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Abstract

The McCloud River Redband Trout (MRRT; Oncorhynchus mykiss stonei) is a unique subspecies of rainbow trout that
inhabits the isolated Upper McCloud River of Northern California. A major threat to MRRT is introgressive hybridization
with non-native rainbow trout from historical stocking and contemporary unauthorized introductions. To help address this
concern, we collected RAD-sequencing data on 308 total individuals from MRRT and other California O. mykiss popula-
tions and examined population structure using Principal Component and admixture analyses. Our results are consistent
with previous studies; we found that populations of MRRT in Sheepheaven, Swamp, Edson, and Moosehead creeks are
nonintrogressed. Additionally, we saw no evidence of introgression in Dry Creek, and suggest further investigation to
determine if it can be considered a core MRRT conservation population. Sheepheaven Creek was previously thought to be
the sole historical lineage of MRRT, but our analysis identified three: Sheepheaven, Edson, and Dry creeks, all of which
should be preserved. Finally, we discovered diagnostic and polymorphic SNP markers for monitoring introgression and
genetic diversity in MRRT. Collectively, our results provide a valuable resource for the conservation and management of
MRRT.

Keywords Conservation genetics * Introgression + Trout - SNP assay

Introduction

The field of conservation genetics aims to reduce the risk of
extinction in threatened species. Often the main goal in the
management of fish populations is to maintain genetic diver-
sity within and between populations (Ryman et al. 1991;
Mefte 1986). Populations within a species that are adapted
to different environments display genetic differentiation as
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a result of their differential adaptations. When the differ-
ent populations interbreed, the resulting hybrid and/or their
offspring may be maladapted. Thus, if populations within
a species show genetic and ecological differentiation, they
need to be considered separately for conservation manage-
ment (Small et al. 1998; Frankham et al. 2009). Hence,
investigating population genetic structure can provide
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valuable information to assist with developing conservation
strategies for a species, subspecies, and populations.

The McCloud River Redband Trout (MRRT; Oncorhyn-
chus mykiss stonei, Jordan 1894) is a subspecies of rainbow
trout (O. mykiss ssp.) that has been isolated in the Upper
McCloud River for tens of thousands of years by a series
of waterfalls that arose through volcanic activities (Fig. 1;
Legendre et al. 1972; Miller 1972; Moyle et al. 2008).
The long isolation of MRRT is indicated by their unique
ancestral characteristics compared to other subspecies of
O. mykiss, such as the lowest number of gill rakers, greater
number of scales along and above the lateral line, and the
frequent presence of vestigial basibranchial teeth (Behnke
1992, 2002). These ancestral characteristics have led to the
suggestion that MRRT is a distinctive lineage descended
from an early invasion of ancestral trout into the McCloud
River headwater system (Behnke 1992, 2002).

The Upper McCloud River and MRRT have been heav-
ily impacted by anthropogenic disturbance over the last
hundred years, beginning with grazing and logging. Intense
cattle grazing in the first half of the 20th century eliminated
streamside vegetation, created shallower and wider streams
with warmer temperatures, and reduced water quality
(Moyle et al. 2008). Logging began in the late 1800s and
rapidly expanded with railroad construction through World
War II. Logging degraded stream habitat through removal of
shade canopy, further increasing in water temperatures, sed-
imentation, and peak storm flows, while lowering fish habi-
tat diversity (Bolda and Meyers 1997; Moyle et al. 2008).
Road construction throughout the Upper McCloud Basin
also provided easy access to streams, increasing inputs of
sediment and pollutants. However, in the late 20th century,
both private and public land managers began to limit log-
ging and grazing in the area (Moyle et al. 2008).

Recurring drought cycles also threaten MRRT, especially
given the porous volcanic soil in the region. Even in average
or above average water years, many streams in the Upper
McCloud region have dry reaches (Pittman 2011). Several
times over the past several decades managers have responded
to drought conditions and declining MRRT census sizes by
translocating fish from drying pools as a conservation mea-
sure. Sheepheaven Creek is the most isolated and morpho-
logically distinct population of MRRT (Behnke 2002), and
for many years was thought to be the only non-introgressed
MRRT population (see below), due to its remote location. In
the 1970s, a series of droughts led managers to translocate
MRRT from Sheepheaven Creek into presumably fishless
Trout and Swamp creeks as a safeguard (Nielsen et al. 1999;
Simmons et al. 2010). Sheepheaven Creek experienced
another bottleneck during the 1990-1994 drought when the
population declined to fewer than 200 individuals (Nielsen
et al. 1999). More recently, severe drought conditions from
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2013 to 2015 spurred the California Department of Fish
and Wildlife (CDFW) to “rescue” MRRT from three popu-
lations (Edson, Swamp, and Moosehead creeks) and place
them in the Mount Shasta Hatchery to prevent local extirpa-
tion (CDFW 2017). These creeks were prioritized for rescue
because genetic analyses (Simmons et al. 2010) indicated
that these three populations, along with Sheepheaven Creek
had not become introgressed (i.e., were genetically “pure”
MRRT) with hatchery rainbow trout (O. mykiss ssp.) (see
below). The rescued MRRT were spawned across popula-
tions in captivity before they could be returned to the wild,
founding a new captive MRRT broodstock. Since then,
their progeny have been used to stock the Upper McCloud
River and McCloud Reservoir with MRRT for recreational
angling and overall population reinforcement. As the risk
of severe drought increases with climate change, continued
management efforts to limit grazing and logging, combined
with captive propagation aim to make MRRT more resilient
(Moyle et al. 2008).

Another historical and ongoing major threat to MRRT is
the introduction of both distantly and closely related non-
native trout species. Brown trout (Salmo trutta) and brook
trout (Salvelinus fontinalis) were introduced as early as
late 1800s. Brown and brook trout impact MRRT through
a combination of factors such as predation, competition,
and disease introductions (Fausch et al. 2009; McGrath and
Lewis 2007; Moyle et al. 2008). Yet an even greater threat
to MRRT was the introduction of closely related O. mykiss
ssp.., leading to introgressive hybridization (i.e., incorpora-
tion of alleles from one species into the gene complex of
another (Anderson 1949)), which can result in loss of both
genetic identity and locally adapted alleles (Allendorf and
Leary 1988; Wolf et al. 2001; White et al. 2018). Following
introgressive hybridization with a conspecific, the pheno-
type and genotypes of introduced trout tend to become pro-
nounced over time, leading to the erosion of the distinctive
characteristics of the native taxon (Wilde and Echelle 1992;
Moyle et al. 2008; Seehausen et al. 2008).

