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Microsatellite variation reveals weak genetic structure
and retention of genetic variability in threatened Chinook salmon
(Oncorhynchus tshawytscha) within a Snake River watershed
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Abstract Pacific salmon (Oncorhynchus spp.) have
been central to the development of management con-
cepts associated with evolutionarily significant units
(ESUs), yet there are still relatively few studies of
genetic diversity within threatened and endangered
ESUs for salmon or other species. We analyzed genetic
variation at 10 microsatellite loci to evaluate spatial
population structure and genetic variability in indige-
nous Chinook salmon (Oncorhynchus tshawytscha)
across a large wilderness basin within a Snake River
ESU. Despite dramatic 20th century declines in
abundance, these populations retained robust levels of
genetic variability. No significant genetic bottlenecks
were found, although the bottleneck metric (M ratio)
was significantly correlated with average population
size and variability. Weak but significant genetic
structure existed among tributaries despite evidence of
high levels of gene flow, with the strongest genetic
differentiation mirroring the physical segregation of
fish from two sub-basins. Despite the more recent
colonization of one sub-basin and differences between
sub-basins in the natural level of fragmentation, gene
diversity and genetic differentiation were similar

H. Neville (D<)

Department of Biology/314, University of Nevada, Reno,
NV 89557, USA

e-mail: hneville@unr.nevada.edu

D. Isaak - R. Thurow - J. Dunham - B. Rieman - H. Neville
Rocky Mountain Research Station, Suite 401, 322 E. Front
St., Boise, ID 83702, USA

J. Dunham
USGS FRESC Corvallis Research Group, 3200 SW
Jefferson Way, Corvallis, OR 97331, USA

between sub-basins. Various factors, such as the
(unknown) genetic contribution of precocial males,
genetic compensation, lack of hatchery influence, and
high levels of current gene flow may have contributed
to the persistence of genetic variability in this system in
spite of historical declines. This unique study of
indigenous Chinook salmon underscores the impor-
tance of maintaining natural populations in intercon-
nected and complex habitats to minimize losses of
genetic diversity within ESUSs.
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Introduction

Effective conservation requires the identification of
biologically relevant units within species as the focus
of management and legal protection efforts. The
concept that has been adopted most generally for
defining within-species diversity eligible for protection
under the U.S. Endangered Species Act is that of the
evolutionarily significant unit (ESU), originally pro-
posed by Ryder (1986) and subsequently modified by
many others (e.g., Waples 1991; Dizon et al. 1992;
Moritz 1994; Crandall et al. 2000). Though determin-
ing the specific criteria for defining ESUs has been
highly controversial, the common denominator of
most definitions is the need to preserve units that are
considered ‘viable’ and that maintain adequate
diversity to ensure the future evolutionary potential
of a species (see Fraser and Bernatchez 2001 for a
thorough review).
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Because of their ‘conservation crisis’ (Waples et al.
2004) and tremendous economic and cultural value,
Pacific salmon (Oncorhynchus spp.) have been central
to the development of management unit concepts in
biology (Waples 1991, 1995; Fraser and Bernatchez
2001; Ford 2004). Over 50 ESUs have been defined for
Pacific salmon in the lower 48 United States, based on
information characterizing diversity in life history,
morphology, behavior, habitat, and genetic variability
among major stocks (see Ford 2004). Thus, ESUs often
encompass wide geographic areas or regions that sus-
tain relatively unique components of a species. How-
ever, the application of the ESU concept in Pacific
salmon has not overshadowed the recognition that a
great deal of diversity exists among local populations
within ESUs that needs to be identified and managed
at smaller scales (Waples et al. 2001). Local popula-
tions would not be expected to display as extensive
reproductive isolation or as divergent morphological
and ecological attributes as might be required for an
ESU designation, but they are defined based on at least
partial reproductive isolation from other groups and
often exhibit some level of local-adaptation (Taylor
1991; Halupka et al. 2003). Thus, they are recognized
as important components of diversity and practical
units for management (Moritz 1994; Nielsen and
Powers 1995; McElhany et al. 2000; Fraser and Ber-
natchez 2001; McClure et al. 2003a). At these smaller
scales (i.e., 10’s—100’s kms), ecological processes (e.g.,
restricted dispersal) may take on increased importance
in generating diversity, and information about habitat
spatial structure and likely dispersal distances of sal-
monid species has been helpful in defining local pop-
ulation units (McElhany et al. 2000; McClure et al.
2003a). However, there is little genetic information to
guide efforts to define local populations at the within-
ESU scale in many salmonid species, particularly in
indigenous populations unaffected by hatchery sup-
plementation.

Pacific salmon are an especially interesting group for
investigating population genetic diversity at small
spatial scales because they possess several unique
behaviors that may either promote or erode differences
among local populations, and because of their conser-
vation concern. Most Pacific salmon are anadromous,
with the majority of individuals undertaking long-dis-
tance migrations to feed for one or several years in the
ocean before returning to their natal stream to spawn
through a behavior known as ‘homing’ (Quinn 1993).
Migration in salmonids may facilitate ‘straying’ (dis-
persal from the natal site for breeding), which may act
to homogenize populations genetically (Hansen and
Mensberg 1998; Ford 2004; but see Utter 2004).
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In contrast, the characteristic strong homing behavior
of these fish is expected to minimize dispersal and in-
crease relatedness, potentially on a highly localized
spatial scale (Taylor 1991; Bentzen et al. 2001). Exactly
how these forces balance out in nature, and the degree
to which this balance generates independent popula-
tions genetically differentiated at a local scale is not
well known (Dittman and Quinn 1996; Quinn 2005).

Furthermore, the dramatic declines and/or fluctua-
tions in population sizes suffered by many Pacific sal-
mon populations would be expected to jeopardize their
genetic integrity through losses of genetic diversity and
significant genetic bottlenecks (Waples 1990a, c, 2002).
Reduced genetic variability may impair the ability of
populations to evolve with future environmental
change and put them at greater risk of extinction
(Saccheri et al. 1998; England et al. 2003; Frankham
2005). Losses of genetic diversity due to population
declines are often further compounded by hatchery
supplementation in many salmonid species (Ryman
and Laikre 1991; Allendorf and Waples 1996). Genetic
data are therefore useful not only for delineating rel-
evant management units but also for understanding the
extent to which local populations have maintained
genetic diversity—a key component for the future
evolutionary flexibility of species (Waples 1995)—in
the face of such threats.

We analyzed genetic variation at 10 microsatellite
loci to characterize population structure in wild Chi-
nook salmon (Oncorhynchus tshawytscha) across a
large wilderness basin in central Idaho (Fig. 1) that is
one component of the Snake River ESU. The present
study is part of a larger body of work on the distribu-
tion and abundance of Chinook salmon spawning in
the study basin (see Isaak et al. 2003; Isaak and Thu-
row 2006). Here, we combine genetic information with
insight from demographic data on population dynam-
ics. First, we estimate the degree of genetic differen-
tiation among spawning aggregations and determine
the relationship between spatial genetic patterns and
network structure. Second, we test for differences in
gene diversity and genetic differentiation between
areas with different geomorphic history and contem-
porary physical structure. Here, we predicted that the
upper sub-basin of the system, which was colonized
more recently following glacial retreats and has geo-
graphically closer and more continuous spawning
gravels, should exhibit both decreased genetic diversity
and less differentiation among sample sites than the
lower sub-basin (see below, and Castric and Bernat-
chez 2003; Costello et al. 2003; Ramstad et al. 2004).
Third, we evaluate whether populations that have
undergone known demographic bottlenecks have
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Fig. 1 Stream network in the
Middle Fork Salmon River,
Idaho used by Chinook
salmon for spawning. Genetic
samples were obtained from
streams with names in black
bold (tributaries with gray
names were unsampled)

suffered significant genetic bottlenecks from recent
demographic declines. This system provides a unique
opportunity to examine various factors likely related to
the maintenance of genetic diversity in an indigenous,
naturally reproducing population within a threatened
salmonid ESU.

Methods
Study site

Data were collected from Chinook salmon returning to
spawn in the Middle Fork Salmon River (MFSR),
which drains 7,330 km? of forested and mountainous
terrain in central Idaho (Fig. 1). For most of its length,
the MFSR flows through a wilderness area, and much
of the habitat in the basin is in a relatively natural state.
Valley morphologies in the upper MFSR sub-basin
(Fig. 1) were heavily affected by late Pleistocene
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glaciation (Meyer and Leidecker 1999) and access to
this area was blocked by a glacier at the mouth of
Sulphur Creek until approximately 10,000 years ago
(McPhail and Lindsey 1986; Utter et al. 1989); thus, the
upper sub-basin is assumed to have been colonized
more recently than the lower sub-basin. Additionally,
this geologic history has created a diversity of habitats
in the watershed. Deposits of glacial drift in the upper
sub-basin have created large, open U-shaped valleys
with extensive reaches of suitable spawning habitat,
while in the lower sub-basin the river flows through
narrow, V-shaped valleys with more limited spawning
habitat (Isaak and Thurow 2006). Tributaries in the
lower sub-basin are also generally larger and more
spatially segregated than those in the upper sub-basin.
Most spawning in the MFSR occurs in approximately
650 km of habitat distributed among major tributaries
and the mainstem river (Fig. 1).

