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Abstract Chinook salmon, Oncorhynchus tshawytscha (Walbaum), populations have declined rapidly along the
western coast of North America since the year 2000, possibly because of factors such as habitat loss, altered
hydrology and barriers to migration. However, few analyses have rigorously examined which of these factors
actually explain historical patterns of extirpation. Data were compiled on flow regimes, habitat loss and migration
barriers for 27 streams that historically supported autumn run salmon and 22 streams that supported spring runs.
The probability of extirpation in streams supporting autumn run was predicted solely by migration barriers. All
other factors were > 10° times less likely to explain existing variation. By contrast, models for spring run salmon
suggest that habitat loss and altered flow regimes were also predictors of extirpation. These results suggest that
regional extirpation of Chinook salmon has been driven by multiple forms of environmental change, and resto-
ration efforts must address a multitude of bottlenecks that now impact spring and autumn run populations.
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of life-history characteristics and genetic diversity of

Introduction specics, which could limit the ability of salmon to

Pacific salmon (Oncorhynchus spp.) is an important
economic, recreational and cultural resource through-
out its geographical range. Although total production
of some species has increased during the 20th century
(Schindler et al. 2008), populations in many regions
have experienced major declines and an estimated 29%
of all salmon populations have been extirpated from
the Pacific Northwest and California (Gustafson et al.
2007). Loss of local populations has reduced the range

adapt to climate change and, ultimately, limit the long-
term viability of some species (Moyle 1994; Crozier
et al. 2008). Populations at greatest risk tend to occur
in interior as opposed to coastal regions (Gustafson
et al. 2007). Additionally, the biological consequences
of extirpation are high for populations that occur at
the extremes of the species range distribution because
these populations often have unique biological adap-
tations, such as tolerance of extreme temperatures, that
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disproportionately contribute to the genetic diversity
of the species relative to populations in the middle of
the species’ range (Allendorf et al. 1997). The Central
Valley of California is an interior region that supports
the southernmost spawning populations of Chinook
salmon, Oncorhynchus tshawytscha (Walbaum). Thus,
conservation of these populations has been deemed a
high priority to maintain the genetic and life-history
diversity of Chinook salmon that is essential to the
long-term persistence of the species (Ruckelshaus ez al.
2002).

A recovery plan has been implemented for Central
Valley salmon (USFWS 2001) that includes Chinook
salmon. However, the goal of doubling natural pro-
duction has not been reached, and instead, many
populations continue to decline. Part of the problem is
that many recovery plans lack basic information on the
nature of threats, complicating attempts to prioritise
restoration strategies (Lawler ef al. 2002). A common
problem in salmon recovery plans is that data available
for assessment and decision-making by policy makers
are often qualitative, consisting of professional opin-
ion- or semi-quantitative, consisting of extrapolated or
inferred data integrated with empirical measurements
(Ruckelshaus et al. 2002). Although threats to Central
Valley salmon are well known (Moyle 1994), attempts
to quantify the relative importance of these threats and
rank potential restoration strategies have been largely
lacking. Thus, Boersma et al. (2001) suggested that
explicit science designed to prioritise risk and address
specific questions is needed to improve the recovery
process for threatened and endangered species.

An information theoretical approach was used to
evaluate quantitatively the weight of evidence for three
hypotheses that are commonly proposed as explana-
tions for the extirpation of Chinook salmon in the
Central Valley of California. The first hypothesis is
that migration barriers best explain extirpation where
streams above barriers no longer support salmon and
below barriers, salmon continue to persist. The second
hypothesis is that habitat loss — in terms of length of
river kilometres still accessible to salmon — best
explains extirpation. The mechanism underpinning
this hypothesis is that smaller habitats support fewer
individuals that, in turn, increase the chance that
demographic or environmental stochasticity will result
in extirpation. The third hypothesis is that flow regimes
have been altered such that they no longer support
salmon. The mechanism underpinning this hypothesis
is that post-regulation flow regimes have created
conditions that reduce survival such as stranding of
juveniles and dewatering redds (Ugedal er al. 2008),
and reduced or eliminated access to favourable

habitats such as floodplains (Sommer et al. 2001).
Thus, streams where salmon persist have different
flow regimes than streams where salmon have been
extirpated.

Quantitative evaluations of these hypotheses were
conducted for both spring run and autumn run
Chinook salmon. These two runs were historically
the most widely distributed in the Central Valley of
California and represent distinct life-history types.
Life-history characteristics have been shown to influ-
ence strongly extirpation probabilities for other at risk
fish species (Olden et al. 2006). Autumn run salmon
enter freshwater streams during a period from late
summer through autumn and spawn soon after reach-
ing suitable habitat. In winter and early spring,
juveniles emerge from the benthic habitat, where eggs
are laid and alevins are hatched and rear in fresh water
for weeks to several months before starting their
migration to marine waters (ocean-type life-history).
Spring run salmon enter freshwater systems from
spring to early summer and inhabit pools throughout
the summer before completing maturation and spawn-
ing in early autumn. Juveniles may follow an ocean-
type life-history similar to autumn run or they may
spend a full year in fresh water before migrating out
of the system the following spring (stream type
life-history).