Due to increasing recognition of the threat of introgres-
sive hybridization — both from authorized and unauthorized
introductions, the stocking of hatchery rainbow trout was
discontinued by CDFW in 1994, after Berg (1994) reported
introgression in extant MRRT populations (Nielsen et al.
1999; M. Dege, CDFW, pers. comm.). Subsequently, sev-
eral rounds of genetic studies were conducted to discern
levels of introgression in the MRRT populations (Nielsen
1999; Simmons et al. 2010). Nielsen et al. (1999) used mic-
rosatellite data and found unique genetic characteristics
(e.g., number of alleles, heterozygosity, genetic distance)
of Sheepheaven MRRT in comparison to other MRRT. The
most recent genetic study was by Simmons et al. (2010),
who expanded the sampling effort of Nielsen and used ten
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Fig. 1 Sampling locations of all samples in this study. The left map shows sampling locations of all the samples by watershed, including wild,
hatchery rainbow trout, “Other Rainbow Trout”, and Kern River golden trout and rainbow trout. Inset area is the Upper McCloud River (UMCR)
watershed. The red box shows sampling locations within the Upper McCloud River watershed, the area above the Middle Falls. Highlighted
river in purple is the mainstem McCloud River. Golden Trout Creek (GTCR), South Fork Kern River (SFKR), Kern River (KRNR), Eagle Lake
(EGLK), North Fork American River (NFAR), Lower Stanislaus River (LSTN), Lower Yuba River (LYBA), Coleman Hatchery (COLE), Eagle
Lake Hatchery (EGLH), Hot Creek Strain (HTCS), Mt. Shasta Hatchery (MTSH), Pit Strain Hatchery (PITS), Warner Valley (WARV), Goose
Lake (GOSL), Surprise Valley (SPRV), North Fork Pit River (NFPT), South Fork Pit River (SFPT), Upper Pit River (UPIT), Lower Pit River
(LPIT), Yuba North Fork (YUBA), Upper McCloud River (UMCR): Swamp Creek (SWPC), Edson Creek (EDSN), Sheepheaven Creek (SHPN),
Dry Creek (DRYC), Moosehead Creek (MOHD), Bull Creek (BLLC), Cow Creek (COWC), Trout Creek (TRTC), Shady Gulch Creek (SHGU),
Raccoon Creek (RCCN), McCloud River (MCLD), McKay Creek (MCKY), Blue Heron Creek (BLHN), Tate Creek (TATE)
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Table 1 Additional information for all samples included in the analysis and samples removed after the sequencing and alignment qualifying fil-
tering. Three groups of California native trout were used in this study: Rainbow Trout Group (RBTG), Golden Trout Complex (GTCX), Upper

McCloud River Redband Trout (MRRT)

Group Location Watershed Sample Watershed N Samples N
Year code Samples
removed
Rainbow Lassen Cr (LASN) Goose Lake 2004 GOSL 5
Trout Group  Cottonwood Cr (CTWD) Goose Lake 2004 GOSL 5
(RBTG) Buck Cr (BUCK) Goose Lake 2009 GOSL 5
Davis Cr-Goose Lk (DVGL) Goose Lake 2009 GOSL 5
Willow Cr (WILW) Goose Lake 2009 GOSL 5
Upper Pine Cr (UPNE) Goose Lake 2003 GOSL 5
Lost Cr (LOST) Lower Pit River 2009 LPIT 5 3
East Fork Nelson Cr (NLSN) Lower Pit River 2004 LPIT 5
Davis Creek (Pit R) Lower Pit River 2008 LPIT 5
Joseph Cr (JSPH) North Fork Pit River 2009 NFPT 5
Spring Canyon Cr (SPRC) North Fork Pit River 2009 NFPT 5
Parker Cr (PARK) North Fork Pit River 2003 NFPT 5
Shields Cr (SHLD) North Fork Pit River 2009 NFPT 5
Couch Cr (COUC) North Fork Pit River 2003 NFPT 5 1
N Fork Pit R (NFPT) North Fork Pit River 2009 NFPT 5
East Cr (EAST) North Fork Pit River 2009 NFPT 5
Franklin Cr (FRKN) North Fork Pit River 2009 NFPT 5
Thoms Cr (THMS) North Fork Pit River 2009 NFPT 4
Parsnip Cr (PSNP) South Fork Pit River 2009 SFPT 5
Fitzhugh Cr (FTZH) South Fork Pit River 2003 SFPT 5
Emerson Cr (EMRN) Surprise Valley 2009 SRPV 5
Mill Cr (MILL) Surprise Valley 2009 SRPV 5
Cedar Cr (CEDR) Surprise Valley 2003 SRPV 5
Bidwell Cr (BDWL) Surprise Valley 2009 SRPV 5
Deep Cr (DEEP) Surprise Valley 2009 SRPV 5
Dismal Cr (DISM) Warner Valley 2002 WARV 5
Upper 12 Mile Cr (UTMC) Warner Valley 2002 WARV 5
Lincoln Cr (LCLN) Yuba North Fork River 2007 YUBA 3
Hot Creek Strain (HTCS) Hatchery 2011 HTCS 5
Mt. Whitney Strain (MTWS) Hatchery 2002 MWTS 2 2
Mt. Shasta Strain (MTSH) Hatchery 2002 MTSH 4 2
Coleman Strain (COLE) Hatchery 2011 COLE 5
Pit Strain (PITS) Hatchery 2004 PITS 5
Eagle Lake (EGLH) Hatchery 2004 EGLH 5
N Fork American R (NFAR) American River 2006 NFAR 5
Eagle Lk (EGLK) Eagle Lake 2009 EGLK 5
Lower Yuba R (LYBA) Yuba River 2009 LYBA 2
Battle Creek CNFH Battle Creek 2009 BATC 1 1
Lower Stanislaus R (LSTN) Lower Stanislaus River 2009 LSTN 1

