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Ancestry and Adaptation of Resident, Adfluvial, and
Anadromous Rainbow Trout (Oncorhynchus mykiss) in
Putah Creek, an Ecotone Crossing Watershed

Laura C. Goetz 2, Eric D. Chapman 3, Cyril J. Michel 24, Elena C. A. Correa 24, Devon E. Pearse 2

ABSTRACT

Evaluating patterns in the distribution of genetic
variation across heterogeneous landscapes
provides perspectives on how environmental
features contribute to molecular evolution, and
how human activities influence populations.
Impassable barriers, such as hydroelectric
dams, and human-directed movement or
propagation of individuals across riverscapes
have had strong impacts on the genetic diversity
observed in natural populations. We considered
the population structure and distribution of
adaptive genetic variation in the salmonid species
Oncorhynchus mykiss throughout Putah Creek, a
watershed near Napa Valley, California that was
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transformed by the 1950's construction of multiple
dams and a large artificial reservoir (Lake
Berryessa). In addition, hatchery-raised O. mykiss
has been introduced throughout the watershed
over many years, which may have introduced
genetic variation into existing Putah Creek
populations. To explore the population structure
and distribution of adaptive genetic variation in
Putah Creek, we analyzed microhaplotypes from
eight O. mykiss populations above Lake Berryessa
and two populations below Lake Berryessa and
compared them with 40 reference populations
from California Central Valley, coastal, inland,
and hatchery rainbow trout lineages. We found
distinct patterns of neutral and adaptive variation
between populations above Lake Berryessa and
those below. Populations below Lake Berryessa
resembled various Central Valley populations
and hatchery rainbow trout strains, while

those above were more similar to coastal O.
mykiss populations. Additionally, Putah Creek
populations below Lake Berryessa possessed
significantly different proportions of adaptive
variants associated with life-history traits
compared to populations above Lake Berryessa,
consistent with studies in other populations
located above and below barriers to migration.
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INTRODUCTION

Landscape genetics, assessing the distribution of
genetic variation within and among populations
in heterogeneous environments, has become

a useful conservation tool with increasing
accessibility of molecular techniques (Manel et al.
2003; Robinson et al. 2012; Manel and Holderegger
2013; Gray et al. 2014; Rougemont et al. 2021).
Understanding how abiotic features shape
population genetic dynamics provides insights
into environmental influences on the adaptive
evolution of populations and how human activity
modifies natural patterns (Pease et al. 2009;

Winans et al. 2010; Andrew et al. 2012; Cooke et al.

2014; Winans et al. 2017; Brauer and Beheregaray
2020; Stronen et al. 2022). These results can
further inform management of imperiled species
and/or populations by both discerning geographic
distribution of underrepresented or declining
adaptive genetic variation and identifying
important external influences on population
genetics and phenotypic expression.

One species with strong associations between
population variation and environmental features
is the salmonid species Oncorhynchus mykiss,
which possesses highly plastic life-history
traits that respond to both abiotic and genetic
cues (Nichols et al. 2008; Sloat and Reeves
2014; Kendall et al. 2015; Christie et al. 2018).
One of these traits is migration strategy, with
some O. mykiss remaining in freshwater for
their entire lives, while others migrate to the
Pacific Ocean as juveniles before returning
to their natal freshwater streams to spawn.
These distinct ecotypes are known as “Rainbow
Trout” (freshwater residents) and “Steelhead”
(anadromous migrants). Juvenile O. mykiss can
mature into residents or migrants, depending on
genetic and environmental interactions (Kendall
et al. 2015; Phillis et al. 2016). A spectrum of
migration patterns exists, including movement
through rivers (“fluvial”) or within lake and
reservoir systems (“adfluvial;” Holecek et al.
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2012). In addition to plasticity in overall life-
history strategy, migrating O. mykiss species also
vary when they return to spawning grounds as
adults, a trait known as “run timing.” Individuals
from the same population may return to
spawning grounds before spawning season begins
as sexually immature (“early”, or “summer-
run”), just before spawning season begins as
sexually mature (“late”, or “winter-run”), or at an
intermediate time (Quinn et al. 2016). Expression
of these traits varies among O. mykiss individuals
based on internal (biotic) and external (abiotic)
conditions, influencing their chances for survival
to reproduction. Environmental characteristics
such as barriers to migration influence a
population’s migration patterns and timing by
altering life-history tradeoffs (Sloat and Reeves
2014; Phillis et al. 2016; Apgar et al. 2017; Mattocks
et al. 2019). Barriers like dams that block access
to migration can landlock formerly anadromous
populations (Arciniega et al. 2016; Leitwein et al.
2017; Pearse and Campbell 2018; Winans et al.
2018; Abadia-Cardoso et al. 2019) and negatively
select against early migrating salmonids by
removing access to historic spawning grounds in
higher reaches (Quinn et al. 2016; Kannry et al.
2020; Fraik et al. 2021).