Methods

Study system

The Central Valley of California extends approxi-
mately 600 km from the Cascade Mountains in the
north to the Tehachapi Mountains in the south. The
eastern border of the wvalley is the Sierra Nevada
Mountains and the Coast Range forms the western
boundary. The Sacramento and San Joaquin rivers are
the two principal river basins draining an area of
approximately 69 930 and 82 900 km?, respectively.
The Sacramento River drains the northern portion of
the valley and runs north to south, whereas the San
Joaquin River drains portions of the southern valley
and runs south to north. Both rivers terminate in the
San Francisco Estuary in an area known as the
Sacramento-San Joaquin Delta. The principal tribu-
taries of the Sacramento enter from the east and drain
the western slope of the Sierras and portions of the
southern Cascades. Tributaries draining the Coast
Range are less substantial but several support Chinook
salmon populations. Major tributaries of the San
Joaquin also drain the western slope of the Sierras.
Unlike the Sacramento basin, tributaries entering the
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San Joaquin from the Coast Range are generally
intermittent and are unlikely to have ever supported
salmon populations (Yoshiyama et al. 2001).

Aquatic habitats in the Central Valley have a long
history of modification associated with human activ-
ities. Extensive gold mining in the mid 19th century
severely degraded many rivers through the addition of
large volumes of fine sediments, mercury pollution and
construction of barriers to salmon migration. Histor-
ical accounts suggest that these activities had a large
impact on salmon populations, although they have
seldom been quantified (Yoshiyama et al. 2001). Dur-
ing the 20th century, a large number of dams and
diversions were constructed on Central Valley streams
to support agricultural and urban development. Most
of these dams are total barriers to salmon migration
preventing access to productive spawning and rearing
habitats. Additionally, dam operations have altered
the natural flow regimes of downstream reaches that
remain accessible to Chinook salmon.

Data used to address hypotheses

Evaluation of the three hypotheses presented in the
introduction required that several types of data to be
available for a stream: (1) records of the presence of
salmon prior to the era of anthropogenic alteration

PREDICTORS OF CHINOOK SALMON EXTIRPATION

(historical data) and modern day (period following
completion of most major dams) presence or absence;
(2) height of potential barriers to salmon passage; (3)
estimates of the amount of river kilometres lost
because of impassable barriers; and (4) flow data for
a period sufficient to characterise reliably the hydro-
logical dynamics of the stream. Historical and current
distributions of Central Valley Chinook salmon and
estimates of habitat loss (% river kilometres) were
obtained from Yoshiyama ef al. (2001) and National
Marine Fisheries Service (1999). The historical data
were compiled from a variety of sources including early
agency reports, newspaper articles, accounts of settlers
and interviews with biologists. Modern day distribu-
tions primarily consist of agency reports and published
papers. Yoshiyama et al. (2001) and NMFS (1999)
provide details on the various data sources.

Salmon were recorded as extirpated if historical
records indicated that a stream was used by salmon
during at least one life-stage, but modern day assess-
ments indicate they are absent. Salmon was recorded
as extant if at least one life-stage continues to use the
stream (Fig. 1). Habitat loss was estimated as the
percent of river kilometres lost in each stream calcu-
lated from the stream mouth to the estimated upstream
distribution limit. The height of potential barriers was
obtained from the California Department of Water

Figure 1. Maps depicting all streams that conformed to data requirements for analysis of autumn run (a) and spring run (b) Chinook salmon
extirpations. Streams in red continue to support autumn run salmon. Streams in black historically supported salmon but have been extirpated. Yellow
circles indicate the location of dams within the historic range of salmon that are total barriers to migration. When multiple streams were located above

a dam, only the north fork was included in statistical models.
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Resources Division of Safety of Dams. Barriers greater
than 2.4 m that did not contain fish passage facilities
were assumed to be too high for salmon to pass [which
is roughly the height that Chinook salmon can jump
(Bjornn & Reiser 1991)] and thus were barriers to
upstream migration.

Data on flow regimes were obtained from the US
Geological Survey (USGS) that operates a network of
flow gauges throughout the Central Valley. Thus, for a
stream to be included in the data set, it had to be
gauged by the USGS. Most gauges were located
downstream of dams near the modern distributional
limits. When rivers contained more than one gauge, the
gauge nearest to the distribution limit was selected. A
30-year period of record (1973-2003) of daily stream
flow was selected to represent the modern flow regime.
Flow regimes can change considerably in a 30-year
time period. Nevertheless, records comprising several
decades are required to estimate accurately the prob-
abilities of infrequent events such as floods and
extreme low-flows that may be important to the
persistence of salmon. The analyses were only dated
back to 30 years because the period after 1973 repre-
sents a time when all major dams were completed in
the Central Valley, and nearly all land had become
dominated by agriculture. The records were ended at
2003 because this was the last year for which flow data
were cross checked and validated by the USGS when
the analyses were performed.