Total

177

SNPs (one mitochondrial and nine nuclear SNPs). Simmons
found no evidence of introgression in four out of nine sam-
pled MRRT populations (Sheepheaven, Moosehead, Edson,
and Swamp creeks) and only low levels of introgression in
several other MRRT populations. Based on Simmons et al.
(2010), these four non-introgressed populations are cur-
rently classified by CDFW as the “core MRRT conservation
populations”, and due to the complex geology and hydrol-
ogy of the Upper McCloud Watershed, are almost entirely
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isolated except during very rare high flow events (Nielsen
et al. 1999; Moyle et al. 2008). In addition, CDFW wrote
a genetic monitoring plan as part of a strategy to manage
and protect MRRT, including preventing, detecting, and
monitoring introgression from any unauthorized stocking.
For MRRT, the threats of small population sizes, hatchery
propagation, and unauthorized stocking make ongoing man-
agement actions and genetic monitoring necessary; the first
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Table 1 (continued)

Group Location Watershed Sample Watershed N Samples N
Year code Samples
removed
Upper Sheepheaven Cr (SHPN) Upper McCloud River 2002 UMCR 5
McCloud Bull Cr (BLLC) Upper McCloud River 2008 UMCR 5
RiverRed-  py cr (DRYC) Upper McCloud River 2008 UMCR 5
E’;l‘glg)"“t McKay Cr (MCKY) Upper McCloud River 2007 UMCR 4
Raccoon Cr (RCCN) Upper McCloud River 2007 UMCR 5
Swamp Cr (SWPC) Upper McCloud River 2007 UMCR 5
Tate Cr (TATE) Upper McCloud River 2008 UMCR 5
Blue Heron Cr (BLHN) Upper McCloud River 2008 UMCR 5
Trout Cr (TRTC) Upper McCloud River 2007 UMCR 5
Shady Gulch Cr (SHGU) Upper McCloud River 2007 UMCR 1
Edson Cr (EDSN) Upper McCloud River 2007 UMCR 5
Cow Cr (COWC) Upper McCloud River 2007 UMCR 4 1
Moosehead Cr (MOHD) Upper McCloud River 2016 UMCR 3 1
McCloud River (MCLD) Upper McCloud River 2007 UMCR 17
Total 74 2
Golden Volcano Cr Left String (VCLS) Golden Trout Creek 2005 GTCR 2
Trout Group  Salt Lick Cr (STLC) Golden Trout Creek 2005 GTCR 2
(GTCX) Groundhog Cr (GDHG) Golden Trout Creek 2005 GTCR 2
Little Whitney Cr (LTWY) Golden Trout Creek 2005 GTCR 2
Mouth Barrigan (MBNS) Golden Trout Creek 2005 GTCR 2
Upper S Fork Kern R (SFKR) South Fork Kern River 2006 SFKR 2
Mulkey Creek (MLKY) South Fork Kern River 2006 SFKR 2
Above Shaefer (ASHF) South Fork Kern River 2006 SFKR 2
Above Ramshaw Barrier (RmsB) South Fork Kern River 2006 SFKR 2
Above Templeton Barrier (TMPB) South Fork Kern River 2006 SFKR 2
SFK Below Snake Creek (BSNK) South Fork Kern River 2006 SFKR 2
Wind R (WIND) Wyoming 2005 WYOM 2 2
Upper N Fork Clicks Cr (UNFC) Little Kern River 2005 KRNR 2 2
Fish Cr (FISH) Little Kern River 2011 KRNR 2
Silver Lake (SILV) Little Kern River 2007 KRNR 2
Rifle Cr (RIFL) Little Kern River 2006 KRNR 2
Sheep Cr (SHPC) Little Kern River 2001 KRNR 2 1
Lion Cr (LION) Little Kern River 2006 KRNR 2
Upper Willow Cr (UWLC) Little Kern River 2011 KRNR 2
Tamarack Cr (SMNT) Little Kern River 2006 KRNR 2
S Mountaineer Cr (SMNT) Little Kern River 2006 KRNR 2
Upper Wet Meadow Cr (UWMC) Little Kern River 2002 KRNR 1
Upper Soda Spring Cr (USSC) Little Kern River 2002 KRNR 2 1
Nine Lakes North (NLKN) Kern River 2007 KRNR 2 1
Chagoopa Cr (CHGC) Kern River 2007 KRNR 2
Chagoopa Lake (CHGL) Kern River 2006 KRNR 2
Kern-Kaweah Cr (KKWC) Kern River 2007 KRNR 2
Upper Chagoopa Cr (UCHG) Kern River 2007 KRNR 2
Picket Cr (PIKT) Kern River 2007 KRNR 2 1
Total 57
Total All 308 19
Samples

This project aims to develop genetic tools to aid in
monitoring of introgression and genetic diversity in MRRT

priority for managers is to genetically evaluate MRRT core
populations.

@ Springer
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populations. Specific goals are to: (1) test previous “core
MRRT conservation population” designations with genomic
data; (2) evaluate additional putatively non-introgressed
populations for possible designation as core conservation
populations; and (3) develop two sets of genetic markers
for rapid genetic monitoring of MRRT: markers that are
diagnostic between MRRT and introduced O. mykiss ssp..
to monitor introgression, and markers that are polymorphic
within MRRT to monitor genetic diversity (e.g., overall
diversity and inbreeding) in both the wild and captivity.
Managers can use these markers to identify and adapt to
changes in introgression levels and genetic diversity to
make informed decisions for conservation actions.

Materials and methods
Sample collection and RAD library preparation

We compiled DNA from 308 individuals from a variety of
MRRT and other rainbow trout subspecies in California
(Table 1). We included every California rainbow trout sub-
species for two reasons. First, the placement of MRRT in
phylogenetic analysis has not been consistent among previ-
ous studies (Berg 1987; Nielsen et al. 1999). Second, the
hatchery stocking and translocation records of rainbow trout
into the Upper McCloud River watershed are incomplete
and do not include unauthorized introductions (Simmons et
al. 2010; M. Dege, CDFW, pers. comm.). The sample col-
lection includes individuals from either archived (some of
which were also used in Simmons et al. 2010]) or newly col-
lected samples (Table 1). Our study included three general
groups of samples. In addition to the MRRT sample group,
we included a group of various rainbow trout samples
which we refer to as the “Rainbow Trout Group” (RBTG).
The RBTG group includes wild rainbow trout from Sur-
prise Valley, Goose Lake, Pit River, and Warner Valley
(also commonly called “redband trout”, but here referred
to these as “Other Rainbow Trout” because redband trout
does not refer to a monophyletic group). The RBTG group
also includes hatchery rainbow trout strains (Coleman, Pit,
Hot Creek, Mt. Whitney, Mt. Shasta, and Eagle Lake hatch-
eries), and wild rainbow trout from North Fork American
River, Eagle Lake, and Yuba River. The other sample group
is called the “Golden Trout Complex” (GTCX) and includes
a representative sample of O. mykiss ssp. fish from Golden
Trout Creek, South Fork Kern River, Little Kern River, and
Kern River watersheds (Table 1; Fig. 1).