In recent years, genomic studies have identified
key genes and adaptive genomic regions
associated with important life-history traits

in several salmonid fish species, providing
important information about their underlying
genetic basis to inform conservation and
management. In particular, two regions in the O.
mykiss genome have been specifically associated
with: (1) expression of anadromous or adfluvial
migration (Omy05; Pearse et al. 2014, 2019;
Arostegui et al. 2019) and (2) summer vs. winter
anadromous run timing (GREB1L/ROCK1; Waples
et al. 2022). The strength of these associations,
and predictive value among populations with
varying coastal vs. inland migration distances,
genetic lineages, and frequencies of heterozygotes
remains unclear (Willis et al. 2020; Collins et

al. 2020). Studies investigating the distribution
of Omy05 above and below barriers found that
landlocked O. mykiss populations often rapidly
lose anadromous genetic variation with loss



of anadromous migration (Pearse et al. 2014;
Phyllis et al. 2016; O’Malley et al. 2026). However,
it is less clear how GREBIL/ROCK]1 variation
influences resident populations isolated above
barriers (Fed Regist 2019). In addition, surveys of
Omy05 variation have found that some O. mykiss
populations landlocked above impassable barriers
have maintained anadromous genetic architecture
despite their current inability for physical
movement to marine habitat (Leitwein et al. 2017;
Pearse and Campbell 2018; Abadia-Cardoso et al.
2019). This could be explained by the formation

of reservoirs upstream of dams, providing habitat
with sufficient capacity for movement to preserve
migratory variation (Holecek et al. 2012; Leitwein
et al. 2017). Recent successes in rapid O. mykiss
recolonization following watershed restoration
provide additional support for dams negatively
impacting O. mykiss phenotypic expression but not
necessarily genetic variation (Winans et al. 2017,
Fraik et al. 2021; Knoth et al. 2022).

Multiple studies have found significant genetic
and phenotypic differences in life-history traits
between the Central Valley (CV) and coastal
lineages within the subspecies O. mykiss irideus
that reflect regional variation in California
(Sogard et al. 2012; Pearse and Garza 2015;
Abadia-Cardoso et al. 2019; Goetz et al. 2024).
Extensive historic movement of individuals
among CV populations has partially homogenized
population structure among wild populations,
and stocking from hatchery strains also

provided opportunities for introgression in wild
populations (Pearse and Garza 2015; Pearse and
Campbell 2018; Abadia-Cardoso et al. 2019).
Additionally, descendants of coastal steelhead
propagated in CV watersheds maintain coastal
genetic and phenotypic characteristics (California
HSRG 2012; Goetz et al. 2024), highlighting the
inherited basis of life-history traits. Other studies
have found significant environmental effects on
O. mykiss life-history expression (McMillan 2012),
and state-dependent models suggest that high
environmental variation in the Central Valley
favors altered expression of life-history variation
compared with the central coast (Satterthwaite et
al. 2009, 2010; Sogard et al. 2012).
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Putah Creek is a watershed near Napa Valley,
California, that straddles the ecotone between
the California coastal and Central Valley
environments with O. mykiss irideus populations.
Located on the natural edges of coastal and CV
lineages, the genetic relationships among Putah
Creek O. mykiss irideus and other populations

in Central California are unclear, but previous
genetic analyses have identified genetic
similarities among samples from central coast
populations such as Calaveras River, Putah Creek,
lower American River, and Nimbus Hatchery
(Nielson et al. 2005). To investigate patterns of
neutral and adaptive genetic variation in O. mykiss
irideus populations located between central

coast and Central Valley ecotones, we utilized
genetic samples from above and below barriers
in Putah Creek. Specifically, we evaluated

and compared the population structure and
distribution of adaptive genetic variation among
O. mykiss in Putah Creek relative to reference
populations from both coastal and CV lineages

in neighboring watersheds, as well as hatchery
strains historically used to stock the Putah Creek
watershed. Our results provide important insights
into the complex history that has contributed to
the present-day distribution of genetic variation
in O. mykiss in Putah Creek.