The MFSR is a tributary to the Snake River (part of
the Columbia River system), which houses two
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Chinook salmon ESUs listed as threatened in the early
1990s (57 Federal Register 14653). The two ESUs are
the Snake River fall run Chinook salmon and the
Snake River spring/summer run Chinook salmon, the
latter of which encompasses MFSR populations. Chi-
nook salmon in the MFSR are some of the few
remaining indigenous populations (i.e., wild fish not
influenced by hatchery fish) occurring in the lower 48
United States (Thurow et al. 2000). Like many other
Chinook salmon stocks, populations within this basin
have suffered large declines from their abundances in
the 1950s (Fig.2) (Brown 2002). Recently, salmon
abundance in the MFSR and elsewhere in this ESU
increased, probably stimulated by improved survival
during portions of the life stage that occur outside the
MFSR (Fig. 2; Fish Passage Center Annual report,
BPA Contract Number 94-033 2003; Beamish 2004).

Redd counts

Annual censuses of redd (salmon nest) abundances
were conducted using low-level helicopter flights from
1995 to 2002 within that portion of the stream network
that historically supported Chinook salmon as detailed
in Isaak and Thurow (2006). Censuses covered all
occupied spawning habitat thought to support mostly
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‘spring’ run fish, though the very lower reaches of
lower sub-basin streams have been classified tradi-
tionally as ‘summers’ (Hassemer 1993). However, al-
though genetic differences between runs can exist at
larger scales (see, e.g., Waples et al. 2004, which con-
siders all samples from the Salmon River as ‘springs’),
arrival times in the high-elevation MFSR are largely
continuous and the classification of run times here has
been murky at best (Lichatowich and Mobrand 1995).
Furthermore, other recent evidence suggests that
spring/summer run times in this system should be
treated as a continuum rather than distinct ‘races’
(Brannon et al. 2004). Therefore, we did not consider
run time explicitly in our analyses but cover this issue
further in the Discussion. The cumulative number of
redds at the end of the spawning season comprised
each year’s population estimates for each tributary.

Genetic sampling and laboratory methods

In August and September of 2001 and 2002, tissue was
obtained from 908 carcasses sampled throughout cen-
sus sites. Tissue was stored in 95% ethanol, and total
genomic DNA was extracted using DNeasy extraction
kits (Qiagen Inc, Valencia, CA, USA). We used fluo-
rometry to quantify extracted DNA, which was then
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Fig. 2 Time series of Chinook salmon redd counts for nine streams (Knapp Creek excluded) in the Middle Fork Salmon River basin.
Data are from annual Idaho Department of Fish and Game surveys of spawning index areas (Brown 2002)

@ Springer



Conserv Genet (2007) 8:133-147 137

diluted to 5 ng/pl. Polymerase chain reactions (PCRs) =) e
and fragment sizing using an Applied Biosystems o 2
(Foster City, CA, USA) Prism 3730 DNA Analyzer = =
. e
were performed by the Nevada Genomics Center g “
(http://www.ag.unr.edu/genomics/, Reno, NV). Ten flccgzsaggdgad 2
microsatellite loci were chosen in collaboration with E &
NOAA Fisheries (Northwest Fisheries Science Center, g = g
Seattle, WA) and the Center for Salmonid and ol e g
Freshwater Species at Risk (Hagerman, Idaho). These % & < )
loci, references, Genbank accession numbers, and PCR § £1|22288222888 =
conditions are given in Table 1. PCRs were performed < =
. . . . . Q
in 10 pl reactions, each with 1 pl Titanium buffer, _§ o - g E g E g E 20
0.2 ul Titanium taq, approximately 20 ng of DNA, 5 BEEEECocaocnoo s
. . . &} NN I IIIITT
dNTP and primer amounts given in Table 1, and the = e T -
ind d ith ter. Individual g fe8LE8L8L8L8L88 (8 S
remainder made up with water. Individuals were s SRSRSISESISISISRSRCH k-0
genotyped manually by H.N' using Genemapper v3.0 g Quagxgeee s C:D
(Applied Biosystems). In initial laboratory work, we & SEEE585858 | ¢
found that the quality of DNA in many of our tissue E EEEEEEEEEE|= o
samples was poor due to degradation of carcasses in k= IIIIIIITIIY ; ;
the field. For quality control, each locus was amplified z 2883833383833 |= o
three times f h individual. Individual g 2222228y &
ree times for each individual. Individuals were 2 55555855555 4
genotyped at a locus only if amplified successfully, Fa UAd A S A A d A g e
. . .. . g cgogoocoooeee | v 8
consistently, and unambiguously at minimum twice for £ IIIITTITITIIT g o
heterozygotes and three times for homozygotes. s g g g g g g g g g g ; s
-4 IS IS I I I ISR g
Genetic anal ] |oooououpou |80
enetic analyses Y YYye e 8
S N N Nl S N N N g s
Lo . . ke TTUTUT YT T T T T o
Although temporal variation in genetic patterns can S SEEEESS8E5E8E88 § §
sometimes occur, spatial variation is generally more o ddddaggeee g 8
important in Pacific salmon (Waples et al. 2004) and £l = FfffffsssS |- 8
. -
we pooled samples across the two consecutive years to B|8| EEEEEEEEEE|S S
increase sample sizes and improve estimation of pop- £l 2 E E E E E E E E f} E S
. . - . s |0 ko] :
ulation allelic frequencies (se.e Waples 1990b; Bea- ‘ E 5555555555]|8 ¢
cham et al. 2003). For population-based analyses, i.e., 2|5 SISISISISISRSISRSRSN IS S
those based on a priori designations of population FIE|R222222828 |5 <
boundaries (e.g., tests for null alleles, calculations of = 2 E
. . o S u
Fsr, tests for genetic bottlenecks, and population £|® oY 22w | & 3
phenograms, see below) we included all individuals in ClEe|za=ge SRR |3 &
. o | S| S FS SIS | E 9
the data set—even if they were not genotyped at some slsleopnn ESF|< 8
loci—to increase the accuracy of allelic frequency SO« » <L |22
estimates within samples. & 2 §
Q A~~~ —~~ <
We used MICROCHECKER (Van Oosterhout b gy 22 & ‘&
et al. 2003) to test each sample at each locus for null 2 ééég a%%/\§ 5 § P
. . . . o QS &
alleles and allelic dropout before proceeding with fur- 2 i B RSU=A % % = S s g
. oy P -, =
ther analyses. Adherence to Hardy—Weinberg equilib- E ceesT @ 3 \?53 = L:‘ g
rium was assessed in FSTAT (Goudet 2001) by testing = 812¢8¢ 5 g TTEYS|E S,
. . . > =
for excessive or deficient Fig values for each population 2 & § § § § I o o g g 25
. s " ) === 5D 2.5
sample at each locus, with the program adjusting critical £ ;og S E § g éﬂ 258 2 % %D
significance levels using Bonferroni corrections to ac- g o g’
. S < O
count for simultaneous tests (Goudet 2001). s - = E g
. . . o §8
Estimates of allelic diversity such as allelic richness =15 3= S s3 ox 2, % z
(Rs, a quantification of the number of alleles corrected = é &b &b &b E ol — Zo:)% % ) § o
. . [ bl D~ bl D~ - —
for sample size) and an unbiased measure of gene I 1 00000000045 I« % 8

@ Springer



138

Conserv Genet (2007) 8:133-147

diversity (Hg, Nei 1987) were calculated for each
sample and averaged across loci using FSTAT.
Because Rs can be biased downwards by small sample
sizes, we excluded Knapp Creek (n=7) from this esti-
mation. Based on historical colonization patterns in the
upper sub-basin (see ‘Methods’, Study site), we tested
for differences in allelic richness and gene diversity
between the upper and lower sub-basins of the MFSR
using randomization tests available in FSTAT. We
predicted that populations in the upper sub-basin
would have reduced genetic variation compared to
those in the lower sub-basin due to post-glaciation
colonization events and historical founder effects.

The extent of genetic differentiation among all sam-
ples was evaluated based on pair-wise Fgr values (Weir
and Cockerham 1984), calculated in FSTAT. Five
thousand permutations were used to assess significance,
and alpha values were corrected for multiple compari-
sons as noted above. Again, we used randomization tests
in FSTAT to test for differences between the two sub-
basins in within sub-basin Fgr values. We predicted that
populations in the upper sub-basin would have reduced
differentiation due to the more recent colonization of
this sub-basin and the more continual nature of its
modern-day spawning habitat (see Methods, Study site),
both of which we assumed would lead to greater genetic
homogenization within the upper sub-basin.

