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A multistate mark-recapture (MSMR) model of the adult salmonid migration through the lower Columbia
River and into the Snake River was developed, designed for radiotelemetry detections at dams and trib-
utary mouths. The model focuses on upstream-directed travel, with states determined from observed
fish movement patterns indicating directed upstream travel, downstream travel (fallback), and use of
non-natal tributaries. The model was used to analyze telemetry data from 846 migrating adult spring-
summer Chinook salmon (Oncorhynchus tshawytscha) tagged in 1996 at Bonneville Dam on the Columbia
River. We used the model to test competing hypotheses regarding delayed effects of fallback at dams
and visits to tributaries, and to define and estimate migration summary measures. Tagged fish had an
average probability of 0.755 (SAE = 0.018) of ending miAgration at a tributary or upstream of Lower Granite
Dam on the Snake River, and a probability of 0.245 (SE = 0.018) of unaccountable loss (i.e., mortality or
mainstem spawning) between the release site downstrfam of Bonneville Dam and Lower Granite Dam.
The highest probability of unaccountable loss (0.092; SE = 0.012) was in the reach between Bonneville
Dam and The Dalles Dam. Study fish used the tributaries primarily as exits from the hydrosystem, and
visits to non-natal tributaries had no significant effect on subsequent movement upriver (P=0.4245).
However, fallback behavior had a small effect on subsequent tributary entry and exit (P=0.0530), with
fish using tributaries as resting areas after reascending Bonneville Dam after fallback. The spatial MSMR
model developed here can be adapted to address additional questions about the interaction of migrating
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organisms with their environment, or for the study of migrations in other river systems.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Migratory species play a crucial role in ecological communi-
ties, connecting distant ecosystems through transfers of organic
matter. From salmon returning to their natal streams to spawn,
to songbirds traveling between breeding and wintering grounds,
such species bring significant energetic contributions to numer-
ous ecosystems. For example, salmon accrue much of their biomass
during the ocean life stage but spawn in freshwater. Their decay-
ing carcasses transfer rich marine-derived nutrients to their inland
spawning habitat, thereby increasing productivity of the freshwa-
ter ecosystem. Although the migratory life stage is necessary for
completing the life cycle, populations often incur high mortality
during migration. As society works to protect migratory species
from the effects of habitat loss, pollution, overharvest, and climate
change, detailed information is needed regarding the migratory life
stage: What regions and habitats are utilized and how? Where is
survival most threatened during migration, and what are the domi-
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nant mortality risks? How do human actions and habitat alteration
help or hinder migration?

Pacific salmonids (Oncorhynchus spp.) from the Columbia and
Snake river basins in the Pacific Northwest region of the United
States pass up to nine large hydroelectric dams on both their juve-
nile migration to the ocean and their adult migration to inland
spawning grounds (Fig. 1). With 12 of these populations protected
under the Endangered Species Act of 1973 (U.S. Code, Title 16,
Chapter 25, sections 1531-1544), much research attention has
focused on the migratory life stage through the hydrosystem. Biol-
ogists have hypothesized that spawning success is affected by
experiences during the adult upriver migration, such as non-natal
tributary use and fallback over a dam (descending the dam after
ascending it). Dam fallback and other downstream travel during
the adult migration have been observed among numerous popula-
tions (Dauble and Mueller, 2000). Reischel and Bjornn (2003) and
Boggs et al. (2004) hypothesized that fallback hinders migration
success by depleting a fish’s energy reserves or causing injury or
direct mortality. Several researchers have studied non-natal trib-
utary use by migrating adult salmonids. Quinn (1993) reported
varying levels of straying to non-natal tributaries among wild and
hatchery-produced salmonids, with high straying rates possibly
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Fig. 1. Map of Columbia River and Snake River basins, with hydroelectric dams noted that were passed by salmon in 1996 release group. BON = Bonneville Dam, TDA=The
Dalles, JDA = John Day, MCN = McNary, IHR = Ice Harbor, LMO = Lower Monumental, LGO = Little Goose, LGR = Lower Granite, PRD = Priest Rapids, WAN = Wanapum, RIS = Rock
Island, RRH = Rocky Reach, WEL =Wells. The release site was located 9.5 km downstream of BON.

lowering long-term population survival. High et al. (2006) pro-
posed that migrating adult steelhead (O. mykiss) temporarily use
non-natal tributary rivers as thermal refugia, which may improve
migration survival but is also associated with longer travel time.
In addition to these issues, the current biological opinion on the
federal hydropower system identifies survival during the adult
migratory life stage as an important performance measure for fish-
ery management and recovery of the populations (NMFS, 2008).
Complex tagging studies have been implemented in order to mon-
itor the salmonid migration.

A useful approach to interpreting highly structured tagging data
is the multistate mark-recapture (MSMR) model, a type of capture-
mark-recapture (CMR) model. Traditional CMR models assume
homogeneous survival and detection (capture) probabilities among
the tagged individuals. MSMR models relax that assumption by
stratifying the tagged individuals based on their state, which may
be defined in a variety of ways, such as spatial location or physio-
logical status. MSMR models have been used to estimate exchange
among populations or life stages within a population (Nichols et al.,
1992, 1993), estimate annual survival in the presence of temporary
emigration (Kendall and Nichols, 2002), and explore hypotheses
in evolutionary ecology (Nichols and Kendall, 1995). Hestbeck et
al. (1991) and Brownie et al. (1993) developed MSMR models to
assess the “memory effect” of past experience on current migration
behavior. The natural parameter inan MSMR model is the transition
probability, which combines both survival and movement among
sites or states. MSMR models are often expressed as matrix models,
with square matrices representing transition probabilities among
states at a given model “step,” which is usually temporal.