A suite of 12 flow regime descriptors was calculated
from mean daily flow records to represent the four
broad categories of flow variability identified by Poff
and Ward (1989) as influencing lotic taxa at regional
scales: basin descriptors, overall flow variability,
pattern of the flood regime and extent of extreme
low-flows (Table 1). These 12 flow descriptors were
previously used to categorise the life-history charac-
teristics of stream and river species that occupy
different flow regimes in North America (Poff & Ward
1989; Puckridge et al. 1998). As such, the 12 descrip-
tions were used to describe the impact of flow regimes
on everything from algae to invertebrates to fish. Many
of the hydrological variables were correlated with one
another, thus the variables were reduced into orthog-
onal axes of variation using principal components
analysis (PCA using CANOCO Version 4, Microcom-
puter Power). Separate analyses were performed for
the spring and autumn run streams. All subsequent
analyses used PCA scores on the first two axes (which
explained 78-83% of all the variation in hydrology
among streams) in place of individual variables. These
axes had biological interpretations that are described
in the next paragraph.

Table 1. Flow regime descriptors used in principal components
analysis. Descriptors were calculated from 30 years of mean daily
flow data (1973-2003) obtained from U.S. Geological Survey flow
gauges

Variable name Definition

Basin descriptors

Area Drainage area (km?)above the
stream gauge
MAF Mean annual flow from 1973 to 2003
SS Size scalar—MAF/area
Flow variability
Co/month Colwell’s predictability index for mean
monthly flow
CV/month Coefficient of variation of mean
monthly flow
Flow/month Log-transformed mean flow in
each month
Pattern of the flood regime
Co/flood Colwell’s predictability index for floods

FI Flood interval — mean number of
days between floods

TSR Total slope rising — average slope of the
rising limb of floods
Season/flood Season with the greatest mean

number of floods
Extent of low flows
LFI Low-flow interval — average number
of days between low-flow periods
Season with the greatest mean number
of low-flow events

Season/low

To augment the interpretation of select hydrological
patterns, the modification of historical flow regimes by
dams was characterised for five rivers where there were
sufficient pre- and post-dam data available. Only five
rivers had mean daily flow records for a 30-year period
prior to dam construction in addition to a 30-year
period after dam construction. The influences of dam
construction and initial operation on flow data were
avoided by excluding 8 years of data immediately prior
to and immediately following the year of dam com-
pletion from the 30-year period.

Two data sets were constructed for the two most
widely distributed Chinook salmon runs — spring and
autumn. There were sufficient data to include a total of
27 streams in the autumn run data set and 22 streams
in the spring run data set (Fig. 1). Some streams for
which data were available were excluded from analysis
because of a lack of independence. This occurred when
more than one fork of a river was upstream of a total
barrier to migration. When this occurred, only the
north fork was selected simply as a consistent means
for inclusion in the data set.

© 2010 Blackwell Publishing Ltd.



Data analysis

A series of logistic regression models was constructed
to test the three hypotheses proposed to explain the
probability of Chinook salmon being extirpated from
Central Valley Rivers. For all models, the response
variable was salmon status (1 = extant, 0 = extir-
pated). Predictor variables included: location of the
stream relative to a barrier (1 = downstream, 0 = up-
stream), percent of river km lost, sample scores on
principal component axes 1 and 2 that describe the
major axes of hydrological variation. Separate model
sets were constructed for the autumn and spring run.
All models were constructed in SAS (Version 9.1.3,
SAS Institute Inc., Cary, NC, USA).

Best approximating models were selected for spring
and autumn run data sets using an information
theoretic approach. Akaike’s Information Criterion
corrected for small sample size (AIC,) was calculated
for each candidate model. The difference in AIC.
values between the best model and competing models
(AAIC,) was used to calculate AIC. weights and
evidence ratios. Model weights are interpreted as the
probability that a particular model is the best fit to the
data relative to all other models being considered.
Evidence ratios indicate the level of support for two or
more competing models based on AIC. weights. Thus,
using AIC, weights and evidence ratios, it was possible
to evaluate the relative weight of evidence for or
against each of the three hypothesised causes of
Chinook salmon extirpation.

It was not possible to conduct a rigorous statistical
analysis to test whether the probability of Chinook
salmon extirpation could be linked to specific hydro-
logical changes imposed by the construction of a dam
because of the small number of rivers that had both
pre- and post-dam flow records. Nevertheless, pre- and
post-dam flow records were used to make several
qualitative comparisons that, despite the lack of any
direct statistical test, can be wused to raise new
hypotheses about why changes in hydrology may have
influenced salmon at different life stages.