To evaluate relationships among samples in an
alternative manner, chord distances (Dcg, Cavalli-
Sforza and Edwards 1967) were calculated and used to
build neighbor-joining phenograms in POPULA-
TIONS (Langella 2002). The chord distance was chosen
over other distance estimators because of its greater
accuracy in depicting correct topologies (Takezaki and
Nei 1996) and because it does not assume any mutation
model (Bernatchez and Martin 1996). The consistency
of relationships was evaluated by bootstrapping over
loci with 5,000 permutations. Phenograms were visual-
ized using TREEVIEW (Page 1996).

Isolation by distance (IBD) was assessed based on a
Mantel test implemented in GENEPOP version 3.3.
(Raymond and Rousset 1995, 2004) using 5,000 per-
mutations for statistical significance. Fsy was used as
the genetic distance, and geographic distance was
measured based on the stream distance separating each
sample pair, with the mid-point of occupied spawning
habitat serving as the location for each sample.

Given the population declines occurring in this sys-
tem over the past 50 years, we tested for genetic bot-
tlenecks using two different approaches. We first used
the M ratio (Garza and Williamson 2001) because of its
consistent performance in identifying populations with
known bottlenecks and its theoretical ability to detect
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bottlenecks over a longer time-frame than other ap-
proaches (see Garza and Williamson 2001; Abdelkrim
et al. 2005; Neville et al. in press-b). The M ratio capi-
talizes on changes that occur after a bottleneck in the
distribution of allele sizes relative to the number of al-
leles in a population. Empirical data suggest that an M
ratio less than 0.7 signifies a bottleneck (Garza and
Williamson 2001, 2003). The significance of the ob-
served M ratio can also be evaluated by comparison to
M ratios of simulated populations at drift-migration
equilibrium. These simulations require user input of
theta (4N.u, where N, is the effective population size
and u is the microsatellite mutation rate; simplistically,
N, characterizes the ability of populations to retain ge-
netic variation). Because mutation rates and values of
N, are unknown, two values of theta (0.1 and 20) brac-
keting those likely in systems such as ours were used (see
Guinand and Scribner 2003). Theta does not change the
M ratio itself, but affects the significance level indicated
by simulations. Pearson’s correlation coefficient was
calculated to determine if M ratios varied with average
population sizes and the coefficients of variation in
population sizes for each creek from 1995 to 2002, the
period following the most recent population declines
and during which we have censused redds.

The program BOTTLENECK (Piry et al. 1999) was
used as an alternative measure of genetic bottlenecks,
to test for excess gene diversity relative to that
expected under mutation—drift equilibrium. The pro-
gram Bottleneck tests for excess heterozygosity using
several mutation models, with the infinite allele model
and the stepwise mutation model characterizing the
two extremes of mutational processes (Cornuet and
Luikart 1996; Balloux and Lugon-Moulin 2001).
However, based on the fact that most microsatellites
deviate from both of these models, Piry et al. (1997)
suggest that a two-phase model (TPM, Di Rienzo et al.
1994) be used for microsatellite loci, where a certain
proportion of mutations are not one-step mutations but
constitute larger changes. We therefore assumed a
TPM with the default value of 95% single-step muta-
tions and 5% larger mutations. Statistical significance
was based on 5,000 iterations and a Wilcoxin sign test.

The above analyses require one to define popula-
tions a priori (Manel et al. 2003), which can be a par-
ticularly difficult task for species such as salmon with
mixtures of continuous and patchy habitats and
migratory behavior (Neville et al. in press-a). We
therefore used an individual-based clustering approach
(STRUCTURE 2.1, Pritchard et al. 2000) to determine
the most likely number of genetic clusters (k) in the
MFSR. STRUCTURE iteratively sorts individual
genotypes into clusters that maximize the fit of the data



Conserv Genet (2007) 8:133-147

139

to theoretical expectations derived from Hardy-
Weinberg and linkage equilibrium. Once the most
likely k is determined, individuals are assigned to the
cluster in which they have the highest probability of
membership (Q). This approach can reduce the need to
define populations a priori, and also provides infor-
mation about current movement as opposed to the
long-term historical averages given by Fsr. However,
in species with low differentiation there may be little
statistical power for accurate assignment of individuals
(see Cornuet et al. 1999) and it is unlikely that tangible
clusters that can be used to define ‘populations’ in
further analyses will be produced. Because we
expected differentiation to be relatively low in this
system, as is typical for anadromous fishes (Ward et al.
1994; Allendorf and Waples 1996), we used STRUCTURE
as a complementary way to assess genetic structure but
did not use it as a substitute for population-based
analyses. For this individual-based analysis, which is
likely to be more sensitive than frequency-based
analyses to missing data, we included only individuals
genotyped at 8 or more loci (#=593). Based on pre-
liminary analyses, we evaluated the likelihood of
k=2-12, with 5 runs performed for each k, and a burn-
in length of 500,000 and 100,000 MCMC replicates for
each run. We assumed an admixture model and
correlated allele frequencies among populations
(Pritchard et al. 2000).

Results

Eighty seven individuals could not be amplified con-
sistently and were dropped from the data set, leaving a
final number of 821 individuals used in population-
based analyses. Two samples were identified by
MICROCHECKER as having excess homozogytes at
two loci (Elk Creek at Ots311 and Beaver Creek at
Ots3). Homozygote excess can indicate the occurrence
of null alleles or allelic dropout in affected loci. How-
ever, in each instance, the excess of homozygotes was
restricted to one population for each of two different
loci, and deviated from theoretical expectations by
only one individual. With a true null allele or system-
atic dropout we would expect a consistent pattern of
homozygote excess within affected loci. We believe,
therefore, that neither null alleles nor allelic dropout
are likely to have affected our results significantly.
None of the Fig values were significantly different
from zero when corrected for multiple tests, indicating
our samples were in Hardy—Weinberg equilibrium
(Table 2). The number of alleles per population aver-

aged across loci ranged from 6.1 to 14.4, and allelic
richness (Rs) ranged from 8.86 to 10.39 (Table 2).
Average gene diversity (Hg) per population ranged
from 0.70 to 0.74 (Table 2). Randomization tests did not
show differences between the two sub-basins in allelic
richness (within sub-basin Rs=9.78 vs. 9.76 in the upper
and lower sub-basin, respectively, randomization
P=0.95) or gene diversity (within sub-basin Hg=0.73 vs.
0.73, randomization P=0.78), contrary to our predictions.

An overall Fgt value of 0.016 (95% confidence
interval = 0.014-0.018) suggested low, yet significant
differentiation within the MFSR as a whole. Pair-wise
Fst comparisons ranged from —0.006 to 0.034 (negative
values are occasional statistical artifacts of Fgt calcu-
lations; Table 3). All comparisons suggested statisti-
cally significant differentiation between locations
except for the Cape Horn-Beaver Creek comparison
and comparisons involving Knapp Creek, whose lack
of significance may have been an artifact of small
sample size (n=7). In contrast to our predictions about
sub-basin differences in levels of differentiation, there
was no difference in Fsr values among populations
within the upper and lower sub-basins (Fsryppe,=0.010,
Fs1iower=0.014, randomization P=0.51).

Despite relatively low levels of differentiation in the
system as indicated by Fgsr, the neighbor-joining tree
illustrated a well-supported geographic basis to popu-
lation relationships (Fig. 3). The three streams in the
lower sub-basin all grouped separately from upper sub-
basin streams with relatively strong bootstrap support
(80%), and the geographically proximate Loon and
Camas Creeks paired consistently (81%) as more clo-
sely related to each other than to Big Creek. In the
upper sub-basin, the neighboring Elk and Bear Valley
streams paired with strong support (95%), as did
Marsh and Sulphur Creeks (97%), which are separated
by Elk and Bear Valley Creeks. Finally, Beaver,
Knapp and Cape Horn Creeks (tributaries to Marsh)
clustered with moderate support (60%) as distinct from
other creeks in the upper sub-basin.

The Mantel test demonstrated significant isolation
by distance (one-tailed P=0.01). However, inspection
of the correlation graph (Fig. 4) indicates that the bulk
of this relationship is due to differences in the impact
of within- vs. among-sub-basin geographic distances on
genetic distance (see Discussion).