Most MSMR models focus on survival or abundance through
time. Modeling migration has a spatial focus: transitions occur
between spatially disparate sampling sites, and states may be
dynamically defined based on past experiences, such as tak-
ing a particular migration route. Transition matrices represent
joint movement and survival probabilities among states for a
particular spatial step, rather than a temporal step. Gener-

ally, one transition matrix is required for each possible spatial
step.

MSMR models can be used to test hypotheses concerning migra-
tion processes and fish fate. For example, if fallback depletes a
fish’s energy stores (Reischel and Bjornn, 2003), then survival in
subsequent reaches may be lowered. Additionally, if fish use non-
natal tributaries as thermal refugia during hot weather (High et al.,
2006), then fish that visited a tributary may have a higher proba-
bility of successfully passing through the next reach. A competing
hypothesis is that fish enter non-natal tributaries primarily as they
search for their natal streams (Keefer et al., 2008). In this case, fish
that return from tributaries to the mainstem may be expected to
continue searching within the following reach, evidenced by addi-
tional tributary visits or fallback in that reach. Finally, because fish
that recently exited tributaries may be distributed across the river
channel differently from other fish, they may have unique detec-
tion probabilities at the next dam. Each of these hypotheses can be
parameterized in an MSMR model of the adult salmonid migration
and tested by comparing the fit of competing models.

In this paper, we present a general approach to modeling
complex animal movements during migration. We develop the
approach for the upstream migration of adult Chinook salmon
(0. tshawytscha) in the Columbia and Snake rivers, and demon-
strate the model using radiotelemetry detection data from 1996.
We model and assess alternative hypotheses regarding migration
behavior, and estimate summary measures of the migration. The
approach developed here may be readily extended to other loca-
tions and species that use well-defined migration routes.

2. Methods: adult chinook salmon study
2.1. Study site and release-recapture methods
In 1996, 846 adult spring-summer Chinook salmon of unknown

natal origin were collected at Bonneville Dam on the Columbia River
(river kilometer 234) (Fig. 1) and outfitted with radio transmitters
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from early April through late June (Keefer et al., 2004). The tagged
salmon were released about 9.5 km downstream of Bonneville and
monitored as they swam upriver. Aerial and underwater radio
antenna arrays were positioned at four dams on the lower Columbia
River (Bonneville, The Dalles, John Day, and McNary), at three dams
on the lower Snake River (Ice Harbor, Lower Monumental, and
Lower Granite), and at Priest Rapids Dam on the mid-Columbia
River (Fig. 1). At most dams, detections were available from both
the entrance (base-of-dam or tailrace) and exit (top-of-dam or fore-
bay) of the adult fishways. Forebay antennas were arranged to
detect tagged fish only as they exited the fishway. Additional aerial
antennas were located near the mouths of major tributaries. Mod-
eling focused on the lower Columbia and Snake rivers, with the
mid-Columbia treated as a large tributary.

Detections at dams (D) were named D, B and DT for the base-
of-dam (B) site and top-of-dam (T) site, respectively, with k=1
representing Bonneville Dam and k=7 representing Lower Gran-
ite Dam. Tributary (T) detections between dams k and k+1 were
pooled and collectively named Tj. Tributaries downstream of Bon-
neville Dam were named Ty. All detections in the mid-Columbia,
including detections at Priest Rapids Dam, were included in Tj.

2.2. Model development

The adult migration model focused on upstream movement and
survival through the hydrosystem while also incorporating down-
stream travel. The model was parameterized as a spatial, multistate,
multinomial release-recapture model. The basic spatial unit was
the reach, i.e., the stretch of river between the tailraces of adjacent
monitored dams (Fig. 2). The states in the multistate model repre-
sented different types of migration behavior and facilitated analysis
of delayed effects of non-directed behavior such as downstream
travel. The fundamental model parameters were the transition
probabilities ¢>;}y for transitions from state x at detection site i to
state y at site j. The detection processes were modeled at the dams,
with detection probability p} for fish in state x at site i. Most tribu-
taryreceivers used a single array, and so it was not possible to model
the tributary detection processes. Tributary use was modeled as
either permanent exit from the hydrosystem or temporary tribu-
tary visits followed by return to the mainstem river. Downstream

Dgn T
Dam k+1 T¢Dk+1B.Dk+gT 2
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Fig. 2. Schematic diagram of reach k, with dams k and k + 1 (shaded rectangles) and
tributaries k and k+ 1 noted. Dotted lines denote antenna receiver arrays, located at
the base (DyB, Dy.1B) and top (DiT, Dy+1 T) of the dams and near the tributary mouths
(T, Tys1 ). Fundamental transition parameters ¢;; are indicated (states not shown).

travel, referred to generally as fallback, was modeled indirectly as
described below.

To quantify the effect of recent migratory behavior on transition
probabilities, individuals were assigned states based on observed
patterns of detection events indicating directed migration through
a reach, tributary visits, or downstream travel (fallback). Distinct
transition probabilities between two sites for fish in different states
would then indicate a delayed effect of previous migration behav-
ior. All fish were in the directed state (d) at the time of initial release.
Fish entered the tributary state (t) upon returning to the mainstem
river after visiting a tributary. Fish entered the fallback state (F)
after descending a dam or swimming downriver between detection
sites, and then either returning to upstream movement or entering
a tributary.

