progs/iodir/wsihist]). This
could indicate that movement and population spread-
ing rates may be more similar in these years than when
compared to “wet” years. In addition, it is important to
note that movement rates and environmental associa-
tions found in this study may only be indicative of dry
year dynamics.

Given that several release sites were used in
this study, there was a need to test for potential
release effects on movement rates. The reach-
specific smolt travel time model that allowed for
a release effect on movement rates was indeed
better supported than the similar model without a
release effect. Specifically, movement rates for
smolts released at Irvine Finch (the middle release
site) were substantially faster than movement rates
of “run-of-river” (ROR) smolts in the first reach
after Irvine Finch, while the relationship between
the further downstream Butte City released smolts
and their ROR counterparts was both weaker and
the opposite. One potential reason for this was that
smolts from Irvine Finch were released at dusk,
while ROR smolts entered reaches at all times of
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the day. Given the predisposition for nocturnal
migration in this population, there is a strong
possibility newly-released smolts moved faster
since they all experienced night conditions imme-
diately after release, as opposed to the ROR
smolts that did not all experience such an advan-
tage. As for the Butte City smolts, a potential
explanation for the lack of a similarly strong pat-
tern could be due to the attenuation of the noctur-
nal migration behavior in this further downstream
reach (Chapman et al. 2012, this issue). Interest-
ingly, although Irvine Finch smolts appear to move
faster than ROR smolts immediately after release,
the smolts released furthest upstream have the fastest
mean successful migration movement rate (MSMMR).
This inconsistency brings to light an important distinc-
tion to make: travel times used in this modeling exercise
are from all smolts in the study, while migration rates
provided above are only for the small fraction of the
study individuals that successfully outmigrated to the
ocean. We determine that there is an appreciable release
effect on movement rates in this system, meriting con-
sideration of this occurrence into the construction of
smolt travel time models when using several release
sites.

River width-to-depth ratio (WDR) was found to
have a strong negative relationship with movement
rates, meaning that smolts moved slower through
wider, shallower reaches. In that the upper river had
the fastest smolt movement rates, and was intermit-
tently wide and shallow, this relationship may seem
counter-intuitive. However, the upper river region did
not have the highest mean WDR, and was composed
of deeper river sections interspersed with wider, shal-
low runs and riffles, suggesting that the movement
rates in this region may be associated more with com-
plex differential travel behavior incorporating a range
of WDR habitats.

Flow has often been suggested to influence move-
ment rates of yearling Chinook salmon (Zabel et al.
1998; Smith et al. 2002). In this study, flow was found
to be positively related with movement rates. Flow
generally increases in the downstream direction, in
large part due to the progressive additions of water
from the numerous tributaries in this system. Howev-
er, the mean flows experienced by smolts in this study
were very similar across regions. One possible inter-
pretation of the relationship between flow and move-
ment could be that it is the temporal (and not the

spatial) variability in flow that drives this relationship.
Salmonid smolts are known to initiate their down-
stream migration during storm events (McCormick et
al. 1998), analogous with high flows. This was the
motivation in creating the model using flow to mean
flow ratio (FMFR) as a linear predictor. This relation-
ship was also positive, further supporting our hypoth-
esis. There was indeed some evidence of increased
watershed-wide smolt movements during particularly
strong storm events. We therefore conclude that the
relationship between flow and movement rate may be
strong past a certain flow threshold and a more com-
plex model should be explored that may capture the
occurrence.

The model using both aforementioned environmen-
tal variables was found to be the second best supported
model tested. While the beta coefficients for both
WDR and river flow were relatively small, they were
in agreement with coefficients from their respective
individual models. The purpose of taking the two best
environmental variables and using them both in one
model was an exercise to determine if we could find a
well-supported model that resource managers could
use in predicting future smolt migration travel times
based on environmental variables alone, and in some
instances, exercise their control over dam releases to
meet salmon management goals. Building such a mod-
el is especially important in light of the fact that the
best supported model incorporated both reach and year
variability; while this does provide meaningful infor-
mation, the year factor prevents us from making future
predictions with it, and it is therefore less useful to
resource managers.