M ratios ranged from 0.73 to 0.86 (Table 4). All
were above the 0.7 value diagnostic of genetic bottle-
necks, but all but one were below the 0.82 cut-off ob-
served for populations known not to have suffered
population reductions in Garza and Williamson’s
(2001) empirical review. None of these values were
statistically significant when a theta of 20 was assumed,
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Table 2 Genetic diversity statistics for each locus and population for Chinook salmon sampled from the MFSR

Locus Beaver  Big Bear Valley Camas Capehorn  Elk Knapp  Loon Marsh  Sulphur
Ogo4 Hg 0.80 0.80 0.83 0.79 0.82 0.80 0.88 0.79 0.83 0.80
Rs 6.61 7.15 7.34 7.03 7.46 733 NA 5.85 7.40 7.32
Fs  -0.05 0.02 0.01 -0.09 0.04 -0.01 -0.14  -0.03 -0.04 0.00
Ots10M Hg 0.47 0.45 0.50 0.52 0.42 0.50 0.26 0.54 0.50 0.48
Rs 2.00 3.19 2.55 2.62 3.39 241 NA 3.63 2.00 2.00
Fis 0.03 -0.11  -0.04 -0.18 -0.06 -0.03 —-0.09 -0.19  -0.27 0.09
Ots3 Hg 0.63 0.63 0.60 0.61 0.62 0.64 0.67 0.62 0.55 0.66
Rs 3.94 3.67 4.67 4.81 3.93 484 NA 3.89 3.36 3.88
Fis 0.27 0.04 0.01 0.07 0.05 -0.10 -0.07 0.09 -0.11 -0.07
OtsD9 Hg 0.75 0.58 0.61 0.64 0.75 0.63 0.75 0.71 0.64 0.56
Rs 4.81 4.28 4.44 4.83 5.47 457 NA 4.00 3.97 3.68
Fis 0.05 0.02 0.02 -0.15 -0.14 -0.03 —-0.14 0.03  -0.07 0.01
Ssa408 Hg 0.80 0.73 0.83 0.87 0.84 0.82 0.90 0.87 0.83 0.73
Rs 10.67 11.53 11.97 13.50 12.96 1137 NA 14.95 12.16 10.29
Fs  -0.07 0.04 0.01 0.08 0.09 0.06 -0.11 0.03  -0.06 —-0.04
Ots2M Hg 0.60 0.58 0.51 0.53 0.51 0.55 0.48 0.53 0.53 0.50
Rs 4.77 4.89 2.46 3.63 3.54 408 NA 3.34 3.70 2.97
Fs -0.19 -0.17  -0.08 0.13 -0.20 -0.09 -0.50 -020 -0.16 -0.11
Ots311 Hg 0.95 0.95 0.96 0.95 0.96 0.95 0.96 0.96 0.95 0.95
Rs 23.60 21.52 24.78 21.05 22.00 21.64 NA 20.99 21.13 21.14
Fis 0.09 -0.03 0.05 0.05 0.04 0.06 —-0.04 0.06 0.08 0.02
Otsg68 Hg 0.89 0.95 0.94 0.95 0.92 0.94 0.94 0.94 0.94 0.92
Rs 18.41 21.38 18.95 19.81 18.52 19.66  NA 19.39 17.99 17.68
Fs  —-0.01 0.01  -0.03 -0.02 -0.02 0.02 —-0.06 0.04 0.03 -0.03
Omm1020  Hg 0.45 0.43 0.57 0.49 0.61 0.57 0.50 0.37 0.35 0.62
Rs 4.99 475 6.30 5.26 7.57 647 NA 5.01 4.58 5.11
Fs -0.11 0.09  -0.01 0.08 0.09 -0.06 014 -012  -0.05 -0.08
Otsg249 Hg 0.93 0.92 0.94 0.93 0.94 0.93 0.96 0.92 0.94 0.89
Rs 18.49 16.71 18.14 15.74 19.09 1815 NA 14.48 17.50 14.55
Fis 0.07 -0.05  -0.02 0.00 0.00 -0.01 -0.04 -0.03 0.05 0.07
Average Hg 0.73 0.70 0.73 0.73 0.74 0.73 0.73 0.73 0.71 0.71
Rs 9.83 9.91 10.16 9.83 10.39 10.05 NA 9.55 9.38 8.86

Hg is Nei’s gene diversity, Rg is allelic richness (Knapp creek not included due to low sample size; minimum #n for other Rg
estimates = 25), and Fig is an inbreeding coefficient that measures deviation from H-W equilibrium

Table 3 Pair-wise Fsr values for Chinook salmon populations sampled across the Middle Fork Salmon River

Creek Beaver Cape Horn Marsh Bear Elk Sulphur Loon Camas Big
Valley

Knapp -0.005 -0.006 0.016 0.002 0.008 0.023 —-0.004 0.008 0.005
Beaver 0.009 0.012 0.012 0.011 0.020 0.011 0.017 0.018
Cape Horn 0.019 0.011 0.014 0.020 0.016 0.029 0.018
Marsh 0.005 0.005 0.019 0.017 0.020 0.024
Bear Valley 0.003 0.017 0.015 0.016 0.017
Elk 0.012 0.020 0.020 0.021
Sulphur 0.034 0.032 0.023
Loon 0.009 0.018
Camas 0.022

Fgsr values in bold are significantly different from 0 at «=0.05

but the M ratios for several creeks (Beaver, Cape
Horn, Marsh and Sulphur) were significantly smaller
than the equilibrium M when assuming a theta of 0.1
(Table 4). M ratio values were significantly correlated
to the arithmetic mean (r=0.81; P=0.01), the coefficient
of variation (r=—0.73; P=0.03), and the harmonic mean
(r=0.68; P=0.04) of population sizes from 1995 to 2002
(Table 4). No tests for excesses in heterozygosity were
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significant based on analyses using the program BOT-
TLENECK (P>0.05).

The individual-based clustering algorithm suggested
the most likely number of clusters in the MFSR to be
7 (posterior probability of k(7)=1, compared to a
posterior probability of 1.18 * ¢ > for k(6), the next
most likely number of clusters). Probabilities of
assignment of individuals to these clusters were rela-
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Fig. 3 Phenogram of Nei’s D genetic distance relating popu-
lations of Chinook salmon in the Middle Fork Salmon River.
Values at each fork indicate the percentage of 5,000 bootstrap
iterations across loci that support the given relationship, with
those above 50% shown

0.04

0.035

0.03

0.025

&
® 002
0.015
0.01
0.005 LA 4
»
0 T T - -
0 50 100 150 200 250
Distance (km)

Fig. 4 Correlation of Fgt between pairs of Chinook salmon
populations in the Middle Fork Salmon River and stream
distance between the midpoints of spawning sites within each
tributary. Trend lines drawn through entire figure (solid line) and
for each cluster of points (dashed lines): the lower-left cluster
represents comparisons within sub-basins while that in the upper
right corner represents comparisons between sub-basins. See text
for discussion

tively low: when taking the highest probability of
membership in a cluster, O, for each individual and
averaging this across all individuals, average
0=0.5840.20, indicating that weak differentiation in
the system resulted in poor discriminatory power
(Cornuet et al. 1999; Hansen et al. 2001). As a result,
clusters defined by STRUCTURE had little clear
geographic basis and were generally comprised of
individuals from many sites. One exception was a

Table 4 Arithmetic mean, harmonic mean, and coefficient of
variation of yearly abundances for Chinook salmon sampled
from the Middle Fork Salmon River from 1995 to 2002. Also
presented are genetic sample sizes (n), and M ratios and their P
values when assuming either a theta (4N.p) of 0.1 or 20 (asterisks
indicate significance at «=0.05). Knapp creek was omitted due to
small sample size

Sample  Arithmetic Harmonic C.V. n M M ratio
name ratio P value
01 20
Knapp NA NA NA NA NA NA NA
Beaver 29 5.06 1.40 33 0.74 0.02° 0.88
Cape 31 16.20 1.07 36 0.74 0.03" 049
Horn
Marsh 56 26.95 112 69 073 0.02° 0.56
Bear 128 38.22 095 170 0.81 0.14 0.79
Valley
Elk 144 48.43 087 173 0.86 031 0.98
Sulphur 40 5.48 1.02 59 0.77 0.05" 0.80
Loon 116 22.29 118 75 0.77 0.05" 0.80
Camas 61 16.45 1.08 116 0.79 0.08 0.74
Big 64 9.54 112 83 0.79 0.08 0.82

moderate degree of clustering characterizing some fish
from two of the three lower sub-basin streams (Big and
Loon Creeks). Here, one autonomous cluster in each
stream was comprised of fish from sampling areas
throughout the stream. Drawing on results from the
phenogram, we evaluated k=2 to mimic the split
between the two sub-basins. This analysis had
higher assignment probabilities (average highest
0=0.814£0.14) and showed clearer geographic mem-
bership of individuals in the two clusters.

Discussion

System-wide genetic diversity and tests
for bottlenecks

Local populations of Chinook salmon in the MFSR
have retained a surprisingly robust level of genetic
variability, as indicated by moderately high estimates of
gene diversity and allelic richness. This was somewhat
surprising given their recent demographic history,
though Chinook salmon, in particular among the Pacific
salmon species, are generally characterized by high
heterozygosity levels (Waples et al. 2001). No M ratios
were below the value ‘diagnostic’ of bottlenecks
(though some were statistically significant if a very
small theta value was assumed), suggesting these pop-
ulations have not suffered severe or long-lasting genetic
bottlenecks (Garza and Williamson 2001; see also
Doerner et al. 2005, and see below for more detailed
discussion). Genetic variation is often reduced follow-
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ing demographic reductions in Chinook salmon. For
example, several runs of Chinook salmon in the highly-
altered Central Valley of California had relatively low
gene diversity and showed other signs of bottlenecks,
patterns that were consistent with both declines in the
20th century and known historical influences (Banks
et al. 2000). However, the retention of diversity in the
face of demographic instability is not unprecedented in
this species: other Chinook salmon populations with
recent demographic reductions have maintained high
genetic variability and exhibited no evidence of genetic
bottlenecks (Marshall et al. 2000; Teel et al. 2000).
Fraser River (British Columbia) populations main-
tained relatively high levels of gene diversity but were
significantly bottlenecked, and estimates of N, were low
and often declining even as population sizes rebounded
(Shrimpton and Heath 2003).