All states were modeled as temporary (non-absorbing) condi-
tions. This is equivalent to modeling temporary delayed effects of
non-directed behavior. The directed state persisted until the fish
exhibited non-directed behavior. The fallback and tributary states
persisted until the fish either exhibited new non-directed behav-
ior (resulting in a transition to a new non-directed state), or else
exited the reach following the fallback or tributary visit (and thus
reverted to the directed state), whichever came first. Because fish
in the fallback state could fall back again, two types of fallback state
were required to distinguish fish who had recently fallen back (state
F) from those who were merely experiencing continued delayed
effects of past fallback (state f). Thus, the four states were directed
(d), tributary (t), new fallback (F), and old fallback (f). Only the
state representing the most recent fallback or tributary visit was
modeled.

We incorporated fallback by modeling the ultimate fate in each
reach, represented by the final detection event at a dam or tribu-
tary. Thus, instead of explicitly modeling downstream travel, we
absorbed the underlying probabilities associated with fallback into
a single upstream transition probability (d)?}F ) to the new fallback
state (F). The parameter qb;‘.F was used to parameterize a detec-
tion history if it could be inferred that the fish fell back and then
returned to upstream travel between passing site i and reaching
sitej. Such inference was based on repeated detections at D, T sites,
or upstream detections followed by downstream detections. This
modeling approach focused attention on the eventual migration
success of the fish, and placed transition probabilities to the fall-
back state on the same spatial scale as the directed and tributary
states. This in turn permitted us to directly test hypotheses about
the consequences of fallback relative to the alternative states.

The nature of the observable data meant that not all state tran-
sitions were possible for all site transitions. For example, fish were
detected at the top of a dam (D, T) only as they exited the fishway
from downstream, so no fish could be directly observed entering a
new fallback state at D, T. The model structure can be easily visu-
alized using transition matrices (G;) containing the probabilities
of moving between states during the spatial step from site i to j.
Each transition matrix is a 4-by-4 matrix representing transitions
among the states (d, t, F, f), with rows representing the state the
fish is coming from; each row sums to no more than 1.

The matrix Gp,p p,r represents state transition probabilities
during the ascent of dam k:

dd
¢DkB,D,(T 0 0 0
C 0 ¢1t)th,DkT 0
DB, DT = B
0 0 0 d)DkB,DkT
0 0 0 0

Fish did not change state during dam ascent, except to transfer
from the new fallback state (F) to the old fallback state (f). The row
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of zeros indicates that no fish arrived at the base of a dam in the old
fallback state (f).

The matrix Gp, 1, Dy, B TEPresents state transitions during move-
ments from the top of dam k to the base of the next dam:

¢dd ¢dF
Dy T,Dy1B DyT. Dy B

¢tF
DyT.Dy1B
0

LR

k

d)td
DyT.Dy41B
0

d
DkTkaHB

GD,T,Dyy1B =

o
o

o
o

Fish could be in any state at D, T except the new fallback state
(F), and either changed to state F or reverted to the directed state
during travel to Dy.B.

The matrix Gp, 1,1, for fish moving from the top of dam k to the
tributary in that reach, is

¢dd ¢dF
Dy T, Ty Dy T, Ty
tt tF
G 0 Dy T, Ty, ¢Dk T,Ty
DT, T, =
0 0 0 0

0 0 ¢fDFkT, Ty ¢fo;< T,Ty

In general, fish changed states between the top of a dam and the
next tributary only if they fell back on the way to the tributary. Fish
did not enter the tributary state until they were observed exiting
the tributary and continuing upriver.

The matrix Gr,.D,,,B TEPresents state transitions during move-
ment from tributary Ty, to the base of the next dam:

dt dF 0
¢Tk»Dk+1 B d)Tk’DkJrl B
it tF 0
c ¢Tk»Dk+1 B ¢Tk’Dk+l B
Ti:D1B = Ft FF 0
Ti:Dgs1B 7Ty, Dyy1B

t
Tie:Dyey1B ¢>¥:0Dk+13 0

Fish could be in any state at tributary Tj. Because visiting a
tributary and then continuing on to the next dam is non-directed
behavior, G, p,,,s includes no transitions into the directed state.

Transition matrices are useful for visualizing model structure
and interpreting results but do not account for imperfect detection
probabilities (e.g., see Brownie et al., 1993). A non-matrix approach
to parameterizing a given detection history uses scalar multipli-
cation. As an example of parameterizing fallback, consider the
chronological detection history fragment “R D;T D1B D1T D,T....”
A fish with this detection history was released downstream of dam
1, moved upstream and ascended dam 1 without detection at the
fishway entrance, and was detected at the fishway exit at the top
of the dam (i.e., “R D1 T”). The fish subsequently descended the dam
(fell back) and re-entered the fishway at the base of the dam (i.e.,
segment “D,T D1B"), and then reascended the dam with detection
at the fishway exit. Finally, the fish moved upstream and ascended
dam 2 with detection only at the fishway exit. The fallback tran-
sition is modeled from the release point (R) to the post-fallback
detection at D; B (state F), and the old fallback state (f) persists until

the end of the following reach. Thus, this fragment has probabil-
. d Ff d d dd d
ity ‘i’R,Fm1317'5)113‘15131B,D1 Tp{hT ,7.0,8{1 = Pb,5)®D,5 p,7Pp, 7" - Other

detection histories are parameterized using the same rules.

The likelihood model is multinomial under the assumptions
of homogeneous state-specific transition ((;’);.3’) and detection (p})
probabilities and independent fate of individual fish. A mixed-stock
release group may violate the first assumption. In this case, point
estimates of transition probabilities will be unbiased estimates
of the average transition probabilities across the release group,

although standard errors based on the hessian matrix may be too
large (Feller, 1950, pp. 230-231).