We extracted DNA using the DNeasy extraction kit
according to the manufacturer’s protocols (Qiagen). After
extraction, we prepared libraries for Restriction Site Asso-
ciated DNA sequencing (RAD-seq) with the Sbfl enzyme
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based on the protocol described in Ali et al. (2016). For
sequencing, all libraries were pooled into a single lane for
paired end 150 bp sequencing on an Illumina HiSeq 4000 at
UC Davis Genome Center.

Alignment, filtration, and population
genetic analysis

After sequencing, we de-multiplexed the data into individ-
ual samples and aligned them to the rainbow trout reference
genome (Pearse et al. 2019) using the MEM algorithm imple-
mented in the software program BWA (Li and Durbin 2009)
to generate Sequence Alignment Map (SAM) files for each
individual. The SAM files were then converted to Binary
Alignment Map (BAM) files using SAMTOOLS (Li and
Durbin 2009; Li 2011). We then used SAMTOOLS to sort,
filter for proper pairs, remove PCR duplicates, and index the
BAM files. At this stage, 19 individuals were removed due
to low read numbers (less than 100,000 mapped reads), with
289 individuals remaining. Then, sequencing coverage was
assessed across all discovered loci in each individual, using
samtools depth. The mean individual coverage was 9.60,
with a maximum of 52.3838, a minimum of 2.00781, and a
standard deviation of 7.60 (Fig. S1).We conducted popula-
tion genetic analyses in ANGSD (Korneliussen et al. 2014),
which analyzes BAM files using on a probabilistic frame-
work in the form of genotype likelihoods. For the analyses,
we used the SAMTOOLS genotype likelihood model (-GL
1) with a minimum base quality of 10 (-minQ 10) and mini-
mum mapping quality of 20 (-minMapQ 20).

We performed hierarchical population structure analyses:
(1) on all samples to identify potential sources of introgres-
sion with MRRT, (2) on MRRT and potential introgression
sources to estimate introgression levels as accurately as
possible, and (3) on just MRRT to examine within-group
population structure. For each analysis, we used PCA plots
and admixture analyses. For PCAs, we used PCAngsd
(Meisner and Albrechtsen 2018) on all samples that passed
initial quality filtering to produce a covariance matrix. Our
PCAngsd parameters were: SNP_pval = 1e-6, -doMajorMi-
nor, and -doMaf 1. In addition, sites had to have a -min-
Maf 0.05 and be present in at least 50% of the individuals.
We then used admixture analyses to test various population
groupings based on genetic structure and shared ancestry. To
do this, we used NgsAdmix (Skotte et al. 2013) to estimate
admixture proportions of individuals with various cluster
(K) values based on genotyped likelihoods calculated in
ANGSD (Korneliussen et al. 2014). We conducted 10 runs
for each K value, K=2-6.

To assess genetic diversity of each population, we
used theta statistics in ANGSD (-doThetas) and thetaStat
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(-do_stat) programs (Korneliussen et al. 2013, 2014). To do
this, Site Frequency Spectrum (SFS) (-doSaf) was used as a
prior to calculate Tajima’s © (O,) (Tajima 1983). Tajima’s
O estimates theta (© = 4Np) based on the average number
of pairwise nucleotide differences, and when genomic data
is used, accurate estimates can be made with even a small
sample size (Nelson et al. 2012; Subramanian 2016). Sub-
sequently, two-dimensional SFS (2D-SFS) was applied to
calculate pairwise F value which represents genetic differ-
entiation between two populations.

Discovery of candidate diagnostic and
polymorphic loci for MRRT populations

Using the results from our admixture and PCA analyses,
we designed two sets of candidate SNP loci: one to detect
levels of introgression between MRRT and other rainbow
trout taxa, and a second to monitor within-MRRT genetic
diversity. To design the introgression markers (also referred
to as MRRT diagnostic markers), we used two overlapping
groups of MRRT: MRRT, and MRRT,. MRRT, included
all MRRT sampled, even those known to have low levels
of introgression, and MRRT, only includes MRRT that are
putatively “pure” (i.e., no detectable introgression) by our
population structure analyses (the four core populations,
Swamp, Sheepheaven, Edson, and Moosehead creeks, plus
Dry Creek; see below). We then used these two sample
groups to find loci with substantial allele frequency differ-
ences between MRRT and a reference rainbow trout (RBT)
group (a subset of RBTG) that includes wild and hatchery
rainbow trout (Eagle Lake, North Fork American River,
Lower Yuba River, Lower Stanislaus River, Coleman Strain,
Eagle Lake Strain, Hot Creek Strain, Mt. Shasta Strain, Pit
Strain).

We performed genotype calling in ANGSD to find can-
didate SNPs with alleles fixed or nearly-fixed in MRRT, or
MRRT;, but not present or present at very low frequency in
the RBT group. More specifically, after genotype calling,
we calculated the allele frequencies of each locus in each
group and selected loci where one allele had a frequency
of 290% in the MRRT group and < 10% in the RBT group.
Since MRRT,} is not introgressed, we expected a higher
number of MRRT-unique markers to be captured compared
to MRRT,; therefore, for MRRT}, we increased our cutoff to
99% to discover loci with a higher degree of differentiation
(i.e. we selected loci with a frequency of 2 99% in the MRRT
group and < 1% in the RBT group). In summary, the <10%
filter was used for both MRRT, and MRRT), and the <1%
filter was used for MRRT}, specifically. Markers specific
to MRRT (both groups) are appropriate for monitoring the
entire MRRT population including pure and introgressed,

and markers specific to MRRT} are appropriate for monitor-
ing pure MRRT populations.