Results

Autumn run

Autumn run Chinook were extirpated from seven
streams but persist in 20 streams. All streams where
Chinook salmon were extirpated were upstream of
structures that are barriers to salmon migration
(Fig. 1a). Models that predicted expiration of autumn
run salmon included habitat loss and migration bar-

© 2010 Blackwell Publishing Ltd.
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Table 2. Best approximating models for autumn run Chinook sal-
mon. Models are arranged from best to worst based on evidence
ratios. AIC weights are the relative likelihoods of a model given the
data, and evidence ratios are the relative likelihood of each model vs
the best model

Variables AIC, Evidence
Model in model AIC, AAIC.  weight ratio
2 Lost km 4.89 0.00 0.52 1.00
1 Barrier 5.04 0.15 0.48 1.08
4 PC1 33.31 28.42 0.00 1482 221.23
3 PCI1, PC2 3387 28.98 0.00 1 959 679.47
5 PC2 33.98 29.09 0.00 2 068 951.16

riers as parameters (AIC. weights >20.48 and evidence
ratios < 1.08), whereas all other models were poor
predictors (model weights <0.01 and evidence ratios
>1 000 000) (Table 2). The model that included hab-
itat loss was well supported because 100% habitat loss
predicted extirpation as well as the location of a stream
relative to a migration barrier. It is not at all a surprise
that migration barriers can explain salmon extirpation.
What was surprising from the analysis was complete
lack of support for any other explanation or hypoth-
esis for extirpation of the autumn run.

Despite the poor performance of hydrological-based
models to predict Chinook salmon extirpation, PCA
explained 78% of the total variation in 12 hydrological
variables among the 27 streams. Axis | determined
56% of the variation and differentiated streams with
long intervals between floods and extreme low-flows,
greater flood predictability and greater flows in sum-
mer and autumn from streams with greater monthly
flow variability and spring flooding. Axis 2 (22% of
variance explained) differentiated large streams with
greater mean annual flow and flow predictability
among months from smaller streams with steep flood
profiles and greater flows during winter. Although
there was variation in flow regimes among streams
captured by PCA, these differences were insignificant
relative to the presence of barriers in predicting
Chinook salmon extirpations.

Spring run

Spring run Chinook salmon were extirpated from 12
streams and continued to persist in 10 streams
(Fig. 1b). Model selection indicated that both migra-
tion barriers (AIC.W = 0.64, ER = 1.00) and habitat
loss (AIC. W = 0.25, ER = 2.55) were well supported
as predictors of extirpation (Table 3).By contrast to
the autumn run, one of the hydrology models (predic-
tor = PCI1) had a sufficient level of support in the
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Table 3. Best approximating models for spring run Chinook sal-
mon. Models are arranged from best to worst based on evidence
ratios. AIC weights are the relative likelihoods of a model given the
data, and evidence ratios are the relative likelihood of each model vs
the best model

Table 4. Best approximating models for spring run Chinook salmon
in rivers located below migration barriers. Models are arranged from
best to worst based on evidence ratios. AIC weights are the relative
likelihoods of a model given the data, and evidence ratios are the
relative likelihood of each model vs the best model

Variables AIC, Evidence Variables AIC, Evidence
Model in model AIC, AAIC, weight ratio Model in model AIC, AAIC, weight ratio
1 Barrier 24.90 0.00 0.64 1.00 3 PC2 21.59 0.00 0.59 1.00
2 Lost km 26.78 1.88 0.25 2.55 4 PCI1, PC2 22.16 0.57 0.44 1.33
4 PC1 29.09 4.19 0.08 8.10 2 PC1 23.29 1.70 0.25 2.34
3 PCl1, PC2 31.86 6.96 0.02 32.31 1 Lost km 24.19 2.60 0.16 3.67
5 PC2 33.36 8.46 0.01 68.44

analyses to prevent its exclusion as a viable hypothesis
(AIC.W = 0.08, ER = 8.10). The spring run PCA
determined 79% of the total variation among streams
and described the same relationships as the autumn
run PCA. Thus, compared with autumn run Chinook
salmon, the probability of spring run extirpation was
less clear with models supporting migration barriers,
habitat loss and possibly changes in stream hydrology
as potential contributors to extirpation.

The potential role of hydrology in predicting extir-
pation was explored with a model selection exercise
that excluded streams upstream of migration barriers.
A third PCA was performed that included only the
streams downstream of a barrier. A total of 16 streams
were included in this analysis. Chinook salmon were
extirpated from six of these streams and persisted in
10. Models that included hydrology were stronger
predictors of extirpation than was habitat loss

(AIC.W > 0.25, ER < 2.34); but habitat loss re-
mained a competing predictor (Table 4). The best
approximating model included PC 2 as the predictor
variable, and all streams with positive scores on PC 2
continued to support spring run salmon populations
(Fig. 2). Streams with positive scores on Axis 2 had
steeper flood profiles, greater flows in late autumn and
early winter and longer intervals between extreme low-
flow periods. Streams with negative sample scores were
larger and had greater flows during summer and early
autumn. The difference in the strength of models that
use hydrology to predict extirpations of spring run
Chinook salmon below barriers suggests that autumn
and spring run salmon may respond differently to
changes in hydrology and habitat loss following the
construction of dams.