An exception to the assumption of common detection proba-
bilities was that fallback fish were assumed to be detected at the
first dam they reascended after fallback. Detection probabilities
were near 1 at most locations, thereby satisfying this assumption.
The use of single receiver arrays in the tributary mouths required
the assumption of perfect detection probabilities at the tributary
arrays. For the 1996 data set, most tributary receivers were in oper-
ation at least 90% of the possible operation hours. Only the receiver
in the WallaWallaRiver (1 of 3 receivers comprising site T4 ) had sig-
nificant outages, and it was in operation 54.6% of the time (Bjornn
et al., 2000). Overall, site T4 had receiver coverage approximately
90% of the time (Bjornn et al., 2000).

2.3. Model applications

2.3.1. Derived parameters

A major use of MSMR models is estimation of measures summa-
rizing a system or, in this case, a migration. For a migratory model,
these measures include fate and migration behavior and incorpo-
rate multiple reaches and states. Such measures can be used to
identify areas of high loss or migration stress. These measures are
easily defined using the transition matrices and evaluated using
the MLEs of the model parameters; standard errors are based on
the delta method (Seber, 2002, pp. 7-9).

Unaccountable loss at a site is the probability of failing to suc-
cessfully reach the next dam site or tributary system. It includes
natural mortality as well as harvest, mainstem spawning or other
migration cessation, and unknown turnoff to tributaries. Mini-
mizing unaccountable loss in the mainstem river is an important
management objective. Unaccountable loss at dam site i, U;, is
defined as follows (wheree=(1 1 1 1)):

{ e —Gpp p,Te,
i = )
e — (Gp,1.1, + Gp,T,Dy,,B)E, 1 =DyT.

The measure Uj; is a vector representing the state-specific con-
ditional probabilities of unaccountable loss at site i. Unaccountable
loss can be extended to the reachlevel by Uy = Up,p + Gp,,p,7Up, T

for reach k. The variance-covariance matrix of U;, V(U;), is esti-

mated by 9(&) :fiﬁ_lﬂ, where H is the hessian of the likelihood
function and J; is the jacobian for U;. The hessian is estimated in
the numerical routine used to maximize the likelihood, and the
jacobian can be defined analytically or using a symbolic derivative
routine (e.g., in Mathematica or Matlab).

Analogous to Up,p and Up,r, the measure Uy, is the probabil-
ity of remaining in tributary T, after entering it, and is defined by
Ur, = e - Gy, p, €. Interpretation of Ur, depends on the compo-
sition of the release group and whether it consists of known-source
fish. In our case study using unknown-source fish, we could not dif-
ferentiate straying from successful return to a natal tributary. High
values of U, would be expected for stocks whose natal streams are
in the T}, stream network. For fish whose natal streams are known to
be upstream of Ty, Ut, would be interpreted as straying to non-natal
streams.

2.3.2. Alternative hypotheses

The modeling framework described above can be used to test
hypotheses relating to fallback and tributary memory effects.
For example, a fallback memory effect exists if the fallback and

directed states have different transition probabilities (i.e., if i Or

¢Sf + d);y for state y). Hypotheses that are essentially one-sided

(e.g., qbgd /q)gf’ < 1) can be tested using z-tests for individual sites.
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Table 1

Summary of models representing alternative hypotheses regarding memory effects of fallback and tributary visits. Model My )4 ) estimated ¢>§.y and ¢f}’ (y=d, t,F), ¢{Jd (b{f

q){f ¢gf, qbgf, pd, and p! separately, with plf =pf =p’.

Model Fallback effect Tributary effect Tributary effect on Changes relative to Model No. of parameters Log-likelihood
on transitions on transitions detections Mpp)ip) estimated
My X X X - 96 -386.117
My X X @Y = ¢ fory=d.t, F 75 —396.724
M) X X 1 = ¢ = 97 = ¢, 81 ~398.498
Ot = pft = gt
) y y
M) X ¢ =l = ¢ = 4] = ¢4, 60 ~408.603
— ot — oFt — g
by = ¢£ = o = &y
Y
o = gt
Mgg)itg) X X pt=p! 90 -389.105
Mpgye) X ¢ = ¢ fory=d, t, F,and 69 —399.891
pt=pd
1
M) X ¢l = ¢ff =] = ¢, 75 —401.495
t _ pFt _ pdt ot _ d
¥ 7351] = ¢! P =
My ¢ =l = ¢ = ¢ = ¢, 54 —411.762
o =0l =07 =

of =9 pi =pf

More general two-sided hypotheses (e.g., d){f +* d)g.d) can be tested
for multiple sites concurrently using a likelihood ratio test (LRT;
Sokal and Rohlf, 1995) or other likelihood-based method (e.g., AIC;
Burnham and Anderson, 2002) to compare models with different
state-specific parameterizations.

Eight models were parameterized for the 1996 Chinook salmon
study, including or excluding transition memory effects of fallback,
tributary use, or both, and detection memory effects of tributary
use (Table 1). The most general model, labeled Mgy ¢,p), included
a memory effect of fallback on transition parameters, as well as
a memory effect of tributary visits on both transition and detec-
tion parameters. The simplest model, Mg.y.), included no memory

effects on any parameter (i.e., ¢;.y = ¢>Sy and p¥ = p forall sitesiand
jand states x and y). The other six models included all intermediate
combinations of fallback and tributary memory effects (Table 1).
Nested models (e.g., Myg)(p) and Mpgyig,p)) Were compared using
LRTs. Model selection was based on first fitting the most general
model and then using a generalized backward selection process

using LRTs to identify the most parsimonious model.