METHODS

Study System

With a long history of human modifications, today
Putah Creek is impounded in Lake Berryessa,
formed by Monticello Dam in 1957 and the third
largest reservoir in California. Below Monticello
Dam, the creek flows through the eight miles of
inter-dam reach (IDR), including Lake Solano,
before passing over the smaller Putah Diversion
Dam (PDD). Below this final barrier to upstream
migration, it continues downstream past Davis,
California, and into the Yolo Bypass before
joining the Sacramento River and flowing out to
the ocean via San Francisco Bay. The segment

of watershed above Lake Berryessa is highly
variable spatially, with higher water temperatures
and low gradient (Jang et al. 2017; EDAW 2005).
Below Monticello Dam, the watershed is wide

and shallow with fine sediment substrate and

https://doi.org/1015447/sfews.2026v24iss3arts
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altered flow (Peffer 2013). The watershed has

an extensive history of stocking with various
strains of hatchery Rainbow Trout by California
Department of Fish and Wildlife (CDFW) from at
least 1977 until suspension in 2008 (Weaver and
Mehalick 2009). Between Monticello Dam and
PDD, the IDR possesses naturally reproducing

0. mykiss (Weaver and Mehalick 2009; Hogan

et al. 2013) and was designated as “wild trout”
water by CDFW in 2008 (Weaver and Mehalick
2009). However, relative contributions of native
Putah Creek and hatchery Rainbow Trout strains
to the IDR population today are unknown.

While both Monticello Dam and the PDD are
impassable to fish, waters downstream of PDD
are accessible to anadromous CV Steelhead,
which are federally protected as threatened
species under the Endangered Species Act (ESA;
Fed Regist 2006). To further our understanding
of the genetic composition of Putah Creek trout
populations, we investigated the distribution of
neutral and adaptive genetic variation in Putah
Creek populations above and below barriers and
compared them with reference populations from
various regions.

Sampling

To investigate population structure and
distribution of adaptive variation of O. mykiss

in the Putah Creek watershed, we collected 196
samples from ten sites throughout the watershed
above and below Monticello Dam and within
Lake Berryessa. Of the sampling sites above Lake
Berryessa, only Upper Anderson Creek (UAC;
Figure 1) did not have access to Lake Berryessa
because of an impassable barrier. Fish were
captured using hook-and-line fly fishing or
backpack (Smith-Root LR-24) electrofishing. A
nonlethal upper caudal clip was collected from
each O. mykiss and desiccated on blotter paper
prior to DNA extraction. We extracted DNA using
a BioRobot 3000 with QIAGEN DNeasy 96 Tissue
Kits (QIAGEN Inc.), then diluted DNA 1:2 in ddH,0
before genotyping.

In addition to the Putah Creek samples, we used
previously collected genotype data from 2,075
samples from multiple reference populations in
California, including hatchery Rainbow Trout
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strains, as a baseline for comparison (Le Gall et
al. 2024). Ten Californian regions were considered
for this study, with at least two O. mykiss
populations represented per region (Table 1; Table
B1; Figure 1), including coastal and Central Valley
lineages, anadromous Steelhead, Rainbow Trout
and Redband Trout populations, and five strains
of hatchery Rainbow Trout commonly used for
stocking in California (Coleman, Shasta, Pit,
Kamloops, and Hot Creek).

All genetic data collected for this study

were obtained by sequencing a panel of
‘microhaplotype’ loci (Le Gall et al. 2024),

each containing one or more single nucleotide
polymorphisms (SNPs). We followed sequencing
protocols outlined by Le Gall et al. (2024).
Microhaplotypes from 2,075 sampled fish at

124 putatively neutral markers were processed
using R package microhaplotopia which utilizes
microhaplot (Ng 2022). We removed 14 loci located
on chromosome Omy05 from the population
genetic dataset, keeping 110 putatively neutral
markers for analysis (Table B2). An additional

18 neutral loci with more than 20% problematic
genotypes that either did not call confidently or
contained deletions compared to the reference
genome, (i.e., NX genotypes) were also identified
and removed. After filtering loci for genotyping
success, microhaplotype sequences for all
individual samples were first batch filtered

by a minimum haplotype depth of five reads,

a minimum total depth of 20 reads, and a 0.3
ratio of second haplotype read depth to first
haplotype read depth (allelic balance). This
removed 13 samples, reducing the initial 2,075
individuals to 2,062 (Table B3). Seven of these
removed individuals were samples from Putah
Creek. Filtering individuals missing genotypes
for more than 7/92 loci removed an additional
114 samples, retaining only individuals with a
minimum of 85 loci (Table B3). Of the 114 removed
individuals, 14 were from Putah Creek. The final
dataset contained 1,948 genotyped individuals
for population genetic analysis, including 175
individuals from the Putah Creek watershed
(Table B3).
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Figure1 Map of Putah Creek watershed and populations sampled in relation to Davis, California, USA, with triangles indicating if the population is above
() or below (v) Monticello Dam. /nset: A map of California with the reference populations shown with colors corresponding to locations listed in Table Bl
and the location of Putah Creek highlighted. Circles represent locations of hatchery programs that produce anadromous steelhead.

Table1 Putah Creek sample populations with sample sizes and population genetics results. Populations are specified as above or below the barrier
Monticello Dam. Population genetics statistics included expected (H,) and observed heterozygosity (+,), and allelic richness (Ap).