The analysis of post-dam hydrological changes
suggested that dams may be reducing stream flows
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Figure 2. Bi-plot of sample scores on principal components PC1 (abscissa) and PC2 (ordinate). All streams used in the analysis historically
supported spring run Chinook salmon and are located below barriers to migration. Closed circles represent streams where Chinook salmon persist,
and open circles represent streams where they have been extirpated. Variables that loaded strongly on axis one included Colwell’s predictability index
for floods and monthly flow, drought interval and the coefficient of variation for monthly flow. Variables that loaded strongly on axis 2 included
mean annual flow, drainage area and the slope of the rising limb of flood events.
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Figure 3. Pre- and post-dam hydrographs for five Central Valley rivers. Solid lines are mean monthly discharge values for 30 years prior to dam
construction. Dashed lines are mean monthly discharge values for 30 years after dam construction. Vertical dashed lines indicate the peak period of
spring run migration. Note that the discharge scales (y-axis) differ between the graphs, that the peak migration period corresponds to the peak or
declining limb of floods in the pre-dam hydrograph and that these discharge pulses have been attenuated or shifted outside of the migration period in
the post-dam hydrographs. Rivers: a, American River; b, Feather River; ¢, Sacramento River; d, San Joaquin River and e, Mokelumne River.

during a critical period when spring run Chinook
salmon are trying to migrate upstream and that this
change may be contributing to extirpation. Monthly
stream flow data before and after dam construction
were available for only five Central Valley streams
(Fig. 3). Two streams were located in the San Joaquin
basin (Mokelumne River and San Joaquin River) and
three were located in the Sacramento basin (Sacra-
mento River, Feather River and American River). Of
the five streams, only the Feather and Sacramento
continue to support spring run salmon, but the Feather
River run is strongly supported by hatchery produc-
tion (Lindley et al. 2004). All five streams support
autumn run salmon, but the San Joaquin is currently
used only as a migration route to spawning tributaries.

Plots of mean monthly flows suggested that dams
imposed major changes in the hydrograph of all five
streams. A similar pattern of alteration was observed
in four of the five rivers where water is held back
during winter and spring months resulting in an
attenuated flood pulse, and released during summer
and autumn producing higher flows than prior to dam
construction (Fig. 3). In the Feather River, flows were

© 2010 Blackwell Publishing Ltd.

reduced during all seasons (Fig. 3). Attenuation of
annual flow pulses may have impacted the persistence
of spring run populations because migration of spring
run salmon coincides with periods of peak flows or
during the declining limb of high-flow periods in the
pre-dam hydrographs (Fig. 3). The Sacramento was
the only river with greater flows during the spring
migration period and spring run fish continue to persist
in this river. Flows during the summer holding period
were greater in the three streams where spring run
salmon have been extirpated, as well as the Sacra-
mento, and lower in the Feather where they persist.
Effects of flow regulation during the autumn spawning
period were mixed, but autumn run fish continue to
spawn successfully during this period except in the San
Joaquin.

Discussion

Data were compiled on historical and modern Chi-
nook salmon distributions, habitat loss, barriers to
migration and flow regime to test the weight of
evidence for three hypotheses that are commonly
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posed to explain the loss of Chinook salmon in the
Central Valley. The persistence of autumn run Chi-
nook salmon was predicted by their location relative to
migration barriers. The negative effect of barriers on
upstream populations of migratory fishes is well
known; thus, it is not surprising that dams have the
potential to explain extirpation of these, or other
migratory fishes (Gehrke et al. 2002; Morita &
Yamamoto 2002). What was surprising is that there
was no evidence that other hypothesis considered had
the potential to explain Chinook salmon extirpation
for the autumn run. The hypothesis that altered
hydrological regimes led to extirpation had no ability
to explain patterns in the data (>1 000 000 times less
likely than barriers), and this was true despite there
being wide variation in hydrological conditions among
streams and that pre- and post-dam comparisons
revealed substantial changes in hydrology. The lack
of any detectable effect of hydrology on autumn run
salmon is, perhaps, surprising given that this factor is
frequently cited as a major contributor to the loss of
Chinook salmon in the Central Valley of California,
and re-creation of historical hydrological conditions is
a focus of many recovery efforts (United States Fish
and Wildlife Service 2001).

Migration barriers and habitat loss were competing
predictors of spring run salmon extirpation, and flow
regime was a strong predictor among rivers that
remain accessible. Thus, the best predictors of extir-
pation depended on the population of rivers used in
the analysis. Spring run Chinook salmon historically
used higher elevation habitats (> 150 m) where tem-
peratures remain cool during the summer holding
period (Yoshiyama et al. 2001; Lindley et al. 2004).
Most of this habitat in the Central Valley has been lost
through construction of impassable dams. Restriction
of spring run salmon to lower elevation habitats used
by autumn run salmon also may reduce genetic
distinctiveness as has been inferred from studies of
the Feather River Chinook populations (Lindley et al.
2004). The greater influence of habitat loss on spring
run salmon extirpation probabilities may be accounted
for by this difference in habitat use and needs to be
considered when formulating recovery strategies.