Turbidity was seen to have a strong positive rela-
tionship with movement rates in this study. From
associated work, we know that increases in turbidity
correlate strongly with increases in survival (C.
Michel, unpubl. data), perhaps because turbidity dra-
matically decreases predator efficiency (as seen with
various predators on salmon smolts in the Fraser River
(Gregory and Levings 1998) and with smallmouth
bass (Micropterus dolomieu) in a laboratory setting
(Sweka and Hartman 2003)). Survival rates were low
in the upper reaches of the Sacramento River (C.
Michel, unpubl. data), coinciding with the location of
the primarily nocturnal migration, while higher sur-
vival in the lower river coincided with the more even
migration through the day seen in the lower river
reaches (Chapman et al. 2012, this issue). These
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results suggest that the relatively clear waters of the
upper and middle river regions have much higher
predation rates, which may have driven the evolution
of a nocturnal migration strategy. However, the lower
region has more turbid water and therefore may be
more cryptic and beneficial for smolt survival. Perhaps
this is what allowed the easement of the nocturnal
strategy in the lower river, as also seen by Moore et
al. (1998) and Ibbotson et al. (2006) with Atlantic
salmon smolts. This then may have allowed migration
at all hours which in turn provided smolts with the
opportunity to travel larger distances per day, poten-
tially explaining the positive relationship between
movement rates and turbidity. Alternatively, or per-
haps acting in concert, the relationship between tur-
bidity and movement rates could spawn from the fact
that turbidity tends to increase during high river flows
during storm events, during which smolts usually ini-
tiate migration.

Water velocity was found to be the fifth strongest
relationship, and somewhat counter intuitively, was
found to be negatively correlated with movement rates.
Water velocity can help a smolt move downstream at
faster rates by increasing passive transport. This rela-
tionship was believed to be the most important environ-
mental factor a priori, however, the direction of the
correlation was the opposite of what was expected.
One potential explanation is that only travel events
during which the smolt was recorded at the upstream
and downstream receiver station were used in this cor-
relation analysis. This created a problem in that during
high flow events (with fast water velocities), detection
probability decreased due to increased noise, increased
monitor tilt, and increased turbidity, and therefore fewer
movement recordings were available during high flows.
This potential shortcoming may have further reaching
consequences in this analysis; it could be that other
environmental variables tested did not have many asso-
ciated travel events near their extremes during high flow
events due to low detection probabilities.

Temperature was the only environmental variable
to show no indication of influencing movement rates.
Much work has been done on the effect of increases in
temperature on smolt migration initiation, suggesting
that temperature should indeed be tightly linked to
movement rates. However, the negative results seen
in this study are not the uncommon in the literature.
Two other studies have found no significant relation-
ship between temperature and migration rate in

yearling Chinook salmon smolts (Giorgi et al. 1997;
Smith et al. 2002). One potential reason for the lack of
effect could be that the smolts were released all at
once, during two releases each season, and therefore
experience a narrow range of temperatures. This is in
contrast with many studies that do find a relationship
between temperature and migration rate; data used are
frequently from random sampling of the outmigrating
smolt population using continuous trapping methods
over a long field season. This problem could be further
exacerbated by the fact that the Upper Sacramento
River displays relatively constant water temperatures
because Shasta Dam releases cold water from the
bottom of Lake Shasta year round (which offers the
question of how well can smolts time their outmigra-
tion to enter the ocean at the optimal time for feeding
and growth if a potentially critical temperature cue is
subdued?). Finally, since the study occurred during
three similarly dry years (low rainfall and snowpack)
in northern California, there is good evidence that
there may not have been enough variability in temper-
atures to obtain a measurable effect.

The patterns and rates elucidated in this paper can
provide valuable insight into the migration dynamics
of Chinook salmon smolts of other runs, sizes, and
stages of development, but caution should be
employed in this extrapolation. The smolts used in
this study were relatively large yearling Chinook salm-
on, and were force released into the river system, and
therefore could be expressing patterns different from
natural and other hatchery populations.

The imperiled Central Valley Chinook salmon
stocks will require sound fisheries and resource man-
aging for any hope of an eventual recovery, and this
cannot be achieved without understanding the move-
ment and migration dynamics and causal mechanisms
of emigrating smolts, arguably the most vulnerable life
stage. This study provides new insights on temporal
and spatial movement dynamics through the entire
watershed, and suggests some environmental factors
that shape the emigration. We also present a concep-
tual model for smolt travel times than can be applied to
the Sacramento River Chinook salmon populations.
Future directions for this model should include the
construction of more complex models to capture
certain intricacies that we have presented. Further-
more, due to unavailability of sufficient environmental
data, we applied the model to the river section
only, but future work should attempt to include the
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delta and estuary sections of the watershed. A more
accurate conceptual model for smolt travel time in the
Sacramento River will allow resource managers to
fully consider the consequences of anthropogenic ac-
tivities that may have detrimental effects on salmon
populations, and also to best predict migration dynam-
ics of future cohorts facing environmental changes.
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