Population Monticello Dam Sampled Genotyped H, H, A,

Anderson Creek, Above Waterfalls (UAC) Above 33 33 0.282 0.250 1777
Upper Upper Putah Creek (UUP) Above 14 12 0.368 0.313 2100
Lower Anderson Creek (LAC) Above 4 4 0.345 0.361 1.692
James Creek (JAC) Above 20 20 0.357 0.347 2.002
Pope Creek (POC) Above 6 6 0.363 0.317 1.91

Trout Creek (TRC) Above 16 15 0.200 0186 1584
Middle Creek (MIC) Above 25 25 0.380 0.357 2108
Lake Berryessa (LBE) Above 23 7 0.383 0.294 2.241
Putah Creek, IDR (IDR) Below 27 27 0.301 0.274 1.865
Putah Creek, Anadromous Reach (ANR) Below 28 26 0.332 0.311 1.976

https://doi.org/10.15447/sfews.2026v24iss3art5
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Population Genetics

Heterozygosity (observed [H,] and expected
[H;]) were calculated among individuals for each
population using the R package sTrRATAG (Version
2.0.2; Archer et al. 2017). Pairwise Fg; between
each population pair was also calculated using
‘strataG’, with separate analyses on the neutral
and adaptive loci (Omy05 and GREBIL/ROCKI, see
below and Table B2). We calculated mean allelic
richness (A;) per population using rarefication
with the R package PopGenReport (version 3.0.7;
Adamack and Gruber 2014). Population structure
was then visualized using the modeling-based
program STRUCTURE (version 2.2; Pritchard

et al. 2000) with a hypothesized number of
populations of K =2, 3, 4, 6, 8, 10, 12, 14, 16. We
selected these K values to explore population
structure similarities and dissimilarities among
samples and populations. Population structure
visualization utilized the subsampled dataset,
which consisted of Putah Creek sites and selected
reference populations representing Central Valley
(Feather River [FER]) and coastal (Dry Creek
[DRC]) lineages, and hatchery rainbow trout
strains (Pit River [RTPI] and Shasta [RTSH]). A
principal component analysis (PCA) was also
conducted to determine population structure

in the IDR, as well as above and below the
impassable Anderson Creek Falls. STRUCTURE,
with a hypothesized number of populations of
K=2,3,4, 6,10, and accompanying PCAs were
also conducted on only populations from the
Putah Creek region, and on a subset including
all Putah Creek populations, Feather River, Dry
Creek, and rainbow trout hatchery populations.
STRUCTURE figures were constructed using
CLUMPAK (Kopelman et al. 2015).

Adaptive Genetic Variation

To characterize genomic variation associated
with migratory life-history strategies, the Le Gall
et al (2024) genotyping panel includes multiple
microhaplotypes in both the GREBIL/ROCK1I
genomic region and across the chromosomal
inversion on Omy05. To characterize frequencies
of the inversion haplotypes on Omy05, we
targeted a single SNP within the Omy05
chromosomal inversion (omy5_9_54854574-19)
and estimated the frequencies of homozygous

VOLUME 24 ISSUE 3, ARTICLE 5

and heterozygous inversion haplotypes based

on the anadromous (AA), resident (RR), and
heterozygous (AR) genotypes at that locus.
Similarly, to characterize the distribution of
variation in the GREBIL/ROCKI genetic region, we
focused on a single SNP (mhap8_71, pos. 11667915)
that has been used in many recent studies of this
genetic region (e.g., Collins et al. 2020; reviewed
by Waples et al. 2022). Genotypes at this SNP are
associated with the early-migratory (EE) and late-
migratory (LL) life-history strategies known as
summer- and winter-run Steelhead, respectively,
and individuals can also be heterozygous (EL).
Adherence to Hardy Weinberg equilibrium for
these loci was calculated using the R package
HardyWeinberg (Graffelman 2015). Unfortunately,
we were unable to obtain this data for the Lake
Berryessa samples, so Lake Berryessa samples
were excluded from these analyses.

RESULTS
Population Genetics

Genetic diversity at the putatively neutral loci
was relatively consistent throughout Putah

Creek, but some variation was observed among
populations (Table 1). Samples collected from
smaller, upstream reaches, such as Upper
Anderson Creek above the falls (UAC) and Trout
Creek (TRC), had lower genetic diversity values
(Hy, Ag). Lake Berryessa (LBE) O. mykiss had
among the highest allelic richness and expected
heterozygosity among all populations, but a lower
observed heterozygosity than predicted (Table 1).
These results suggest mixed ancestry among Lake
Berryessa fish.