Hydrological regime was also a strong predictor of
spring run salmon extirpation below migration barriers,
with extant runs found in smaller streams that retained a
steep flood profile. Spring run salmon enter fresh water
from spring through early summer during high flow
periods and hold in the river over summer before
spawning in autumn. By contrast, autumn run salmon
spawn soon after entering fresh water in late summer
and autumn. The longer period in fresh water may

expose spring run salmon to risks that are not experi-
enced by autumn run Chinook salmon (Williams 2006).
However, the analyses suggested that greater flow
during the summer months was associated with streams
where spring run Chinook salmon had been extirpated.
Additionally, three streams where spring run salmon
were extirpated had greater summer flows in the post-
dam period. The period of spring run migration
appeared to be an important component of the hydro-
logical regime. Streams where spring run salmon persist
were associated with steeper flood profiles and the peak
of spring run salmon migration occurs during peak flows
or on the declining limb of pre-dam hydrographs. Post-
dam hydrographs revealed a common pattern among
the few regulated rivers in the Central Valley where
sufficient historical data are available; that pattern
suggested that high flows in spring are stored in
reservoirs and released during summer for diversion
downstream. High flows provide an important spawn-
ing cue for some species (Zeug & Winemiller 2007; Bailly
et al. 2008) and the loss of this aspect of the flow regime
may have contributed to the extirpation of spring run
salmon. Only the Sacramento River had greater flows
during the migration period post-regulation, and spring
run salmon continue to persist in this system.

Limits to inference

The analyses presented have focused somewhat nar-
rowly on the presence or absence of salmon in streams.
Limitations in data quality and availability prevented
the use of measures of abundance or population growth
rate of Chinook salmon as dependent variables. This
leaves open the possibility that some factors considered
could still be leading to declines of Chinook salmon,
even if the species is not yet locally extirpated. This is
potentially important because although barriers cause
rapid extirpation of upstream populations, downstream
populations may experience long periods of decline
prior to extirpation (Kareiva et al. 2000). Schick and
Lindley (2007) found that barrier-related extirpation of
certain spring run salmon populations in the Central
Valley had a disproportionate effect on the remaining
populations because of source-sink dynamics. Addi-
tionally, the large number of Chinook salmon produced
by hatcheries in the Sacramento-San Joaquin system
may prevent extirpation through the straying of return-
ing adults. Genetic data from spawning populations in
the Central Valley indicate little differentiation between
hatchery and natural spawning Chinook salmon and
low heterogeneity among individuals collected from
different rivers suggesting extensive straying of hatchery
fish (Williamson & May 2005). Barnett-Johnson et al.
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(2007) found that large numbers of Sacramento and San
Joaquin salmon taken in the ocean fishery were of
hatchery rather than wild origin (84-96%). If similar
percentages of returning adults are of hatchery origin,
natural populations in the rivers that remain accessible
may not be self-sustaining.

The information theoretic approach was limited in
that it only evaluated the weight of evidence among the
given hypotheses; thus, the possibility that other
hypotheses not evaluated here could prove to be a
better fit to the data cannot be eliminated. Hypotheses
such as competition with and predation by non-native
species, changing stream temperature regimes, avail-
ability of appropriate spawning and rearing substrate
and a myriad of others have also been proposed to
explain patterns of Chinook salmon loss. While data
regarding these hypotheses were not available at the
scale of the current analysis, one of the advantages of
the information theoretic approach is that as data
become available, it is straight-forwarded to pit
explanatory variables against one another and decide
which is the better potential explanation. As analyses
are improved, it is worth noting that some hypotheses
may only be the proximate causes of extirpation while
several of the ultimate causes (barriers, habitat loss and
altered flow regimes) were captured by the analysis.
For example, barriers have constrained spring run to
reaches that may not provide the appropriate temper-
atures during the summer holding period (Williams
2006). Additionally, dams prevent the movement of
spawning gravel from upstream areas and attenuate
flood pulses that are essential for the geomorphological
development of rearing habitat for juveniles. Despite
the limitations of the current approach, the evidence
suggests that dams increase the probability for extir-
pation of Chinook salmon by blocking migration
routes (autumn run), constraining the amount of
habitat available (spring run) and altering the natural
flow regimes (spring run).

Implications for management

Attempts to increase production of Chinook salmon
populations in the Central Valley focus entirely on
rivers downstream of large dams (United States Fish
and Wildlife Service 2001) and there are currently no
plans to address passage upstream of these projects
(CDWR 2005), although this strategy has been pro-
posed for some rivers (USFWS 1995). Most river
restoration projects in the Central Valley are small
relative to the scale at which river habitats have been
altered, and increases in salmon populations resulting
from these efforts may be difficult to detect (Kondolf
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et al. 2008). Large-scale projects such as dam removal
may be more effective to recover Chinook salmon
populations, but effectiveness is often not the primary
criteria used to select what restoration projects will be
implemented (Kondolf er al. 2008).

Although there is controversy regarding the effec-
tiveness of fish passage above dams and even dam
removal as a viable strategy to prevent the extirpation
of Chinook salmon (Kareiva et al. 2000; Welch et al.
2008), dams have strong direct and indirect effects on
the growth rate of Chinook salmon populations
downstream and increase the probability of future
extirpations (McClure et al. 2003; Hoekstra et al.
2007).These analyses suggest that management of flow
regimes downstream of barrier dams could be an
important component of conservation efforts to pre-
vent the loss of spring run or to increase the success of
recolonisation. Regardless, the evidence that barriers
have been one of, if not the, primary driver of Chinook
salmon extirpations in the Central Valley seems
indisputable.