2.4. Numerical methods

We fit the alternative migration models in Program USER
4.1, available at the University of Washington (www.cbr.
washington.edu/paramest/user). The 1996 Chinook salmon data
set required certain modifications to the general MSMR model: the
deployment of radio antenna arrays in the 1996 study excluded
sites D, B, D3B, DgT, and Tg, and sparse data prevented estimation
of certain memory effect parameters. For example, no fish detected
in the mid-Columbia River was subsequently detected in the Snake
River, so no memory effect of a visit to T4 was considered. Fur-
thermore, because of the rarity of multiple fallback events (<2%
of release group), we modeled only the first fallback transition for
each fish.

3. Results

A total of 846 radio-tagged adult spring-summer Chinook
salmon tagged and released in 1996 were analyzed. Of these fish,
513 were last detected between Bonneville Dam and the mid-
Columbia River (T4), 150 in the mid-Columbia, 12 in the Snake
River downstream of Lower Granite Dam, and 63 upstream of Lower

Granite. A total of 583 fish were last detected at a tributary site, 242
were last detected at a dam site, and 161 were observed to move
downriver (fall back) and then return to upriver travel or enter a
tributary. Most fish fell back for the first time at Bonneville Dam,
and no fish fell back for the first time upstream of Ice Harbor Dam.

A likelihood ratio test comparing models Mg g)¢(¢,p) a0d Mpg)(g)
found no evidence that tributary visits affected detection proba-
bilities at the dams (P=0.4259; Table 1). Also, no evidence of a
tributary effect on subsequent transition probabilities was found
(Mpgye(g) VS- Mggy() P=0.4245). However, fallback was found to
have a significant effect on subsequent transitions (Mgg)ip) VS.
Mg.yq¢)» P=0.0530) at the 10% significance level. Therefore, model
Mgy was used for subsequent parameter estimation and char-
acterization of migration success of the release group. It should be
noted, however, that this model was not independently validated
and that the results reported here have direct inference only to the
individuals in the release group.

Tagged fish had an average probability of 0.438 (§:‘ =0.018) of
ending the study in the tributaries downstream of McNary Dam,
and a probability of 0.178 (0.013) of ending in the mid-Columbia
upstream of McNary Dam (Fig. 3). The average probability of ending
the study in the Snake River upstream of Lower Granite Dam was
estimated to be 0.139 (0.012). This left a probability of 0.245 (0.018)
of unaccountable loss between the release site downstream of Bon-
neville Dam and Lower Granite Dam on the Snake River (Fig. 3). This
unaccountable loss included natural mortality, harvest, tagloss,and
spawning in the mainstem river, considered to be rare for spring
and summer Chinook salmon (Healy, 1991). Of the total amount of
unaccountable loss in the system, 85.1% occurred in the Columbia
River between the release site and the McNary forebay. Both hatch-
ery and wild fish were subject to fishing pressure in this region and
harvest may account for much of the loss.

A more localized picture of unaccountable loss is given by the
conditional reach-specificloss estimates (Fig. 4). These estimate the
probability of migration cessation in a given reach of the mainstem
river conditional on arriving at the downstream boundary of the
reach. Conditional reach-specific loss estimates ranged from 0.013
(§5 = 0.032) between Ice Harbor and Lower Monumental dams on
the Snake River to 0.092 (0.012) between the Bonneville and The
Dalles forebays on the Columbia River (Fig. 4).

Tributaries were used primarily for permanent exit from the
mainstem river. The estimated probability of remaining in a tribu-
tary after entering it ranged from 0.636 (§:‘ = 0.145) for tributaries
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Fig. 3. Estimates (and standard errors) of probability of final fate for the 1996 adult

spring-summer Chinook salmon study.

downstream of Bonneville to 1.000 (0.000) for the mid-Columbia

River (treated as tributary Ty).

The low probability of remaining

in tributaries downstream of Bonneville is reasonable, considering
that all study fish were initially collected at Bonneville and thus had
already passed the downstream tributaries. The high probability
of remaining in the mid-Columbia was also expected because the
mid-Columbia receivers were all located a considerable distance
upstream of the confluence with the Snake River, suggesting the
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Fig. 4. Estimates (and standard errors) of mainstem reach-specific unaccountable
loss, conditional on surviving to the downstream boundary of the reach.
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Fig. 5. Estimates (and standard errors) of the multiplicative fallback effect for each
transition: qA&g/a)gd, &g’/%gd, &g/&&g‘ and (2)5"/(7)5" as appropriate for sites i and j (i.e.,
the ratio of the transition probabilities from the fallback and directed states). Fall-
back effects that are statistically significant at the 10% significance level are marked
by *. NA: not available.

fish detected that far upstream were committed to that migration
route.

The multistate recapture model provided a format for analyzing
effects of past migration experience on current transition proba-
bilities. The model selected (Mgg).)) estimated unique transition
probabilities for fish in the fallback states compared to the directed
state. Thus, we estimated the multiplicative effect of recent fall-
IfackA on trarismcin probabilities via the ratios (;}g/(bg.d, ¢§F’/¢gd,
¢if].t/¢§.‘, and ¢§.f/¢5d for transitions between sites i and j. Estimates
of these ratios less than 1 imply that fish that recently fell back
were less likely to complete the transition than non-fallback fish.
Only two of the fallback memory effects were significantly different
from 1 (P<0.10; Fig. 5). The transition between the mid-Columbia
receivers and the base of Ice Harbor Dam was excluded because no
fish returned from the mid-Columbia to the Snake River. Too few
fish fell back upstream McNary Dam to estimate fallback memory
effects farther upstream.