Samples from below Lake Berryessa in the IDR
and anadromous reach were genetically similar
to each other, but distinct from Putah Creek
populations above Lake Berryessa. Fy; was low
between these populations (0.009; Table B4). PCA
and STRUCTURE model-based results consistently
supported close relationships between the IDR
and anadromous reach, and between these
reaches and CV Steelhead and hatchery Rainbow
Trout (Figures 2 and 3; Figures A3 and A5).
However, most CV O. mykiss below barriers had
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Figure2 K= 3 STRUCTURE results for Putah populations above and below Monticello Dam divided by Coastal, Central Valley, and inland assignments

high values of Hj and A, while the Putah Creek
anadromous reach had values similar to the
above-barrier IDR. STRUCTURE results showed
mixed genetic ancestry from multiple CV sources
within individuals from the IDR and anadromous
reach (Figure 3, K = 3). Fy; values between these
CV populations and the IDR and anadromous
reach were also low (Table B4).

In contrast, O. mykiss in the Putah Creek
watershed above Lake Berryessa were more
genetically similar to each other and coastal
populations (Figures 2 and 3; Table B4). Smaller
hypothesized numbers of populations in
STRUCTURE (K) assigned individuals sampled
from the upper Putah Creek watershed to genetic
clusters shared with coastal Steelhead (Figures 2
and 3; Figures A2 and A4). This pattern was

also apparent in the low pairwise Fg; values

between coastal populations and samples from
the upper Putah Creek watershed (Table B4).

The strong differentiation between coastal-
lineage populations above Monticello Dam

and CV lineages below is maintained at higher
values of K, but subtle differences among Putah
populations were observed (Figures 2 and 3). For
example, some individuals in upper Anderson
Creek (UAC) assign to a distinct genetic cluster at
higher values of K, likely indicating further subtle
population or family substructure in these small,
isolated populations (Figure 3, K =6 and 10). This
is consistent with the low allelic richness and
observed heterozygosity in the Upper Anderson
Creek and Trout Creek samples relative to most
upper Putah Creek populations (Table 1).

https://doi.org/1015447/sfews.2026v24iss3arts
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Figure 3 (A) STRUCTURE (K=2,3,
4,6, and 10) and (B) PCA results from
Putah Creek and subset of reference
populations representing Central
Valley (Feather River) and coastal
(Dry Creek) lineages, and hatchery
Rainbow Trout strains (Pit River
(RTPI) and Shasta (RTSH). PC1 and
PC2 explained 14.4% and 3.6% of the
variance.
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Adaptive Genetic Variation

We also genotyped microhaplotype markers
targeting adaptive genetic variation associated
with two life-history traits: residency vs anadromy
(Omy05), and summer- vs. winter-run timing

in Steelhead (GREBIL/ROCKI). An Fg; analysis
among Putah Creek population pairs based on
these adaptive genotypes enabled comparison
of neutral and adaptive Fy; values among
populations (Tables B5 and B6). We found higher
Fq; values in the adaptive microhaplotypes, with
the highest values consistently found between
populations above and below Monticello Dam
(Table B6).

Among the SNPs genotyped that tag the Omy05
inversion, genotypes were highly concordant
across all populations, consistent with their
known linkage and locations within the inversion
(Pearse et al. 2019; Le Gall et al. 2024). When

Omy05 genotype

< [ aa
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A
B RR
N
0

' '
QS\ z‘fﬁ ®
& & g
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grouping populations by location above or
below Monticello Dam into two groups, there
was a significant difference in Omy05 genotype
frequencies associated with residency between
populations above and below Monticello Dam
(RR; Kruskal-Wallis: chi-squared = 18.659, df = 3,
p-value = 3.216e-4; Figure 4; Table 2). When
considering each sample location individually,
Putah Creek samples from the upper watershed,
such as Upper Anderson Creek (UAC), Trout
Creek (TRC), and Upper Upper Putah Creek
(UUP), had the highest frequencies of Omy05
resident genotypes (Figure 4; Table 2). Of these
populations, only Upper Anderson Creek (UAC)
had no access to Lake Berryessa. In contrast,
populations near Lake Berryessa maintained
variable frequencies of all three Omy05
genotypes through adfluvial movement (Figure 4;
Table 2). Omy05 genetic variation associated
with anadromy were even more frequent in the

Putah Diversion
Dam

Vacaville
5

"S e‘& qﬁ
& & '

Figure 4 Frequencies of Omy05 genotypes (AA = anadromous, RR = resident, AR = heterozygous) across Putah Creek populations
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https://doi.org/10.15447/sfews.2026v24iss3art5

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

VOLUME 24 ISSUE 3, ARTICLE 5

Table2 Putah Creek populations and adaptive genotype results for Omy05 and GREBIL/ROCKI. Omy05 genotype frequencies (AA = anadromous,

RR = resident, AR = heterozygous) among Putah Creek populations, and total for above and below Monticello Dam. GREBIL/ROCKT genotype frequencies
(EE = early-migrant, LL = ate-migrant, EL = heterozygous) in Putah Creek populations, and above and below Monticello Dam. Kruskal-Wallis results
are provided for significance in both Omy05 and GREBIL/ROCKI genotypes above and below Monticello Dam. Additional details and adherence to Hardy

Weinberg equilibrium are provided in Table B1.