Genetic responses to bottlenecks can be variable
and context-dependent, depending on the generation
time and life history of the species, the severity of the
demographic decline, current levels of gene flow, and
the nature of demographic rebound (Nei et al. 1975;
Rundle et al. 1998; Garza and Williamson 2001). Sev-
eral factors may have helped buffer the MFSR popu-
lations from dramatic changes in genetic variation
despite severe demographic declines. First, while the
majority of Chinook salmon populations in the lower
48 United States are hatchery supplemented (see e.g.,
Allendorf and Waples 1996), Chinook salmon in the
MEFSR comprise one of the few remaining indigenous
wild stocks (Thurow et al. 2000). In most other popu-
lations, hatchery supplementation has been undertaken
in an effort to reduce variability in reproductive suc-
cess among spawners, but the ultimate effect of sup-
plementation can actually be a dramatic reduction in
effective population sizes and thus an increase in the
rate of loss of genetic variability (Ryman and Laikre
1991; Tessier et al. 1997; Hansen et al. 2000). The ge-
netic variability we see maintained in the MFSR may
be partly due to the indigenous nature of these popu-
lations and the lack of hatchery influence in this region.

Secondly, although fish from various MFSR tribu-
taries are genetically structured, differentiation in the
system is relatively low and individual-based analyses
suggest dispersal occurs among tributaries. Gene flow
may mask the ability of diversity estimates, which may
only detect long periods of severe bottlenecks and are
very sensitive to low levels of migration, to character-
ize demographic declines. Additionally, dispersal
among local populations may have served to ‘rescue’
them from loss of genetic variability (Hanski 1991;
Stacey et al. 1997; Ingvarsson 2001; Consuegra et al.
2005). Under such a scenario, it may be the ‘global’ N,
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(i.e., that of the lineage or species) that carries greater
importance than the Ns of local populations. Given
the distinctiveness of Interior Columbia stream-type
(i.e., ‘spring’) fish in general (see Waples et al. 2004),
current diversity levels in local populations might pri-
marily reflect the long-term N, of this lineage as a
whole, which is not likely to be very small (R. Waples,
personal communication). Similarly, demographic de-
clines in the MFSR were followed by rapid recoveries
in the last several years (Fig.2) (Isaak and Thurow
2006). Theoretically, the impact of even severe bot-
tlenecks can be small if the bottleneck is followed by a
rapid flush of growth in which most genetic variability
is maintained (Nei et al. 1975; Templeton 1980). Such
an effect has recently been observed in rebounding
white-tailed deer (Odocoileus virginianus) populations,
which retained high levels of genetic variability despite
dramatic historical reductions (Doerner et al. 2005).
Additionally, overlapping generations in Pacific sal-
mon can also help to buffer them from long-term losses
of genetic variability in comparison to species with
discrete generations (Waples 1990a). Furthermore, the
large amount of relatively high-quality spawning hab-
itat in the MFSR may have allowed for even repre-
sentation in the breeding pool each year as populations
have increased (see Shrimpton and Heath 2003). In
steelhead (Oncorhynchus mykiss), reduced variance in
reproductive success at low population numbers has
been shown to have a ‘genetic compensation’ effect
that increased N./N (Ardren and Kapuscinski 2003).

Finally, we cannot underestimate the genetic contri-
bution of precocial males in this system. Precocial males
have been found to contribute significantly to repro-
duction in other salmonid species (Garcia-Vazquez
et al. 2001; Blanchfield et al. 2003). Though we have no
information about the reproductive success of resident
males in the MFSR, they are common in the system.
Because these individuals do not migrate to the ocean,
they are potentially less responsive to downstream fac-
tors thought to jeopardize anadromous Pacific salmon
(e.g., poor ocean conditions, hydropower dams). Suc-
cessful spawning by precocial males may increase
effective population sizes, thus slowing losses of diver-
sity to genetic drift (Consuegra et al. 2005).

Although we found little indication of the dramatic
losses of diversity we expected based upon known
demographic declines, we would like to emphasize that
other patterns suggest that recent declines potentially
have impacted genetic variation in these populations,
even if only slightly. Effects of even diffuse genetic
bottlenecks (England et al. 2003), such as decreased
heterozygosity and the loss of rare alleles that contribute
to genetic variation and perhaps future evolutionary
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potential (Waples 1990a), may still be a concern for
these populations. For instance, though tests for het-
erozygosity excess were insignificant and none of the M
ratios were below the 0.7 diagnostic of bottlenecks, M
ratios for several populations were below the 0.82
threshold found in populations of various species with
known demographic stability (Garza and Williamson
2001). Thus, while M ratios here did not show evidence
of significant bottlenecks, they also did not clearly
demonstrate that MFSR populations have not been im-
pacted genetically by their demographic declines. There
are few other studies in salmon with which to compare M
ratio results. In at least one instance, however, the con-
tinuous nature of the M ratio has been shown to be a
good indicator of the relative demographic stability of
Chinook populations, i.e., where impacted Chinook
populations displayed M < 0.68 but a captive population
originating from a large ancestral population generated
an M ratio >0.9 (see Shrimpton and Heath 2003). Relic
lake trout (Salvelinus namaysuch) populations all had M
ratios <0.70, though the statistical significance of these
values depended somewhat on mutational models and
theta values assumed (Guinand and Scribner 2003). One
other system of sockeye salmon (Oncorhychus nerka)
with documented periodic severe reductions in popula-
tion sizes had M ratios similar to ours (M = 0.74-0.85,
Habicht et al. 2004). The fact that M ratios for several
populations in the MFSR were <0.75, with some of
these being significantly different from those expected
for a population at demographic equilibrium when
assuming a small theta, may indicate a degree of bot-
tleneck ‘signal’ in allelic distributions. Finally, our M
ratio values corresponded with demographic character-
istics, suggesting the potential for weak impacts of pop-
ulation declines on genetic variation, and that the
prevention of further losses should remain a focus of
conservation efforts in the MFSR.

System-wide genetic structure

Salmonids are known for their ability to generate and
maintain population structure, at least in stable envi-
ronments (Utter 2004). Despite dramatic population
fluctuations in recent history, we observed statistically
significant differentiation among major spawning sites
in the MFSR, with almost every tributary having a
genetically distinct population even at distances of less
than 5 km. Fgr values in the MFSR were relatively low
but similar to those observed in other anadromous
salmon and particularly other Chinook salmon popu-
lations (Ward et al. 1994; Allendorf and Waples 1996;
see Waples et al. 2001). Still, the existence of even
weak differentiation at this small within-watershed

spatial scale, especially given the recent recovery
dynamics of these populations, is an important result
that stresses the need to identify and conserve within-
ESU diversity.

Salmon and trout populations are often found to be
structured by geographic distance and habitat structure
(see Waples 1991; McConnell et al. 1997; Angers et al.
1999; Teel et al. 2000; Heath et al. 2001; King et al.
2001; Wenburg and Bentzen 2001), a helpful charac-
teristic given that limited genetic information is often
available for defining populations (McClure et al.
2003a). Here, despite the low levels of differentiation,
genetic relationships based on the chord distance
phenogram showed concordance with tributary
branching patterns, with many of these relationships
having high bootstrap support (>80%). Isolation by
distance was significant, suggesting at first glance that
equilibrium between dispersal and genetic drift has
been reached system-wide. However, the significance
of this relationship was primarily due to differences
between sub-basins, as opposed to isolation by distance
at all spatial scales. That is, sample pairs compared at
the within sub-basin spatial scale (cluster of points at
lower left of Fig. 4) did not demonstrate IBD, and
there was similarly no correlation between genetic and
geographic distance among pairs in different sub-basins
(cluster of points at upper right of Fig. 4)—the statis-
tical significance of the relationship comes from the
fact that genetic distances between pairs in different
sub-basins are higher than those between pairs within
sub-basins (see Slatkin 1993; Hutchison and Templeton
1999). Similarly, although seven distinct clusters were
identified by the individual-based clustering algorithm,
they had little geographic basis save for some degree of
genetic clustering within streams in the lower sub-basin
and the clear segregation of individuals between sub-
basins: individuals from the same tributary were often
assigned to different clusters, and many individuals
showed evidence of mixed ancestry (partial member-
ship in several clusters).