In a separate analysis, we investigated variable SNP loci
suitable for monitoring the genetic attributes of both MRRT,
and MRRT, groups. We performed genotype calling using
the same pipeline applied for introgression markers, except
we used a Hardy Weinberg test filter (-doHWE 1) to remove
paralogs. Paralogous loci can cause the misidentification of
heterozygous/homozygous genotypes. After removing para-
logs, we selected polymorphic loci with minor allele fre-
quencies between 0.25 and 0.45 in each of MRRT groups.
We applied this range of allele frequencies to capture loci
that are polymorphic with a moderate frequency: alleles
with a lower frequency (< 0.25) are not informative in many
individuals, and alleles with a higher frequency (0.45-0.5)
can be duplicates (i.e., paralogous loci) so this filter fur-
ther reduces paralogs. We performed the process separately
for MRRT, and MRRT, with the same allele frequency
(between 0.25 and 0.45). Furthermore, to avoid linkage dis-
equilibrium (LD) between selected loci in both polymorphic
and diagnostic, we chose loci that are at least 5,000,000 bp
apart.

Validation analysis

We conducted a validation analysis to determine whether
the MRRT, diagnostic markers identified above were truly
diagnostic for the MRRT lineage. We designed SNPtype
(Fluidigm Corp.) genotyping assays for a set of 44 candi-
date SNP loci from MRRT, loci. We obtained dried fin clip
samples from fish collected between 2002 and 2007 from
three putatively pure MRRT populations (Sheepheaven,
Swamp, and Edson creeks) and three populations of hatch-
ery rainbow trout from Crystal Lake (Coleman and Pit
strains) and Darrah Springs (Eagle Lake strain) hatcheries.
All samples used for validation analyses were taken from
the collection of samples used by Simmons et al. (2010) to
ensure consistency and allow for comparison across stud-
ies. We extracted DNA from the fin clips on the Hamilton
Microlab NIMBUS® HD (Hamilton Company) using the
Omega Bio-tek Mag-Bind® Blood & Tissue DNA HDQ 96
Kit (Omega Bio-tek, Inc.) according to the manufacturer’s
instructions. We then amplified the 44 candidate MRRT,
diagnostic SNP loci using Fluidigm® SNP Type Assays and
the Juno 96.96 Genotyping Integrated Fluidic Circuit (IFC)
on the Juno™ instrument (Fluidigm Corporation) following
the manufacturer’s protocol. The Fluidigm SNP genotyping
method first uses a locus-specific primer (LSP) and a spe-
cific target amplification (STA) primer to enrich for DNA
sequences containing the SNP of interest. After enrichment,
the LSP and two fluorescently labeled allele specific primers
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(ASP1 and ASP2) amplify the two possible SNP alleles at  Results

a particular locus. We collected fluorescent end-point reads

on the Biomark™ HD instrument and used the Fluidign®  Overall population structure and admixture

SNP Genotyping Analysis Software (version 4.5.1) for SNP

allele scoring. The analysis that included all samples identified 284,566
SNPs. Three clear clusters were distinguishable in the
PCA that corresponded to the Upper McCloud River red-
band trout (MRRT), rainbow trout (RBTG), and golden

RBTG

EGLK @ COLE @ PITS @ NFPT @ YUBA
NFAR @ EGLH ® WARV ® SFPT
O LSTN © HTCS ~ GOSL © UPIT GTCX MRRT
© LYBA @ MTSH ® SRPV © LPIT ® GTCR ~ KRNR ® SFKR @ UNMCR

o5 MRRT

0.00

005

PC2

o
§ i
o 7]

KRNR
EGLK
COLE
MTSH
PITS
WARV
GosL
SRPV
NFPT
SFPT
UPIT
LPIT
YUBA
UMCR

”NFAR
TR
T EGLH

HTCsS

GTCX
RBTG
MRRT

Fig. 2 Population Structure of all samples. Top plot: all samples PCA, color represents watershed. Three main groups are distinguishable:
Golden Trout Complex (GTCX), Rainbow Trout Group (RBTG), and McCloud River Redband Trout (MRRT). PC1(8.7% variance explained) /
PC2(7.65% variance explained). Bottom plot: all samples admixture plots at K=2 (top admixture plot) and K =3 (bottom admixture plot). Blue
represents MRRT ancestry group which is different from GTCX (green) and RBTG (red). Golden Trout Creek (GTCR), South Fork Kern River
(SFKR), Kern River (KRNR), Eagle Lake (EGLK), North Fork American River (NFAR), Lower Stanislaus River (LSTN), Lower Yuba River
(LYBA), Coleman Hatchery (COLE), Eagle Lake Hatchery (EGLH), Hot Creek Strain (HTCS), Mt. Shasta Hatchery (MTSH), Pit Strain Hatchery
(PITS), Warner Valley (WARV), Goose Lake (GOSL), Surprise Valley (SPRV), North Fork Pit River (NFPT), South Fork Pit River (SFPT), Upper
Pit River (UPIT), Lower Pit River (LPIT), Yuba North Fork (YUBA), Upper McCloud River (UMCR)
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trout (GTCX) groups (Fig. 2: top plot; Table 1). The first ~ samples included, using K=2 and K =3 (Fig. 2: bottom plot;
principal component (PC1) separates MRRT from GTCX  see Fig. S2 and Table S1 for the higher K plots and the like-
and RBTG, and the second principal component (PC2)  lihood for each K). At K=2, MRRT is differentiated from
separated MRRT from GTCX (Fig. 2: top plot). The linear ~ RBTG and GTCX, and at K=3, GTCX, RBTG, and MRRT
distribution of MRRT along PC1 towards RBTG suggests  are three distinct clusters, but there is about 20-25% RBTG
introgression with this group rather than GTCX. The results ~ ancestry within much of the MRRT group. After confirm-
in the PCA are supported by the admixture analyses with all ~ ing that all of our Upper McCloud River samples clustered

MRRT RBTG
® SWPC ©® MOHD @ MCLD COWC @ MCKY EGLK @ LYBA ¢ HTCS @ LOST
® SHPN @ DRYC @ BLHN BLLC SHGU NFAR @ COLE @ MTSH © LCLN
EDSN @ TRTC @ RCCN TATE © LSTN @ EGLH @ NLSN
s
()
0.2
MRRT °
RBTG
) °
o

[3) O z z =} z z 9 o [3) > 85 x © w T w I Z = Z
P & ® & o £ & 3 2 9 B <o Z£F3 2 3 8 % % b3
4 2 o I o i O 0 - < O 0 O L n»> O o F E 4 00
L I R = :msm4°¢°}m:'_:Esse"’amezﬁ"s"’#meras%ze"#":
-
x 2
o 0
= 4