0my05 GREBIL/ROCK1
Population AA AR RR EE EL LL
C\g‘i:jg Creek, Above UAC 2 2 29 0 0 33
Upper Upper Putah Creek UuUpP 0 6 8 1 4 7
Lower Anderson Creek LAC 3 1 0 0 1 3
Above Monticello Dam 1y, ¢ creek JIAC 5 10 5 0 0 20
Pope Creek POC 3 3 0 0 2 4
Trout Creek TRC 0 5 n 0 1 14
Middle Creek MIC 4 n 10 0 2 23
Putah Creek, IDR IDR 24 3 0 21 6 0
Below Monticello Dam
iLrJ\Ladhrc?r;ieul; Reach ANR 24 4 0 14 12 !
chi-squared = 18.659, df = 3, chi-squared = 21.713, df = 3,
Kruskal-Wallis: Adaptive genotype ~ Above/Below p-value = 0.0003216 p-value = 7.483e-05
Total Above Monticello Dam 17 38 63 1 10 104
Below Monticello Dam 48 7 0 35 18 1

IDR and anadromous reach populations below
Monticello Dam (chi-squared = 18.659, df = 3,
p-value = 3.216e-4; Figure 4; Table 2).

There were also significant differences in the
distribution of GREBIL/ROCKI genotypes in
Putah Creek fish populations above and below
Monticello Dam. We found that below Monticello
Dam, both the IDR and ANR had significantly
higher proportions of early-migrating (EE)
genotypes (i.e., summer run) compared to
samples collected from above Monticello Dam,
which featured predominantly late-migrating
(i.e., winter run) and heterozygous genotypes
(Kruskal-Wallis: chi-squared = 21.713, df = 3,
p-value = 7.483e-5; Figure 5; Table 2).

Compared with reference populations, the
distribution of adaptive genetic variation
aligned with the inferred ancestry of Putah
Creek populations. Samples from the IDR and
anadromous reach, which were genetically
similar to CV wild populations and hatchery
strains in the population structure analyses, had

10

Omy05 and GREBIL/ROCKI genotype distributions
similar to CV populations like Feather River Fish
Hatchery (FER; Figures 4 and 5; Table 2; Table B1).
Conversely, populations above Monticello Dam

in Putah Creek that are genetically similar

to coastal populations had GREB1L/ROCK1
genotype frequencies similar to coastal winter-
run Steelhead populations (Figure 5; Table 2;
Table B1).

DISCUSSION

Human-directed alterations to population
composition and landscapes cause discernable
changes to population structure and distribution
of adaptive genetic variation. These downstream
effects can further affect management

by complicating population and lineage
identification, as well as disrupting established
abiotic patterns that influence important
phenotypic traits. This is particularly evident
among Californian salmonid populations,
including Rainbow Trout, Oncorhynchus mykiss
irideus. Historic transplanting of individuals
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between watersheds and the operation of
hatcheries have significantly affected population
structure, and construction of hydroelectric
dams has residualized O. mykiss populations in
upper watershed habitats previously accessible by
anadromous Steelhead (Nielson et al. 2005; Pearse
and Garza 2015; Phillis et al. 2016).

Population Genetics

Overall, we found that genetic relationships
between O. mykiss populations inhabiting the
Putah Creek watershed reflect larger genetic
patterns and environmental influences in

major California O. mykiss lineages. Our results
show that prolonged stocking has provided
opportunities for introgression by hatchery
Rainbow Trout strains, with individuals sampled
downstream of Monticello Dam possessing mixed
genetic ancestry primarily from CV Steelhead and
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hatchery Rainbow Trout. There was a particularly
close association with Pit River and Shasta strains
that is consistent with past stocking practices.