The above analyses all suggested that the dominant
factor contributing to differentiation in the MFSR is
the organization of tributaries into two geographically
separated sub-basins. We cannot rule out that this
could arise as an artifact from a lack of samples from
the middle of the MFSR (e.g., from Indian and Pistol
creeks, and mainstem spawners). Another factor not
explicitly considered here is the influence of life history
type (‘spring’ vs. ‘summer’ run fish) on genetic differ-
entiation. However, if divergent life history types
existed in our samples (see Methods: Redd counts), we
would have expected some departure from Hardy-
Weinberg equilibrium (Wahlund effect: excess of
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homozygotes) from pooling individuals from different
runs, or distinctive clustering of individuals in streams
where run-times may coexist (i.e., separating fish from
the lower and upper portions of lower sub-basin
streams). Overall, our results demonstrate that weak
genetic structure among tributaries within sub-basins
has been maintained despite a relatively high level of
movement within these sub-basins, whereas the stron-
gest genetic pattern correlates to the physical segre-
gation of fish from the two sub-basins. Sub-basins (and
perhaps even specific tributaries within the lower sub-
basin in particular) may be important units for con-
servation focus within this watershed.

Within sub-basin differences in genetic diversity
and structure

We observed no difference between the two sub-basins
in within-sub-basin allelic richness, gene diversity, or
genetic differentiation despite the more recent colo-
nization of upper sub-basin streams following glacial
retreats and differences in contemporary habitat
structure. We had hypothesized that historical founder
effects would have reduced the genetic diversity of the
latter populations, as has been found in several other
salmonid populations colonizing habitats after glacial
retreats (e.g., King et al. 2001; Castric and Bernatchez
2003; Costello et al. 2003; Ramstad et al. 2004). We
also expected the more recent colonization of the
upper sub-basin would contribute to reduced levels of
differentiation within this sub-basin, due to decreased
time for among-tributary differences to accrue (this
effect was also expected to be compounded by the
geographically closer and more continuous nature of
spawning habitat in this sub-basin). Although at a
much larger spatial scale, a similar mechanism was
proposed by Bartley and Gall (1990), who suggested
that the greater structure among Chinook populations
across California compared to those in more northern
areas (Washington and Canada) corresponded with the
lack of glaciation in California. Weakened differenti-
ation among populations of Atlantic salmon (Salmo
salar) has also been attributed to recent colonization
following the retreat of glaciers in North America
(King et al. 2001). The lack of differences in the
distribution of genetic variation between the upper and
lower sub-basins in the MFSR may result from several
factors. The first may be the small sample size in the
lower sub-basin (3 populations), which gives only low
statistical power for this comparison. Secondly, though
statistically significant, differentiation in this system as
a whole is relatively low, and on-going gene flow both
within and (less so) between sub-basins may have
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obscured any genetic patterns that may have been
altered by these historical founding events.

Conclusions

Chinook salmon populations in the MFSR are vestiges
of once-prolific wild runs of salmon and other anad-
romous fishes in the interior Columbia River basin
(Nehlsen et al. 1991; Lee et al. 1997; Thurow et al.
1997). Despite extensive research at larger scales, how
much diversity might exist in more localized regions
within this species has been unclear. Our results re-
vealed weak local population structuring that is loosely
tied to the geography of spawning locations within the
Middle Fork Salmon River, but also suggested that
gene flow among spawning locations within sub-basins
is common. Among other factors, gene flow may have
provided an important buffer against expected losses of
genetic variability in the face of both historical and
recent population reductions. The natural landscape of
the Middle Fork Salmon River is dynamic, with mas-
sive landslides (Meyer and Leidecker 1999), wildfires
(Minshall et al. 2001), and climatic extremes influenc-
ing habitats and, undoubtedly, populations of Chinook
salmon. In more recent decades, changes to migration
corridor habitats outside the MFSR, combined with the
influences of harvest and hatchery propagation, have
likely contributed to population declines across the
Columbia River basin (McClure et al. 2003b). Given
these potential threats, Chinook salmon in the Middle
Fork Salmon River appear to be surprisingly resilient
and it is remarkable that populations have not exhib-
ited some of the more ‘diagnostic’ or extreme genetic
symptoms associated with extinction risk (see Dunham
et al. 1999). Habitat connectivity that has allowed for
re-expansion into extirpated habitats and on-going
gene flow (Consuegra et al. 2005; Isaak and Thurow
2006), and perhaps even the natural genetic integrity of
this indigenous stock, may have been key factors sus-
taining this resiliency. However, as we did uncover
certain more moderate signs of genetic vulnerability,
we caution that the future genetic integrity of Chinook
salmon populations in the Middle Fork Salmon River
may still be uncertain, particularly if human-caused
threats outside the watershed persist. Our results
emphasize the importance of maintaining indigenous
populations within heterogeneous interconnected
stream networks in order to minimize losses of genetic
diversity in threatened and endangered ESUs.

Acknowledgements We thank T. Williams, T. Antonich, K.
Ball, S. Meyer, L. Isaak, C. Justice, R. Nelson, T. Archibald, Q.
Tucket, and G. Burak for their assistance in collecting tissue



Conserv Genet (2007) 8:133-147

145

samples. We also thank J. Johnson and T. Copeland of the Idaho
Department of Fish and Game for providing access to their
genetic tissue database. The Bonneville Power Administration
provided funding for field crews. M. Powell, S. Narum, P. Moran
and T. Lundrigan were helpful in selecting and optimizing mi-
crosatellite loci. We are grateful to M. Campbell, C. Cegelski,
M. McClure and three anonymous reviewers who provided
insightful comments on earlier drafts of this manuscript. HN was
funded by a Joint Venture Agreement (JV-11222014-095) be-
tween the USDA Forest Service Rocky Mountain Research
Station and the University of Nevada, Reno, with additional
funding provided by NOAA Fisheries (Northwest Fisheries
Science Center). The use of trade names in this paper is for
reader information only and does not imply endorsement by the
U.S. Department of Agriculture of any product or service

References

Abdelkrim J, Pascal M, Samadi S (2005) Island colonization and
founder effects: the invasion of the Guadeloupe islands by
ship rats (Rattus rattus). Mol Ecol 14:2923-2931

Allendorf FW, Waples RS (1996) Conservation and genetics of
salmonid fishes. In: Avise JC, Hamrick JL (eds) Conserva-
tion genetics: case histories from nature. Chapman & Hall,
New York, pp 238-280

Angers B, Magnan P, Plante M, Bernatchez L (1999) Canonical
correspondence analysis for estimating spatial and envi-
ronmental effects on microsatellite gene diversity in brook
charr (Salvelinus fontinalis). Mol Ecol 8:1043-1053

Ardren W, Kapuscinski AR (2003) Demographic and genetic
estimates of effective population size (N.) reveals genetic
compensation in steelhead trout. Mol Ecol 12:35-49

Balloux F, Lugon-Moulin N (2001) The estimation of population
differentiation with microsatellite markers. Mol Ecol
11:155-165

Banks MA, Blouin MS, Baldwin BA, Rashbrook VK, Fitzgerald
HA, Blankenship SM, Hedgecock D (1999) Isolation and
inheritance of novel microsatellites in Chinook salmon
(Oncorhynchus tshawytscha). J Heredity 90:281-288

Banks MA, Rashbrook VK, Calavetta MJ, Dean CA, Hedge-
cock D (2000) Analysis of microsatellite DNA resolves
genetic structure and diversity of Chinook salmon (On-
corhynchus tshawytscha) in California’s Central Valley. Can
J Fish Aquat Sci 57:915-927

Bartley DM, Gall GAE (1990) Genetic structure and gene flow
in Chinook salmon populations of California. Trans Am
Fish Soc 119:55-71

Beacham TD, Supernault JK, Wetklo M (2003) The geographic
basis for population structure in Fraser River Chinook sal-
mon (Oncorhynchus tshawytscha). Fish Bull 101:229-242

Bentzen P, Olsen JB, Mclean JE, Seamons TR, Quinn TP
(2001) Kinship analysis of Pacific salmon: insights into
mating, homing, and timing of reproduction. J Heredity
92:127-136

Bernatchez L, Martin S (1996) Mitochondrial DNA diversity in
anadramous rainbow smelt, Osmerus mordax Mitchell: a
genetic assessment of the member-vagrant hypothesis. Can J
Fish Aquat Sci 53:424-433

Blanchfield PJ, Ridgway MS, Wilson CC (2003) Breeding success
of male brook trout (Salvelinus fontinalis) in the wild. Mol
Ecol 12:2417-2428

Brannon EL, Powell MS, Quinn TP, Talbot A (2004) Population
structure of Columbia River Basin Chinook salmon and
steelhead trout. Rev Fish Sci 12:99-232

Brown EM (2002) 2000 salmon spawning ground surveys. Pacific
Salmon Treaty Program, Award Number NA77FP0445,
Idaho Fish Game Rep. 02-33, Boise, Idaho

Cairney M, Taggart JB, Hoyheim B (2000) Characterization of
microsatellite and minisatellite loci in Atlantic salmon
(Salmo salar L.) and cross species amplification in other
salmonids. Mol Ecol 9:2175-2178

Castric V, Bernatchez L (2003) The rise and fall of isolation by
distance in the anadromous brook charr (Salvelinus fonti-
nalis Mitchill). Genetics 163:983-996