Fig. 3 PCA and admixture analyses of MRRT with a group of a potential source of introgression — a small subset of RBTG. Top plot: PCA of
MRRT with the RBTG small subset, color represents populations. The RBTG small subset includes: wild rainbow trout from Eagle lake (EGLK)
and North Fork American River (NFAR), Steelhead from Lower Yuba River (LYBA) and Stanislaus River (LSTN), hatchery strains from Mt.
Shasta (MTSH), Coleman (COLE), Eagle Lake (EGLH), Hot Creek (HTCS), and three from the “Other Rainbow Trout” group: Lincoln (LCLN)
and Lost (LOST) from Lower Pit River watershed and Nelson (NLSN) creeks from Yuba watershed, PC1(11.6% variance explained) / PC2(3.44%,
variance explained). Bottom plot: admixture plot of MRRT and the RBTG subset cluster. Five pure populations are identified within the MRRT
population: Swamp creek (SWPC), Edson Creek (EDSN), Sheepheaven Creek (SHPN), Dry Creek (DRYC), and Moosehead Creek (MOHD)
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together and were genetically separated from the other trout
subspecies, we next attempted to distinguish putatively pure
and introgressed populations of MRRT. From the previous
PCA and admixture result (Fig. 2), it is clear that MRRT
are an independent cluster that does not group with GTCX
or RBTG. However, the MRRT distribution on PC1 trends
towards a subset of RBTG (a small cluster at the right end of
the RBTG main cluster), which suggests that introgression
in MRRT is with a subset of RBTG (Fig. 2). This RBTG
subset cluster includes wild rainbow trout from Eagle Lake
and the American River, Steelhead trout from the Yuba
and Stanislaus Rivers, hatchery strains (Shasta, Coleman,
Eagle Lake, Hot Creek strains) and three creeks from the
“Other Rainbow Trout” group: Lincoln, Lost, and Nelson
creeks (Table 1). Hence, we performed PCA and admixture
analyses on MRRT and this subset of RBTG to most accu-
rately identify the introgression level in MRRT populations

(Fig. 3).

Table 2 Percentage of Rainbow Trout ancestry in each MRRT popula-
tion. The third and fourth columns show minimum and maximum per-
centage of Rainbow Trout (RBT) ancestry and the last column shows
the average across the samples of each population

Location N Minimum  Maximum Mean
RBT % RBT %

Swamp Creek 5 0.0000 0.0000 0.0000
Sheepheaven Creek 5 0.0000 0.0000 0.0000
Edson Creek 5 0.0000 0.0000 0.0000
Dry Creek 5 0.0000 0.0000 0.0000
Moosehead Creek 2 0.0000 0.0000 0.0000
Bull Creek 5 0.0000 0.0331 0.0205
Cow Creek 3 0.0356 0.0758 0.0547
Trout Creek 5 0.0415 0.1640 0.0980
Shady Gulch Creek 1 0.1910 0.1910 0.1910
Raccoon Creek 5 0.1572 0.2283 0.1924
McCloud River 17 0.0456 0.3034 0.2035
McKay Creek 4 0.1726 0.2507 0.2107
Blue Hearon Creek 5 0.2457 0.3016 0.2709
Tate Creek 5 0.3003 0.3678 0.3272

SWPC
SHPN
EDSN
DRYC
MOHD!
BLLC
COWC
TRTC

SHGU

RCCN
MCLD
MCKY
BLHN
TATE

Fig.4 Population structure within MRRT group. MRRT group admixture plot at K =3 and K =4. Four major genetic groups are distinguishable: red
represents Swamp and Sheepheaven creeks genetic group, blue represents Edson and Dry creeks genetic group, purple represent Bull creek genetic
group, and green represents rainbow trout genetic group. The population’s order is based on increasing in the percentage of rainbow trout ancestry.

Swamp Creek (SWPC), Edson Creek (EDSN), Sheepheaven Creek (SHPN), Dry Creek (DRYC), Moosehead Creek (MOHD), Bull Creek
(BLLC), Cow Creek (COWC), Trout Creek (TRTC), Shady Gulch Creek (SHGU), Raccoon Creek (RCCN), McCloud River (MCLD), McKay

Creek (MCKY), Blue Heron Creek (BLHN), Tate Creek (TATE)
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The PCA performed with MRRT and the RBTG subset
cluster (Fig. 3) suggests that hatchery and wild Eagle Lake
rainbow trout populations, which are clustered separately
from the rest of the RBTG subset (Fig. 3: top plot, top right
populations in yellow and red), are not the likely source of
introgression. In addition, the MRRT individuals’ linear dis-
tribution along the PC1 towards the RBTG cluster suggests
introgression of some MRRT populations (Fig. 3: top plot).
An admixture analysis on the same MRRT and RBTG sub-
set sample groups strongly supports the PCA result (Fig. 3:
bottom plot). To quantify this, we calculated the correlation
coefficient between PC1 value and the proportion of rain-
bow trout ancestry (%RBT) of each individual. The correla-
tion coefficient of 99% (r=0.995) demonstrates that MRRT
individuals/populations with higher %RBT have higher
PCI1 values (Table S2).

Our admixture plot showed no evidence of introgression
in individuals tested in five populations from the Upper
McCloud watershed: Swamp, Edson, Sheepheaven, Dry,
and Moosehead creeks (Fig. 3: bottom plot). However, there
is apparent introgression in individuals from Trout, Blue
Heron, Raccoon, Cow, Bull, Tate, McKay, Shady Gulch
creeks. Furthermore, six sampling locations in the mainstem
Upper McCloud River show varying levels of introgression
(Fig. 3: bottom plot). The levels of introgression vary among
the locations (Table 2). For example, Bull, Cow, and Trout
creeks have the lowest introgression levels (mean %RBT of
0.0205, 0.0547, and 0.0980, respectively), with other loca-
tions showing higher levels of introgression (>0.1910).