In contrast, we identified a strong signal of
coastal ancestry in the populations above
Monticello Dam, consistent with a previous study
that noted a curious and difficult to explain
genetic relationship between samples from Putah
Creek above Lake Berryessa and coastal ancestry
in populations from the Calaveras River, the lower
American River, and Nimbus Hatchery (Nielsen
et al. 2005). Studies using historical samples

have shown that, despite decades of extensive
stocking with hatchery Rainbow Trout strains,
most modern coastal O. mykiss populations are
genetically similar to historical samples from

the same watersheds (Pearse et al. 2011; Sharo et
al. 2023). Additionally, previous genetic studies

https://doi.org/1015447/sfews.2026v24iss3arts
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have identified coastal ancestry in San Francisco
Bay populations as far inland as the Napa River
(Leitwein et al. 2017), which is adjacent to Putah
Creek to the West. Thus, one hypothesis is that
the coastal-ancestry populations above Monticello
are descendants of the trout that were trapped
above the dam, suggesting that prior to dam
construction the Putah Creek watershed was
inhabited primarily by O. mykiss of the coastal
lineage rather than from the lineage that now
dominates the Central Valley. Patterns of GREBIL/
ROCKI adaptive variation are concordant with
this hypothesis, with above dam populations
containing adaptive variant genotype frequencies
similar to coastal populations.

An alternative hypothesis is that the entire Putah
Creek was historically inhabited by CV-lineage

O. mykiss and that the coastal ancestry we
identified above Monticello Dam arrived via
stocking with some undocumented coastal lineage
hatchery trout strains after dam construction.
However, it is important to emphasize that all
major hatchery Rainbow Trout strains propagated
in California and stocked into Putah Creek over
the last century have been developed primarily
from inland and CV O. mykiss source populations
(Leitritz 1970; Barngrover 1988), which would

not impart the signals of coastal ancestry and
adaptive variation we observed. Thus, evidence
suggests that the coastal lineage above Monticello
Dam likely reflects native Putah Creek ancestry,
potentially introgressed by coastal lineage sources
from early stocking efforts (e.g., the Silverado
Fisheries Base and East Side Rearing Facility in
Napa County, Leitritz 1970).

We identified population substructure among
the above dam populations and mixed ancestry
within individuals from the upper Putah Creek
watershed. At higher hypothesized K values in
our STRUCTURE plots, Upper Anderson Creek
(UAC) diverges from the other upper Putah
populations, consistent with our analyses
suggesting higher genetic divergence in this
population. This likely results from Upper
Anderson Creek (UAC) possessing an impassable
barrier that restricts access to the rest of Putah
Creek and Lake Berryessa. Additionally, some

12

VOLUME 24 ISSUE 3, ARTICLE 5

individuals sampled above Monticello Dam had
mixed ancestry, particularly in Upper Putah
Creek (UUP), suggesting some introgression from
hatchery trout strains. These details could further
support historical stocking above Monticello
Dam, but only in certain streams, or it could be
evidence of stocking from multiple lineages in
different Putah watersheds. Regardless of the
origins of the coastal ancestry in populations
above Lake Berryessa, our findings are consistent
with previous studies that describe distinct
genetic differences between O. mykiss lineages,
particularly between the central coast and Central
Valley (Nielsen et al. 2005; Pearse and Garza 2015;
Pearse and Campbell 2018; Abadia-Cardoso et al.
2019; Goetz et al. 2024).

Adaptive Genetic Variation

Hydroelectric dams fragment freshwater habitats
and disrupt migration routes, landlocking
formerly anadromous populations (Phillis et al.
2016; Leitwein et al. 2017; Pearse and Campbell
2018; Winans et al. 2018; Abadia-Cardoso et al.
2019). Before the construction of Monticello Dam
and Putah Diversion Dam in 1957, migratory

0. mykiss spawned throughout the Putah Creek
watershed (Shapovalov 1947). Establishing these
dams segmented both the watershed and local
populations above, between, or below these
barriers. Introducing barriers to a watershed
can quickly convert populations above barriers
to residents, and consequently select for higher
frequencies of genetic variation associated with
residency (Pearse et al. 2014; Leitwein et al. 2017;
Pearse and Campbell 2018; Abadia-Cardoso et

al. 2019). Additionally, the distribution of Omy05
haplotypes varies geographically, with evidence
of a latitudinal cline: the frequency of Omy05
variation associated with residency increases with
latitude (Arostegui et al. 2019; Pearse et al. 2019).

We found that populations below Monticello
Dam possessed high frequencies of anadromous-
associated Omy05 haplotypes compared with
populations above, which is consistent with
other studies investigating O. mykiss populations
above and below barriers (Leitwein et al. 2017,
Pearse and Campbell 2018; Abadia-Cardoso et

al. 2019; Kannry et al. 2020). Although most sites



above Monticello Dam had higher proportions

of genotypes associated with residency (AR

and RR), we observed variation among Omy05
microhaplotype frequencies in these populations,
with some above-barrier populations possessing
genetic variation associated with anadromy,
particularly through migratory connectivity to
Lake Barryessa. These patterns could reflect
Omy05 patterns observed in other southern