Cavalli-Sforza LL, Edwards AWF (1967) Phylogenetic analysis:
models and estimation procedures. Evolution 32:550-570

Consuegra S, Verspoor E, Knox D, Leaniz CG (2005) Asym-
metric gene flow and the evolutionary maintenance of
genetic diversity in small, peripheral Atlantic salmon pop-
ulations. Conserv Genet 6:823-842

Cornuet J-M, Luikart G (1996) Description and power analysis
of two tests for detecting recent population bottlenecks from
allele frequency data. Genetics 144:2001-2014

Cornuet J-M, Piry S, Luikart G, Estoup A, Solignac M (1999)
New methods employing multilocus genotypes to select or
exclude populations as origins of individuals. Genetics
153:1989-2000

Costello AB, Down TE, Pollard SM, Pacas CJ, Taylor EB (2003)
The influence of history and contemporary stream hydrol-
ogy on the evolution of genetic diversity within species: an
examination of microsatellite DNA variation in bull trout,
Salvelinus  confluentus (Pisces: Salmonidae). Evolution
57:328-344

Crandall KA, Bininda-Emonds ORP, Mace GM, Wayne RK
(2000) Considering evolutionary processes in conservation
biology. Trends Ecol Evolut 15:290-295

Di Rienzo A, Peterson AC, Garza JC, Valdes AM, Slatkin
M, Freimer NB (1994) Mutational processes of sim-
ple-sequence repeat loci in human populations. Proc Natl
Acad Sci 91:3166-3170

Dittman AH, Quinn TP (1996) Homing in Pacific salmon:
mechanisms and ecological basis. J Exp Biol 199:83-91

Dizon AE, Lockyer C, Perrin WF, Demaster DP, Sisson J (1992)
Rethinking the stock concept: a phylogenetic approach.
Conserv Biol 6:24-36

Doerner KC, Braden W, Cork J, Cunningham T, Rice A, Fur-
man BJ, McElroy D (2005) Population genetics of resur-
gence: white-tailed deer in Kentucky. J. Wildlife Manage
69:345-355

Dunham JB, Peacock M, Tracy CR, Nielsen J, Vinyard GL
(1999) Assessing extinction risk: integrating genetic infor-
mation. Conserv Ecol [Online] Available URL:http//
www.consecol.org/vol3/iss1/art2

England PR, Osler GHR, Woodworth LM, Montgomery ME,
Briscoe DA, Frankham R (2003) Effects of intense versus
diffuse population bottlenecks on microsatellite genetic
diversity and evolutionary potential. Conserv Genet 4:595—
604

Ford MJ (2004) Conservation units and preserving diversity. In:
Hendry AP, Stearns SC (eds) Evolution illuminated: salmon
and their relatives. Oxford University Press, Oxford,
pp 338-357

Frankham R (2005) Genetics and extinction. Biol Conserv
126:131-140

Fraser DJ, Bernatchez L (2001) Adaptive evolutionary conser-
vation: towards a unified concept for defining conservation
units. Mol Ecol 10:2741-2752

Garcia-Vazquez E, Moran P, Martinez JL, Perez J, deGaudemar
B, Beall E (2001) Alternative mating strategies in Atlantic
salmon and brown trout. J Heredity 92:146-149

@ Springer



146

Conserv Genet (2007) 8:133-147

Garza JC, Williamson EG (2001) Detection of reduction in
population size using data from microsatellite loci. Mol Ecol
10:305-318

Goudet J (2001) FSTAT, a program to estimate and test gene
diversities and fixation indices (version (2)(9)3). Available
from http://www.unil.ch/izea/softwares/fstat.html

Greig CID, Banks MA (1999) Five multiplexed microsatellite
loci for rapid response run identification of California’s
endangered winter Chinook salmon. Anim Genet 30:316—
324

Guinand B, Scribner KT (2003) Evaluation of methodology for
detection of genetic bottlenecks: inferences from temporally
replicated lake trout populations. Comp Rendus Biol
326:561-S67

Habicht C, Olsen JB, Faira L, Seeb JE (2004) Smaller effective
population sizes evidenced by loss of microsatellite alleles in
tributary-spawning populations of sockeye salmonfrom the
Kvichak River, Alaska drainage. Environ Biol Fishes 69:51—
62

Halupka KC, Willson MF, Bryant MD, Everest FH, Gharrett AJ
(2003) Conservation of population diversity of Pacific sal-
mon in southeast Alaska. North Am J Fish Manage 23:1057—
1086

Hansen MM, Mensberg K-L (1998) Genetic differentiation and
relationship between genetic and geographical distance in
Danish sea trout (Salmo trutta L.) populations. Heredity
81:493-504

Hansen MM, Nielsen EE, Ruzzante DE, Bouza C, Mensberg K-
L (2000) Genetic monitoring of supportive breeding in
brown trout (Salmo trutta L.), using microsatellite DNA
markers. Can J Fish Aquat Sci 57:2130-2139

Hansen MM, Kenchington E, Nielsen EE (2001) Assigning
individual fish to populations using microsatellite DNA
markers. Fish Fish 2:93-112

Hanski I (1991) Single-species metapopulation dynamics:
concepts, models and observations. Biol J Linn Soc 42:17—
38

Hassemer PF (1993) Salmon spawning ground surveys, 1989-
1992 Project F-73-R-(15) Idaho Department of Fish and
Game. Boise

Heath DD, Pollard S, Herbinger C (2001) Genetic structure and
relationships among steelhead trout (Oncorhynchus mykiss)
populations in British Columbia. Heredity 86:618-627

Hutchison DW, Templeton AR (1999) Correlation of pairwise
genetic and geographic measures: inferring the relative
influence of gene flow and drift on the distribution of genetic
variability. Evolution 53:1898-1914

Ingvarsson PK (2001) Restoration of genetic variation lost—the
genetic rescue hypothesis. Trends Ecol Evolut 16:62-63

Isaak DJ, Thurow RF, Rieman BE, Dunham JB (2003)
Temporal variation in synchrony among Chinook salmon
(Oncorhynchus tshawytscha) redd counts from a wilder-
ness area in central Idaho. Can J Fish Aquat Sci 60:840-
848

Isaak DJ, Thurow RF (2006) Network-scale spatial and temporal
variation in Chinook salmon (Oncorhynchus tshawytscha)
redd distributions: patterns inferred from spatially continu-
ous replicate surveys. Can J Fish Aquat Sci 63:285-296

King TL, Kalinowski ST, Schill WB, Spidle AP, Lubinski BA
(2001) Population structure of Atlantic salmon (Salmo salar
L.): a range-wide perspective from microsatellite DNA
variation. Mol Ecol 10:807-821

Langella O (2002) POPULATIONS. Centre National de la
Recherche Scientifique, Laboratoire Populations, Géné-
tique et Evolution, Gif sur Yvettev; http://www.cnrs-gif.fr/
pge/bioinfo/populations

@ Springer

Lee DC, Sedell JR, Rieman BE, Thurow RF, Williams JE (1997)
Broadscale assessment of aquatic species and habitats. U.S.
For. Serv., Gen. Tech. Rep. PNW-GTR-405, Portland

Lichatowich JA, Mobrand LE (1995) Analysis of Chinook sal-
mon in the Columbia River from an ecosystem perspective.
Report for U.S. Department of Energy, Bonneville Power
Administration, Contract No. DE-Am79-92BP25105,
Portland

Manel S, Schwartz MK, Luikart G, Taberlet P (2003) Landscape
genetics: combining landscape ecology and population
genetics. Trends Ecol Evolut 18:189-197

Marshall AR, Blankenship HL, William PC (2000) Genetic
characterization of naturally spawned Snake River fall-run
Chinook salmon. Trans Am Fish Soc 129:680-698

McClure M, Spruell P, Utter F, Carmichael R, Cooney T, Has-
semer P, Howell P, McCullough D, Petrosky C, Schaller H.
(2003a). Independent populations of listed Chinook salmon,
sockey salmon and steelhead Evolutionarily Significant
Units in the Interior Columbia Basin. Draft Technical
Recovery Team document released for co-manager review.
http://www.nwfsc.noaa.gov/trt/trt_pop_id.htm

McClure MM, Holmes EE, Sanderson BL, Jordan CE (2003b).
A large-scale, multispecies status assessment: anadromous
salmonids in the Columbia River basin. Ecological Appli-
cations 13:964-989

McConnell SKJ, Ruzzante DE, O’Reilly PT, Hamilton L, Wright
IM (1997) Microsatellite loci reveal highly significant ge-
netic differentiation among Atlantic salmon (Salmo salar L.)
stocks from the east coast of Canada. Mol Ecol 6:1075-1089

McElhany P, Ruckelshaus MH, Ford MJ, Wainwright TC,
Bjorkstedt EP (2000) Viable salmonid populations and the
recovery of evolutionarily significant units. U.S. Dept.
Commer., NOAA Tech. Memo. NMFS-NWFSC-42, p. 156