Within MRRT population structure

To assist managers in prioritizing MRRT populations for
further population genetic investigation, we examined
population structure within MRRT. To do this, we con-
ducted admixture analyses with only the MRRT group at
K=2-5 (Fig. S3). Considering five identified pure MRRT
populations, and the fact that at least one of the popula-
tions is founded by another (Swamp Creek by Sheepheaven
Creek), we assessed K =3 and 4 for the population structure

interpretation (Fig. 4; Table S1). We found three main genetic
groups (this excludes the rainbow trout genetic group rep-
resented in green) at K=4: red representing Swamp and
Sheepheaven creeks genetic group, blue representing Edson
and Dry creeks genetic group, and purple representing Bull
Creek genetic group (Fig. 4, K=4).

We calculated Tajima’s theta (0,) (Table 3) to quantify
the overall genetic diversity of the pure MRRT popula-
tions. Dry and Edson had the highest (0.000699) and low-
est (0.000474) ©,, values, respectively, although Moosehead
Creek’s ©, value (0.000691) is almost as high as Dry
Creek’s. Sheepheaven and Swamp creeks had intermedi-
ate ©, values (0.000592 and 0.000561, respectively). We
also measured genetic differentiation between pure popula-
tions using pairwise F, (Table 3). Since Moosehead Creek’s
sample size was different from the other four populations (2
individuals vs. 5 individuals), we did not consider any pair-
wise F with the Moosehead Creek in the F result. How-
ever, among the rest of the pairwise comparisons, Swamp
vs. Sheepheaven had the lowest (0.1061) and Edson vs.
Swamp had the highest F, value (0.3989 ).

Diagnostic loci for MRRT

We identified putatively non-introgressed MRRT popula-
tions based on our admixture and PCA results and identified
individuals for two MRRT groups (MRRT, and MRRTy}).
We used N=57 individuals from the MRRT, population
group and N=22 for the MRRT, group (Sheepheaven,
Edson, Swamp, Moosehead, and Dry creeks). The RBT
group contained 35 wild and hatchery rainbow trout indi-
viduals (Eagle Lake, North Fork American River, Lower
Yuba River, Lower Stanislaus River, Coleman Strain, Eagle
Lake Strain, Hot Creek Strain, Mt. Shasta Strain, Pit Strain).

We discovered 44 differentially fixed SNPs between the
broader MRRT, group and RBT. We found 2,649 diagnos-
tic SNPs at a frequency of >290% between the MRRT,, and
RBT (Table 4). When we increased the minimum frequency
of diagnostic alleles to 99% in the MRRTp, the number of
SNPs was reduced to 574. All of these 574 fixed SNPs had

Table 3 Pairwise F and theta value of the five pure MRRT populations. ©,= Tajima’s ©. Dry and Edson, respectively, have the highest and
the lowest estimate of the genetic diversity. Edson vs. Swamp has the highest and Swamp vs. Sheepheaven has the lowest Pairwise F in non-
introgressed MRRT. Because of the unequal sample size, Moosehead was excluded from the pairwise F, analysis

F t

Location On Dry Creek Edson Creek Moosehead Creek Sheepheaven
Creek

Dry Creek 0.000699

Edson Creek 0.000474 0.3262

Moosehead Creek 0.000691 - -

Sheepheaven Creek 0.000592 0.3005 0.3615 -

Swamp Creek 0.000561 0.3377 0.3989 - 0.1061
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the frequency of 100% in MRRTp and 0% in RBT before
validation (Table 4). Of the MRRT, loci, 80% were found
in MRRT}, with the 90% cutoff, and 50% were found in
MRRT, with the 99% cutoff. For polymorphic markers, we
found 6,639 loci in MRRT, and 7,316 in MRRT,, (Table 4).

Table 4 Number of loci discovered for monitoring introgression (N
loci differentiating MRRT from RBT) and genetic diversity monitoring
(N Polymorphic Loci)

Group N individuals N loci differentiating N Poly-
MRRT from RBTG morphic
Loci
Cutoff 90% Cutoff  P-value
99% cutoff for
HWE 0.1
MRRT, 72 46 - 6,639
MRRT, 20 2,649 574 7,316

Validation results

We successfully amplified and visualized callable het-
erozygote and homozygote clusters in 27 of the 44 can-
didate MRRT, diagnostic SNP loci using the Fluidigm
SNP Type assays (Tables S3 and S4). There were two
loci (omy01 36537055 and omyl5 57867903) that failed
to amplify in >90% of individuals in the MRRT, and the
tested hatchery rainbow trout populations; this data should
therefore be interpreted with caution (denoted by asterisks
in Table 5). We obtained genotypes for 90 MRRT from
putatively non-introgressed locations and 87 hatchery rain-
bow trout individuals for at least 90% of these two loci;
we discarded data from one individual from Edson Creek
because it did not meet this threshold. Of the 27 remaining
MRRT, diagnostic loci, 16 were completely fixed between
the groups of MRRT, and hatchery rainbow trout that we
tested (Table 5). The frequency of MRRT alleles was greater
than 95% for all historically non-introgressed MRRT pop-
ulations that we tested (Swamp, Sheepheaven, and Edson

Table 5 Frequencies of MRRT alleles by locus for selected MRRT and hatchery rainbow trout populations. Numbers in bold denote MRRT allele
frequencies that are less than 95% for a specific population or grouping. * = loci that failed to amplify in more than 90% of individuals tested in a

specific population or grouping. n =sample size

McCloud River Redband Trou Hatchery Rainbow Trout
Locus Swamp Sheepheaven Edson Overall Crystal: Crystal: Darrah: Overall
(n=16) (n=20) (n=54) (n=90) Coleman Pit Eagle Lake (n=87)
(n=20) (n=17) (n=50)
omy01 36537055 1.00 1.00 1.00 1.00 0.00* 0.00 0.00 0.00
omy01 36542230 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy01 75717390 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy04_23890713 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy04 57267157 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy04 74937939 1.00 1.00 1.00 1.00 0.08 0.00 0.09 0.07
omy06 1274949 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy07 12066898 1.00 1.00 0.98 0.99 0.00 0.35 0.02 0.08
omy07 12545308 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy07_13121873 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy07_1624310 1.00 1.00 1.00 1.00 0.05 0.00 0.15 0.10
omy07_ 9878739 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omyll 65719977 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omyl4 22294317 1.00 1.00 1.00 1.00 0.05 0.00 0.00 0.01
omyl4 22294535 1.00 1.00 0.98 0.99 0.03 0.00 0.00 0.01
omyl5_ 57867903 1.00 1.00 0.80* 0.89* 0.03 0.00 0.00 0.01
omyl5 58335356 1.00 1.00 1.00 1.00 0.15 0.00 0.00 0.03
omyl8 32367886 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omyl8 57370236 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy21 13749597 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy24 12391438 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy24 13095037 1.00 1.00 1.00 1.00 0.00 0.03 0.00 0.01
omy24 16290480 1.00 1.00 1.00 1.00 0.05 0.00 0.00 0.01
omy24 19143772 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy24 26165023 1.00 1.00 1.00 1.00 0.05 0.00 0.00 0.01
omy26 12749297 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00
omy27_ 9625126 1.00 1.00 1.00 1.00 0.08 0.00 0.05 0.05
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creeks) in 21 of the candidate diagnostic loci (Table 5); we
propose that these loci should be used in assessing intro-
gression between MRRT, and MRRT, with hatchery rain-
bow trout as part of future monitoring efforts.