Chinook populations are at risk of extirpation
throughout their range, and populations in interior
basins such as the Central Valley are at greater risk
than most coastal populations (Gustafson et al. 2007).
Additionally, the Central Valley represents the south-
ern-most spawning populations of Chinook salmon,
and several populations are at high risk of extinction
with high biological consequences to the species if they
are lost (Allendorf et al. 1997). Despite the critical
status of Central Valley Chinook, this study is among
the first quantitative assessments of the hypothesised
drivers of extirpation at a regional scale. A lack of
quantitative evaluation is a common problem in
salmon management where expert opinion and
inferred or extrapolated data are substituted for
quantitative measurement and analysis (Ruckelshaus
et al. 2002). The number of potential hypotheses to
explain extirpation of Chinook salmon is large, but
data are lacking for most. One advantage of informa-
tion theoretic methods is that as more data become
available, other hypotheses can be quantitatively
evaluated against those presented here (Burnham &
Anderson 2002). Although some results may appear
intuitive, they quantify the importance of addressing
large barrier dams that have isolated a large propor-
tion of salmon habitat in the Central Valley; an issue
that has yet to be addressed in recovery strategies.

Acknowledgments

We thank T. Heyne from the California Department
of Fish and Game for providing information on data

69



70

S. C. ZEUG ET AL.

resources. R. Thress, M. Collar, S. McGaw, E.
Padilla and T. Poon compiled spatial data for stream
maps. [. Carroll and B. Lewis provided valuable
assistance creating maps. T. Dunne and L. Harrison
provided comments that improved previous versions
of the manuscript. Funding for this study was
provided by CalFed Bay-Delta Authority grant
U-05SC-058.

References

Allendorf F.W., Bayles D., Bottom D.L., Currens K.P.,
Frissel C.A., Hankin D., Lichatowich J.A., Nehlsen W.,
Trotter P.C. & Williams T.H. (1997) Prioritizing Pacific
salmon stocks for conservation. Conservation Biology 11,
140-152.

Bailly D., Agostinho A.A. & Suzuki H.I. (2008) Influence of
the flood regime on the production of fish species with
different reproductive strategies in the Cuiaba River, Up-
per Pantanal, Brazil. River Research and Applications 24,
1218-1229.

Barnett-Johnson R., Grimes C.B., Royer C.F. & Donohoe
C.J. (2007) Identifying the contribution of wild and
hatchery Chinook salmon (Oncorhynchus tshawytscha) to
the ocean fishery using otolith microstructure as natural
tags. Canadian Journal of Fisheries and Aquatic Sciences
64, 1683-1692.

Bjornn T.C. & Reiser D.W. (1991) Habitat requirements of
salmonids in streams. In: W.R. Meehan (ed.) Influences of
Forest and Rangeland Management of Salmonid Fishes and
Their Habitats. Bethesda, MD: American Fisheries Soci-
ety, pp. 83-138.

Boersma P.D., Kareiva P., Fagan W.F., Clark J A. &
Hoekstra J.M. (2001) How good are endangered species
recovery plans? BioScience 51, 643-649.

Burnham K.P. & Anderson D.R. (2002) Model Selection and
Multimodel Inference: A Practical Information-Theoretic
Approach, 2nd edn. New York, NY: Springer, 488 pp.

California Department of Water Resources (2005) Fish
Passage Improvement. California Department of Water
Resources Bulletin 250. 408 pp.

Crozier L.G., Zabel R.W. & Hamlet A.F. (2008) Predicting
differential effects of climate change at the population level
with life-cycle models of spring Chinook salmon. Global
Change Biology 14, 236-249.

Gehrke P.C., Gilligan D.M. & Barwick M. (2002) Changes in
fish communities of the Shoalhaven River 20 years after
construction of Tallowa Dam, Australia. River Research
and Applications 18, 265-286.

Gustafson R.G., Waples R.S., Meyers J.M., Weitkamp L.A.,
Bryant G.J., Johnson O.W. & Hard J.J. (2007) Pacific
salmon extinctions: quantifying lost and remaining diver-
sity. Conservation Biology 21, 1009—-1020.

Hoekstra J.M., Bartz K.K., Ruckelshaus M.A., Moslemi
J.M. & Harms T.K. (2007) Quantitative threat analysis for
management of an imperiled species: Chinook salmon
(Oncorhynchus tshawytscha). Ecological Applications 17,
2061-2073.

Kareiva P., Marvier M. & McClure M. (2000) Recovery and
management options for spring/summer Chinook salmon
in the Columbia River basin. Science 290, 977-979.

Kondolf G.M., Angermeier P.L., Cummins K., Dunne T.,
Healey M., Kimmer W., Moyle P.B., Murphy D., Patten
D., Railsback S., Reed D.J., Spies R. & Twiss R. (2008)
Projecting cumulative benefits of multiple river restoration
projects: an example from the Sacramento-San Joaquin
river system in California. Environmental Management 42,
933-945.