Fallback over Bonneville Dam resulted in a greater probability of
returning to the mainstem river after visiting tributaries between
Bonneville and The Dalles (¢t /¢4 = 1.694, SE = 0.543; P=0.0501;
Fig. 5). This suggests that fallback fish used these tributaries as
resting areas after reascending Bonneville. Fallback and reascen-
sion at The Dalles Dam resulted in a greater probability of entering
the tributary between The Dalles and John Day (¢ /¢4 = 2.070,
SE = 0.892; P=0.0456). Additionally, none of the fallback fish that
entered that tributary subsequently returned to the mainstem river
(Fig. 5). This suggests that the fish fell back over The Dalles Dam
primarily as they searched for the tributary to their natal stream.
Overall, no dam-to-dam transition was significantly affected by
fallback.
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The assumption of perfect knowledge of state transitions may
fail if detection probabilities are less than 1. We estimated the pos-
sible bias in performance measures for the 1996 study caused by
imperfect detection. Tributary detection probabilities were esti-
mated as the proportion of time the receivers were functional
(Bjornn et al., 2000), and dam detection probabilities were esti-
mated by the MSMR models. Overall, imperfect knowledge of state
transitions had little effect on estimates of most performance mea-
sures because most dam and tributary detection probabilities were
high (>0.9). The only significant differences were caused by imper-
fect detection at the mid-Columbia receivers (pr, = 0.905). The
estimated probability of ending the study in the Snake River down-
stream of Ice Harbor Dam changed from 0.026 (§5 = 0.006; Fig.3)to
0.004 when imperfect tributary detection was incorporated. Like-
wise, the estimate of unaccountable loss between the release site
and Lower Granite Dam changed from 0.245 (0.018) to 0.233, and
the estimated proportion of all unaccountable loss that occurred
in the Columbia River downstream of the McNary Dam forebay
changed from 85.1% to 94.3%. Using multiple receivers in each
tributary and dual arrays at dams would improve detection rates,
allow for estimation of tributary detection probabilities, and further
reduce the risk of bias.

4. Discussion
4.1. Modeling animal migrations

Animal migrations have long been studied to gain insight into
the population dynamics of migratory species. Organisms making
annual migrations may be encountered either along their migration
route or at their destination. Numerous capture-mark-recapture
(CMR) models have taken advantage of this fact to study tem-
poral (e.g., multi-year) population dynamics of a wide range of
species; see Lebreton et al. (1992) for a useful overview of methods.
A smaller collection of CMR migration models have been devel-
oped for fish migrations (e.g., Burnham et al., 1987; Skalski et
al., 1998). Unlike these existing fish migration models, the model
developed here incorporates multi-directional travel, defines states
based on past migratory experiences, and uses alternative states to
test hypotheses concerning migration behavior.

There are key differences between using CMR and MSMR meth-
ods to study migration dynamics and using CMR data from repeated
annual migrations to study temporal population dynamics. In par-
ticular, the former focuses primarily on spatial dynamics within a
limited time frame, whereas the latter focuses primarily on tem-
poral dynamics within a limited spatial region. A major difference
between spatial and temporal CMR models is that time is unidirec-
tional and space is not. In a temporal CMR study, organisms may
return to a previous state but always move forward in time. In a
spatially focused CMR migration study, organisms may return to
previously visited sites even if they are generally directed forward
(e.g., upriver for the adult salmonid model). Success in migration
may be determined either by the extent of forward movement
or by ultimate fate. In the adult salmonid migration model we
used ultimate fate to determine success. In particular, ascending
a dam and then falling back over it did not count as a successful
ascension. Perry et al. (2010) took a similar approach to model-
ing a juvenile salmonid migration through the complex, branching,
tide-influenced environment of the Sacramento River delta.

The dichotomy between temporal and spatial modeling extends
to the hypotheses that may be explored. CMR and MSMR models
of temporal dynamics are often used to test hypotheses of com-
mon survival probabilities and other parameters over time (e.g.,
Kendall and Nichols, 2002). The spatial focus of a migration model
means that processes occurring in different study “periods” occur
in different spatial locations, which may have vastly different envi-

ronments. Common survival and migration probabilities in the
different periods is not a natural hypothesis for a spatial migration
model. Instead, the natural hypotheses focus on delayed effects of
past migratory experiences (as in the model here), treatment effects
as in the models of Burnham et al. (1987), or subpopulation- or
stock-specific effects on migration.

One difficulty with modeling migration is accounting for hetero-
geneous migration probabilities. Even if all tagged organisms are
released at approximately the same time and location, variations
in travel time, migratory experience, and environmental conditions
might mean that by the later stages, animals may exhibit hetero-
geneity in survival and/or detection. Additionally, they may have
disparate destinations, as in the 1996 salmon study in which the
release group contained an unknown mixture of Chinook salmon
from different stocks. We accounted for likely differences in sur-
vival and detection probabilities by using a multistate model with
states defined by fish behavior during migration, a type of post-
stratification (e.g., see Schwarz et al., 1988). Alternative approaches
to accounting for heterogeneity include defining states based on the
origin of known-source fish or modeling transition probabilities in
terms of local environmental covariates (e.g., Pollock et al., 1984).