0. mykiss populations (i.e., a latitudinal cline with
anadromous genetic variation more frequent

in southern populations; Pearse et al. 2019),

or they could reflect watershed connectivity
differences and the potential for adfluvial
movement. Previous studies investigating

the distribution of Omy05 haplotypes above

and below barriers across watersheds found
variation in the frequency of genetic variation
associated with anadromy above barriers that
suggests increased freshwater connectivity can
contribute to retaining a higher frequency of the
anadromous variation (Leitwein et al. 2017; Fraik
et al. 2021; O’'Malley et al. 2026). Additionally,
multiple studies found coastal O. mykiss ancestry
underlying adfluvial individuals possessing
genetic variation associated with anadromy
(Leitwein et al. 2017; Arostegui et al. 2019;
O’Malley et al. 2026). Based on these studies, we
hypothesized that we would find a high frequency
of residential genetic variation in sampling sites
with impassable barriers and little opportunity
for adfluvial or anadromous movement. The
presence of genetic variation associated with
anadromy above barriers may be a reflection

on differences among Putah Creek watersheds’
accessibility to alternative freshwater habitats,
particularly large reservoirs like Lake Berryessa,
but without direct evaluation, we cannot make a
strong conclusion.

By disrupting migration routes, hydroelectric
dams also select against early-returning steelhead
by blocking access to upstream spawning
habitats, decreasing stream flows, and increasing
temperatures (Quinn et al. 2016), thus changing
the tradeoffs underlying migration timing. Return
timing in salmonids is highly heritable (Quinn

et al. 2016; Waples et al. 2022), with salmonid
species and populations often responding
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differently to altered watershed characteristics
in a shared environment (Kovach et al. 2013).
This suggests that molecular and lineage-specific
effects contribute significantly to patterns in the
distribution of adaptive genetic variation and
return timing. Prior to major dam construction,
many of the major Central Valley rivers had
habitat that supported early-run salmonids,
including spring-run Chinook Salmon and
summer-run Steelhead. In Putah Creek, we found
higher frequencies of the late-returning, winter-
run, GREBIL/ROCKI allele in populations above
Monticello Dam, and higher frequencies of the
early-returning, summer-run allele in populations
below Monticello Dam. This pattern likely reflects
population structure before the introduction

of barriers, consistent with the patterns of
population structure, but could also reflect
environmental variation within the Putah Creek
watershed, as well as the influence of migrant
CV Steelhead into the below dam reaches. The
distribution of GREBIL/ROCK]I haplotypes below
Monticello Dam suggests higher representation
of early-returning individuals, which may be
consistent with previous observations suggesting
that trout in the IDR spawn in early December
(Moyle 2002; Salamunovich 2009). However,
further work is needed to better understand

the associations between the specific alleles

at this locus and run-timing phenotypes in

the CV-lineage and resident Rainbow Trout
populations (Fed Regist 2019).

CONCLUSIONS

Our results show distinct genetic patterns
between Putah Creek populations above Lake
Berryessa and those below Monticello Dam,

and that these above-barrier populations have
coastal lineage ancestry despite extensive history
of stocking with CV-lineage and other hatchery
Rainbow Trout strains. In addition, the striking
contrast in the distribution of adaptive genotype
frequencies among populations above and below
Monticello Dam is consistent with their distinct
genetic ancestry and the contrasting selective
environments in the upper and lower parts of
the Putah Creek watershed. Our results based
on adaptive genomic variants in the Omy05 and

https://doi.org/1015447/sfews.2026v24iss3arts
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GREBIL/ROCKI regions are concordant with the
patterns of ancestry identified in the population
genetic analyses and the potential for expression
of life-history variation (presence or absence

of barriers). We found that O. mykiss below
Monticello Dam showed evidence of introgression
from stocking, with most individuals possessing
genetic variation from multiple CV-lineage
sources. The combination of coastal ancestry and
adaptive genetic variation suggests that Putah
Creek populations above Monticello Dam are
mainly residents with some adfluvial individuals
connecting to other freshwater habitats.
Additionally, the identification of individuals
possessing anadromous genetic architecture
above Monticello Dam is consistent with previous
observations of the ability for heterogeneous
habitat fragments to support maintenance of
genetic diversity, particularly when habitat
fragmentation is unavoidable (Fahrig 2018).
Though this could be maintained neutrally,
similar relationships between fish populations
divided by dams have been found in other studies
like in pygmy perch (Brauer and Beheregaray
2020) and brook lamprey (Rougemont et al. 2021).
Together, these results highlight the complexity
of O. mykiss adaptation to habitat fragmentation
(Pearse and Campbell 2018; Winans et al. 2018;
Fraik et al. 2021), and genetic considerations

for restoring migratory connectivity in fish
populations impacted by dams (Meek et al. 2014;
Lusardi and Moyle 2017). Results from Putah
Creek overall reflect the dynamic nature of

these populations and their genomes, which
continuously adapt to changing environmental
factors and human-driven management practices
through migration, drift, and natural selection.
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