McPhail JD, Lindsey CC (1986) Zoogeography of the freshwater
fishes of Cascadia (the Columbia system and rivers north to
the Stikine). In: Hocutt CH, Wiley EO (eds) Zoogeography
of North American freshwater fishes. John Wiley & Sons,
New York

Meyer GA, Leidecker ME (1999) Fluvial terraces along the
Middle Fork Salmon River, Idaho, and their relation to
glaciation, landslide dams, and incision rates: a preliminary
analysis and river-mile guide. In: Hughes SS, Thackray GD
(eds) Guidebook to the Geology of Eastern Idaho. Idaho
Museum of Natural History, Pocatello, pp 219-235

Minshall GW, Robinson CT, Lawrence DE, Andrews DA,
Brock JT (2001) Benthic macroinvertebrate assemblages in
five central Idaho (USA) streams over a 10-year period
following disturbance by wildfire. Int J Wildland Fire
10:201-213

Moritz C (1994) Defining ‘evolutionary significant units’ for
conservation. Trends Ecol Evolut 9:373-375

Naish KA, Park LK (2002) Linkage relationships for 35 new
microsatellite loci in Chinook salmon Oncorhynchus
tshawytscha. Anim Genet 33:316-318

Nehlsen W, Williams JE, Lichatowich JA (1991) Pacific salmon
at the crossroads: stocks at risk from California, Oregon,
Idaho, and Washington. Fisheries 16:4-21

Nei M, Maruyama T, Chakraborty R (1975) The bottleneck ef-
fect and genetic variability in populations. Evolution 29:1—
10

Nei M (1987) Molecular evolutionary genetics. Columbia Uni-
versity Press, New York

Neville H, Dunham J, Peacock M (in press-a) Assessing con-
nectivity in salmonid fishes with DNA microsatellite mark-
ers. In: Crooks K, Sanjayan MA (eds) Connectivity
conservation. Cambridge University Press, Cambridge, UK



Conserv Genet (2007) 8:133-147

147

Neville HM, Dunham JB, Peacock MM (in press-b) Landscape
attributes and life history variability shape genetic structure
of trout populations in a stream network. Landscape Ecol

Nielsen JL, Powers DA (eds) (1995) Evolution and the aquatic
ecosystem: defining unique units in population conservation.
American Fisheries Society, Bethesda, MD

Olsen JB, Bentzen P, Seeb JE (1998) Characterization of seven
microsatellite loci derived from pink salmon. Mol Ecol
7:1087-1089

Page RDM (1996) TREEVIEW: an application to display phy-
logenetic trees on personal computers. Computer Appl
Biosci 12:357-358

Piry S, Luikart G, J.-M. Cornuet. (1997) Bottleneck: http:/
www.ensam.inra.fr/URLB

Piry S, Luikart G, Cornuet J-M (1999) BOTTLENECK: a
computer program for detecting recent reductions in the
effective population size using allele frequency data.
J Heredity 90:502-503

Pritchard JK, Stephens M, Donnelly P (2000) Inference of
population structure using multilocus genotype data.
Genetics 155:945-959

Quinn TP (1993) A review of homing and straying of wild and
hatchery-produced salmon. Fish Res 18:29-44

Quinn TP (2005) The behavior and ecology of Pacific salmon and
trout. American Fisheries Society in association with Uni-
versity of Washington Press

Ramstad KM, Woody CA, Sage GK, Allendorf FW (2004)
Founding events influence genetic population structure of
sockeye salmon (Oncorhynchus nerka) in Lake Clark,
Alaska. Mol Ecol 13:277-290

Raymond M, Rousset F (1995) An exact test for population
differentiation. Evolution 49:1280-1283

Raymond M, Rousset F (2004) GENEPOP. http://www.wbio-
med.curtin.edu.au/genepop/

Rexroad CE, Coleman RL, Martin AM, Hershberger WK,
Killefer J (2001) Thirty-five polymorphic microsatellite
markers for rainbow trout (Oncorhynchus mykiss). Anim
Genet 32:317-319

Rundle HD, Mooers AO, Whitlock MC (1998) Single founder-
flush events and the evolution of reproductive isolation.
Evolution 52:1850-1855

Ryder OA (1986) Species conservation and systematics: the di-
lemma of subspecies. Trends Ecol Evolut 1:9-10

Ryman N, Laikre L (1991) Effects of supportive breeding on the
genetically effective population size. Conserv Biol 5:325-329

Saccheri I, Kuussaari M, Kankare M, Vikman PFW, Hanski I
(1998) Inbreeding and extinction in a butterfly metapopu-
lations. Nature 392:491-494

Shrimpton JM, Heath DD (2003) Census vs. effective population
size in Chinook salmon: large- and small-scale environ-
mental perturbation effects. Mol Ecol 12:2571-2583

Slatkin M (1993) Isolation by distance in equilibrium and non-
equlibrium populations. Evolution 47:264-279

Stacey PB, Johnson VA, Taper ML (1997) Migration within
metapopulation: the impact upon local population dynam-
ics. In: Hanski IA, Gilpin ME (eds) Metapopulations biol-
ogy: ecology, genetics, and evolution. Academic Press, Inc.,
San Diego, pp 267-291

Takezaki N, Nei M (1996) Genetic distances and reconstruction
of phylogenetic trees from microsatellite data. Genetics
144:389-399

Taylor EB (1991) A review of local adaptation in Salmonidae,
with particular reference to Pacific and Atlantic salmon.
Aquaculture 98:185-207

Teel DJ, Milner GB, Winans GA, Grant WS (2000) Genetic
population structure and origin of life history types in Chi-
nook salmon in British Columbia, Canada. Trans Am Fish
Soc 129:194-209

Templeton AR (1980) The theory of speciation via the founder
principle. Genetics 94:1011-1038

Tessier N, Bernatchez L, Wright JM (1997) Population structure
and impact of supportive breeding inferred from mito-
chondrial and microsatellite DNA analyses in land-locked
Atlantic salmon Salmo salar L. Mol Ecol 6:735-750

Thurow RF, Lee DC, Rieman BE (1997) Distribution and status
of seven native salmonids in the interior Columbia River
basin and portions of the Klamath River and Great basins.
North Am J Fish Manage 17:1094-1110

Thurow RF, Lee DC, Rieman J (2000) Status and distribution of
Chinook salmon and steelhead in the interior Columbia
River basin and portions of the Klamath River basin. In:
Knudsen E, Steward C, MacDonald D, Williams J, Reiser D
(eds) Sustainable fisheries management: Pacific salmon.
CRC Press, Boca Raton, pp 133-160

Utter F, Milner G, Stahl G, Teel D (1989) Genetic population
structure of Chinook salmon, Oncorhynchus tshawytscha, in
the Pacific northwest. Fish Bull 87:239-264

Utter F (2004) Population genetics, conservation and evolution
in salmonids and other widely cultured fishes: some per-
spectives over six decades. Rev Fish Biol Fish 14:125-144

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley PF
(2003) MicroChecker. The University of Hull

Waples RS (1990a) Conservation genetics of pacific salmon II.
Effective population size and rate of loss of genetic vari-
ability. J Heredity 81:267-276

Waples RS (1990b) Temporal changes of allele frequency in
Pacific salmon: implications for mixed-stock fishery analysis.
Can J Fish Aquat Sci 47:968-976

Waples RS (1990c) Conservation genetics of Pacific salmon III.
Estimating effective population size. J Heredity 81:277-289

Waples RS (1991) Pacific salmon, Oncorhynchus spp., and the
definition of “species” under the Endangered Species Act.
U.S. Natl Marine Fish Serv Mar Fish Rev 53:11-22

Waples RS (1995) Evolutionarily significant units and the con-
servation of biological diversity under the Endangered
Species Act. Am Fish Soc 17:8-27

Waples RS, Gustafson RG, Weitkamp LA, Myers JM, Johnson
OW, Busby PJ, Hard JJ, Bryant GJ, Waknitz FW, Neely K,
Teel D, Grant WS, Winans GA, Phelps S, Marshall A,
Baker BM (2001) Characterizing diversity in salmon from
the Pacific Northwest. J Fish Biol 59:1-41

Waples RS (2002) Effective size of fluctuating salmonid popu-
lations. Genetics 161:783-791

Waples RS, Teel DJ, Myers JM, Marshall AR (2004) Life-history
divergence in Chinook salmon: historic contingency and
parallel evolution. Evolution 58:386-403

Ward RD, Woodwark M, Skibinski DOF (1994) A comparison
of genetic diversity levels in marine, freshwater, and anad-
romous fishes. J Fish Biol 44:213-232

Weir BS, Cockerham CC (1984) Estimating F-statistics for the
analysis of population structure. Evolution 38:1358-1370

Wenburg JK, Bentzen P (2001) Genetic and behavioral evidence
for restricted gene flow among coastal cutthroat trout pop-
ulations. Trans Am Fish Soc 130:1049-1069

Williamson KS, Cordes JF, May B (2002) Characterization of
microsatellite loci in Chinook salmon (Oncorhynchus
tshawytscha) and cross-species amplification in other sal-
monids. Mol Ecol Not 2:17-19

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