An alternative modeling approach that explicitly accounts for
imperfect knowledge of state transitions is the hidden Markov
model (HMM; MacDonald and Zucchini, 1997). The HMM frame-
work has been used to expand MSMR modeling, although typically
for studies in which tagged animals are sampled at discrete time
steps (Pradel, 2005; Conn and Cooch, 2009). For a migration study,
the iterative steps would be spatial instead of temporal, and states
would consist of both location (detection site) and fish “condition”
(e.g., directed, tributary, fallback). With imperfect detection, the
HMM states are partially hidden, and both state transition and
observation probabilities must be estimated as in the case of the
MSMR parameterization. However, because both the state and the
iterative step in the HMM would be spatially defined in a migration
model, an unobserved state may also be an unobserved iteration.
For example, non-detection at a tributary receiver would not only
miss a transition to the tributary state, but it would also miss a spa-
tial step in the migration, analogous to missing a sampling point in
a temporal model without knowing that it was missing. This will be
true for any optional detection site, and prevents estimation of state
observation probabilities for states defined by such sites. Thus, the
HMM framework seems more suitable for migration models whose
focus is a linear migration with no alternative migration paths or
optional detection sites.

4.2. Model applications

The modeling framework adopted here can provide insight into
how migrating organisms interact with their environment. For
example, we found that the Chinook salmon in the 1996 case
study used tributaries primarily as exits from the hydrosystem.
The exception was for fish that fell back over Bonneville Dam, who
appeared to use tributaries as resting areas after reascending the
dam. The model also identified the reach between Bonneville and
The Dalles dams as having the highest amount of unaccountable
loss, suggesting that further examination is warranted of the nat-
ural and fishing mortality pressures in this reach. As with all CMR
models, however, the results of a model based on a single data set
have inference only to the individuals in that study, and should not
be blindly applied to other groups or data sets without careful con-
sideration of the modeling assumptions. Thus, because these results
come from a single year of data, analysis of similar migration data
from other years is required before conclusive statements can be
made about the factors that consistently influence the upstream
migration of spring-summer Chinook salmon from the Columbia
River Basin.
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The migration model developed here can be further adapted to
a variety of applications. If the release group consisted of known-
source fish (e.g., adults that were tagged during their downstream
juvenile migration), the multistate model could be extended to
include fish source as a permanent state, with river exit into non-
origin tributaries interpreted as straying. This approach provides
a framework for assessing straying rates among different popula-
tions or among fish with different rearing histories (i.e., hatchery
vs. wild) or migration experiences (e.g., fallback vs. directed). The
effect of barging juvenile salmonids downriver past the hydroelec-
tric dams on subsequent adult straying rates could be assessed with
a multistate migration model using active-tagged fish with known
source and known juvenile outmigration history.

Different applications arise for migrations in other river systems.
For example, the Sacramento-San Joaquin River delta consists of a
complex river environment with multiple natural and manmade
channels leading to the San Francisco Bay (Perry et al., 2010). Tides
influence river flow far upriver. The multistate modeling frame-
work can be used to assess migration success through different
routes or on different migration schedules. States can be defined
by tidal stage or the position of canal gates (open or closed) at the
time of fish passage of a given waypoint, and used to assess the
importance of these factors on migration success.

The salmonid data in this study have been previously analyzed
using binomial response models and logistic or linear regression
(e.g., Boggs et al., 2004; Keefer et al., 2004, 2005). Using separate
conditional binomial models to examine escapement, fallback, and
non-homing behavior limits integration of these processes over
multiple reaches and distorts precision. By jointly incorporating
survival, fallback, and tributary use, the comprehensive model-
ing framework presented here enables exploration of the interplay
between these multiple aspects of adult salmonid migration. This
framework is useful for both hypothesis testing (e.g., fallback affects
subsequent upstream transitions) and estimation purposes (e.g.,
unaccountable loss within the hydrosystem). By using a compre-
hensive modeling framework that focuses on the individual fish as
the unit of observation, more information can be extracted from
costly telemetry studies for better understanding of anthropogenic
effects on wild populations.

Acknowledgments

This research was supported by the Bonneville Power Adminis-
tration under project number 1989-107-00 and contract number
339877. We thank the University of Idaho and National Marine
Fisheries Service for providing access to the radiotelemetry data
now residing at the University of Washington, and Russell Perry of
USGS for helpful suggestions on an earlier draft. Nick Beer of the
University of Washington assisted with map construction and GIS.

References

Bjornn, T.C., Keefer, M.L., Peery, C.A., Tolotti, K.R., Ringe, R.R., Keniry, P.J., Stuehren-
berg, L.C., 2000. Migration of adult spring and summer Chinook salmon past
Columbia and Snake river dams, through reservoirs and distribution into
tributaries, 1996. Technical Report 2000-5. Bonneville Power Administration,
Portland, OR, USA.

Boggs, C.T., Keefer, M.L., Peery, C.A., Bjornn, T.C., 2004. Fallback, reascension, and
adjusted fishway escapement estimates for adult Chinook salmon and steelhead
at Columbia and Snake River dams. Trans. Am. Fish. Soc. 133, 932-949.

Brownie, C. Hines, J.E., Nichols, ].D., Pollock, K.H., Hestbeck, ].B., 1993.
Capture-recapture studies for multiple strata including non-Markovian tran-
sitions. Biometrics 49, 1173-1187.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-theoretic Approach, 2nd ed. Springer-Verlag, New York,
NY, USA.

Burnham, K.P., Anderson, D.R., White, G.C., Brownie, C., Pollock, K., 1987. Design and
analysis methods for fish survival experiments based on release-recapture. Am.
Fish. Soc. Monogr., 5.