Lawler J.J., Campbell S.P., Guerry A.D., Kolozsvary M.B.,
O’Connor R.J. & Seward L.C.N. (2002) The scope and
treatment of threats in endangered species recovery plans.
Ecological Applications 12, 663—667.

Lindley S.T., Schick R., May B.P., Anderson J.J., Greene S.,
Hanson C., Low A., McEwan D., MacFarlane R.B.,
Swanson C. & Williams J.G. (2004) Population Structure of
Threatened and Endangered Chinook Salmon ESUs in
California’s Central Valley Basin. National Oceanic and
Atmospheric Administration technical memorandum 360.
Santa Cruz, CA: Southwest Fisheries Science Center, 107
pp-

McClure M.M., Holmes E.E., Sanderson B.L. & Jordan C.E.
(2003) A large-scale, multispecies assessment: anadromous
salmonids in the Columbia River basin. Ecological Appli-
cations 13, 964-989.

Morita K. & Yamamoto S. (2002) Effects of habitat frag-
mentation by damming on the persistence of stream-
dwelling charr populations. Conservation Biology 16,
1318-1323.

Moyle P.B. (1994) The decline of anadromous fishes in
California. Conservation Biology 8, 869—-870.

National Marine Fisheries Service (1999) Central Valley
Chinook Salmon Distributions. Long Beach, CA: NMFS
Southwest Regional Office, http://www.swr.noaa.gov/hcd/
cvesd.htm

Olden J.D., Poff N.L. & Bestgen K.R. (2006) Life-history
strategies predict fish invasions and extirpations in the
Colorado River basin. Ecological Monographs 76, 25-40.

Poff N.L. & Ward J.V. (1989) Implications of streamflow
variability and predictability for lotic community struc-
ture: a regional analysis of streamflow patterns. Canadian
Journal of Fisheries and Aquatic Sciences 46, 1805-1818.

Puckridge J.T., Sheldon F., Walker K.F. & Boulton A.J.
(1998) Flow variability and the ecology of large rivers.
Marine and Freshwater Research 49, 55-72.

Ruckelshaus M.H., Levin P., Johnson J.B. & Kareiva P.
(2002) The Pacific salmon wars: what science brings to the

© 2010 Blackwell Publishing Ltd.



challenge of recovering species. Annual Review of Ecology
and Systematics 33, 665-706.

Schick R.S. & Lindley S.T. (2007) Directed connectivity
among fish populations in a riverine network. Journal of
Applied Ecology 44, 1116-1126.

Schindler D.E., Augerot X., Fleishman E., Mantua N.J,,
Riddell B., Ruckelshaus M., Seeb J. & Webster M. (2008)
Climate change, ecosystem impacts and management for
Pacific salmon. Fisheries 33, 502—506.

Sommer T.R., Nobriga M.L., Harrell W.C., Batham W. &
Kimmer W.J. (2001) Floodplain rearing of juvenile Chi-
nook salmon: evidence of enhanced growth and survival.
Canadian Journal of Fisheries and Aquatic Sciences 58,
325-333.

Ugedal O., Naesje T.F., Thorstad E.B., Forseth T., Saksgard
L.M. & Heggberget T.G. (2008) Twenty years of hydro-
power regulation in the River Alta: long-term changes in
abundance of juvenile and adult Atlantic salmon. Hydro-
biologia 609, 9-23.

United States Fish and Wildlife Service (1995) Working Paper
on Restoration Needs: Habitat Restoration Actions to Double
Natural Production of Anadromous Fish in the Central Valley
of California. Vol. 3. Stockton, CA: USFWS, 544 pp.

United States Fish and Wildlife Service (2001) Final Resto-
ration Plan for the Anadromous Fish Restoration Program,

© 2010 Blackwell Publishing Ltd.

PREDICTORS OF CHINOOK SALMON EXTIRPATION

A Plan to Increase Natural Production of Anadromous Fish
in the Central Valley of California. Stockton, CA: USFWS,
146 pp.

Welch D.W., Rechisky E.L., Porter M.C. & Walters C.J.
(2008) Survival of migrating salmon smolts in large rivers
with and without dams. PLoS Biology 6, €265,
doi:10.1371/journal.pbio.0060265.

Williams J.G. (2006) Central Valley salmon: a perspective on
Chinook and steelhead in the Central Valley of California.
San Francisco Estuary and Watershed Science 4, 1-416.

Williamson K.S. & May B. (2005) Homogenization of fall-
run Chinook salmon gene pools in the Central Valley of
California, USA. North American Journal of Fisheries
Management 25, 993-1009.

Yoshiyama R.M., Gerstung E.R., Fisher F.W. & Moyle
P.B. (2001) Historical and present distribution of
Chinook salmon in the Central Valley of California.
California Department of Fish and Game Fish Bulletin 179,
71-176.

Zeug S.C. & Winemiller K.O. (2007) Ecological correlates of
fish reproductive activity in floodplain rivers: a life-history-
based approach. Canadian Journal of Fisheries and Aquatic
Sciences 64, 1291-1301.

71