Conn, P.B., Cooch, E.G., 2009. Multistate capture-recapture analysis under imperfect
state observation: an application to disease models. J. Appl. Ecol. 46, 486-492.

Dauble, D.D., Mueller, R.P., 2000. Difficulties in estimating survival for adult Chinook
salmon in the Columbia and Snake rivers. Fisheries 25, 24-34.

Feller, W., 1950. An Introduction to Probability Theory and its Applications, vol. 1,
John Wiley & Sons, New York, NY, USA.

Healy, M.C., 1991. Life history of Chinook salmon (Oncorhynchus tshawytscha). In:
Groot, C., Margolis, L. (Eds.), Pacific Salmon Life Histories. UBC Press, Vancouver,
B.C., Canada, pp. 312-393.

Hestbeck, J.B., Nichols, ].D., Malecki, R.A., 1991. Estimates of movement and site
fidelity using mark-resight data of winter Canada geese. Ecology 72, 523-533.

High, B., Peery, C.A., Bennett, D.H., 2006. Temporary staging of Columbia River sum-
mer steelhead in coolwater areas and its effects on migration rates. Trans. Am.
Fish. Soc. 135, 519-528.

Keefer, M.L., Peery, C.A. Bjornn, T.C., Jepson, M.A., Stuehrenberg, L.C., 2004.
Hydrosystem, dam, and reservoir passage rates of adult Chinook salmon
and steelhead in the Columbia and Snake rivers. Trans. Am. Fish. Soc. 133,
1413-1439.

Keefer, M.L., Peery, C.A., Daigle, W.R,, Jepson, M.A,, Lee, S.R., Boggs, C.T., Tolotti, K.R.,
Burke, B.J., 2005. Escapement, harvest, and unknown loss of radio-tagged adult
salmonids in the Columbia River - Snake River hydrosystem. Can. J. Fish. Aquat.
Sci. 62, 930-949.

Keefer, M.L., Caudill, C.C., Peery, C.A., Boggs, C.T., 2008. Non-direct homing
behaviours by adult Chinook salmon in a large, multi-stock river system. J. Fish
Biol. 72, 27-44.

Kendall, W.L,, Nichols, J.D., 2002. Estimating state-transition probabilities for
unobservable states using capture-recapture/resighting data. Ecology 83,
3276-3284.

Lebreton, J.-D., Burnham, K.P., Clobert, J., Anderson, D.R., 1992. Modeling survival
and testing biological hypotheses using marked animals: a unified approach
with case studies. Ecol. Monogr. 62, 67-118.

MacDonald, L.L., Zucchini, W., 1997. Hidden Markov and Other Models for Discrete-
valued Time Series. Chapman and Hall, London.

National Marine Fisheries Service (NMFS), 2008. Remand of the 2004 Biological
Opinion on the Federal Columbia River Power System (FCRPS) including 19
Bureau of Reclamation Projects in the Columbia Basin (Revised pursuant to court
order, NWF v. NMFS, Civ. No. CV 01-640-RE (D. Oregon)).

Nichols, ].D., Kendall, W.A., 1995. The use of multi-state capture-recapture models
to address questions in evolutionary ecology. J. Appl. Stat. 22, 835-846.

Nichols, ].D., Sauer, J.R., Pollock, K.H., Hestbeck, ]J.B., 1992. Estimating transition
probabilities for stage-based projection matrices using capture-recapture data.
Ecology 73 (1), 306-312.

Nichols, ].D., Brownie, C., Hines, J.E., Pollock, K.H., Hestbeck, J.H., 1993. The estimation
of exchanges among populations or subpopulations. In: Lebreton, J.-D., North,
P.M. (Eds.), Marked Individuals in the Study of Bird Populations. Birkhauser
Verlag, Basel, Switzerland, pp. 265-279.

Perry, RW., Brandes, P.L., Sandstrom, P.T., Ammann, A., MacFarlane, B., Klimley, A.P.,
Skalski, J.R., 2010. Estimating survival and migration route probabilities of juve-
nile Chinook salmon in the Sacramento-San Joaquin River Delta. N. Am. ]. Fish.
Manage. 30.

Pollock, K.H., Hines, J.E., Nichols, ]J.D., 1984. The use of auxiliary variables in
capture-recapture and removal experiments. Biometrics 40, 329-340.

Pradel, R., 2005. Multievent: an extension of multistate capture-recapture models
to uncertain states. Biometrics 61, 442-447.

Quinn, T.P., 1993. A review of homing and straying in wild and hatchery-produced
salmon. Fish. Res. 18, 29-44.

Reischel, T.S., Bjornn, T.C., 2003. Influence of fishway placement on fallback of adult
salmon at the Bonneville Dam on the Columbia River. N. Am. J. Fish. Manage. 23,
1215-1224.

Schwarz, C.J., Burnham, K.P., Arnason, A.N., 1988. Post-release stratification in band-
recovery models. Biometrics 44, 765-785.

Seber, G.A.F., 2002. The Estimation of Animal Abundance and Related Parameters,
2nd ed. Blackburn Press, Caldwell, NJ, USA.

Skalski, J.R., Smith, S.G., Iwamoto, R.N., Williams, J.G., Hoffmann, A., 1998. Use of
PIT-tags to estimate survival of migrating juvenile salmonids in the Snake and
Columbia rivers. Can. J. Fish. Aquat. Sci. 55, 1484-1493.

Sokal, R.R., Rohlf, F.J., 1995. Biometry, 3rd ed. W.H. Freeman and Co., New York, NY,
USA.