Discussion

Using population structure analysis, we identified poten-
tial MRRT introgression sources from RBTG and we con-
firmed former findings of four non-introgressed MRRT
locations (Edson, Swamp, Sheepheaven, Moosehead), and
potentially one more (Dry). In addition, we identified three
main genetic groups with MRRT: Sheepheaven and Swamp
creeks, Edson and Dry creeks, and Bull Creek. Using these
results, we discovered and validated diagnostic and poly-
morphic SNP loci specific to the MRRT, (Swamp, Edson,
Sheepheaven, Moosehead, and Dry creeks) and MRRT,
(Swamp, Edson, Sheepheaven, Dry, Mooschead, Blue
Heron, Bull, Cow, Tate, McCloud River, Raccoon, Trout,
McKay, and Shady Gulch Creek) groups to monitor their
introgression and genetic diversity both in the wild and the
captive breeding program.

Ancestral history of MRRT

Previous research has identified morphological similari-
ties (Schreck and Behnke 1971; Hoopaugh 1974; Gold
1977) and a shared karyotype (2n=58; Thorgaard 1983)
between GTCX and MRRT. Behnke (1981) reconciled their
morphological similarities and in light of their geographic
separation by suggesting that GTCX may have resulted
from multiple invasions of a primitive redband trout via
the Sacramento River and Tulare Lake, and that all ancient
redbands were subsequently extirpated except for those
in the Upper McCloud River. However, Gall et al. (1981)
found that the trout in the Upper McCloud River differ
substantially from golden trout and rainbow trout by mer-
istic, chromosomal, and electrophoretic characteristic traits.
Furthermore, subsequent microsatellite data found that the
golden trout complex (except Little Kern golden trout) is
significantly different from the MRRT (Nielsen et al. 1999),
but the authors suggested that inbreeding and introgression
could cause significant genetic difference when two stocks
with a common ancestry are isolated. Later, Stephens (2007)
also reported a more distant common ancestor of MRRT and
golden trout complex from AFLP data.

In our analysis we found three main groups (MRRT,
RBTG, and GTCX) using PCA and admixture analyses
in our samples (Fig. 2). Despite the fact that the level of
introgression in the MRRT group found by the admixture

analysis was not very high, at K=2, the introgression source
in MRRT appears to be from the RBTG and GTCX ances-
try group because these two groups are combined at K=2.
However, at K=3, when GTCX and RBTG are split, the
introgression source is RBTG (Fig. 2: bottom plot). Our
assessment that MRRT is separate from both RBTG and
GTCX is in line with Behnke’s (1992) claim that MRRT
should have subspecific status. Thus, we did not find evi-
dence of recent shared ancestry between MRRT and the
golden trout complex.

Potential sources of introgression

Most hatchery strains of rainbow trout (primarily O. m. iri-
deus) used in California were derived from rainbow trout in
the upper Sacramento River (Nielsen et al. 1999). The Eagle
Lake rainbow trout (O. m. aquilarum) was also stocked
extensively in California for several decades and is still
in use by CDFW. Given the long history of trout stocking
(hatchery records indicating stocking of Mt. Shasta hatchery
trout in the Upper and Lower McCloud River (M. Dege,
CDFW, pers. Comm.)) and the geographic proximity to the
McCloud River, we expected the Mt. Shasta Hatchery (Mt.
Shasta, California) to be the most probable source of planted
fish in the McCloud River. Prior to Mt. Shasta Hatchery,
there was also extensive stocking of trout beginning in the
late 1800s from Baird Hatchery, which was located near the
confluence of the McCloud River and the Pit River but cov-
ered by Lake Shasta following the construction of Shasta
Dam in the 1940s. Indeed, Berg (1994) reported hatchery
introgression of the Upper McCloud fish by assessing sev-
eral protein loci, ultimately leading to the end of the hatch-
ery stocking in 1994.

Our results show that only a small subset of the rainbow
trout that we examined (Fig. 2: top plot, bottom right of top
left cluster) can be the most likely source of introgression.
This small group includes wild and hatchery rainbow trout,
and three populations from the “Other Rainbow Trout”
group. Among the hatchery strains used in this study, Mt.
Shasta, Coleman, and Hot Creek represent potential sources
of introgression, but Pit Strain and possibly Eagle Lake
strain do not. Pit Strain is markedly different from other
hatchery trout strains used in California; Pit strain rainbow
trout were originally sourced from the Pit River, which falls
within the geographic range of the general redband trout
designation. It is notable that Nielsen et al. (1999) assessed
the same hatchery groups as our study but only found sig-
nificant genetic association (low genetic distance, Rgr)
between Sheepheaven Creek MRRT and Eagle Lake hatch-
ery strain rainbow trout, but not other hatchery strains. The
conflict may be explained by the power of RAD sequencing
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with a much greater coverage and thousands of markers in
comparison to highly variable but limited number of micro-
satellite markers for discovering and genotyping polymor-
phic loci. In addition, mainstem Upper McCloud River has
been extensively stocked with a variety of rainbow trout
strains and individual hatcheries often stock multiple differ-
ent strains of domesticated rainbow trout. For example, Mt.
Shasta Hatchery has used Shasta, Coleman and Eagle Lake
strain trout for various stocking activities (M. Dege, CDFW,
pers. comm.). Additionally, incomplete records of stocking
from the past century and ad hoc crosses between hatchery
strains can explain observing multiple hatchery strains as a
source of introgression. Identifying this small group as the
source of introgression allows us to more accurately quan-
tify introgression level.

Levels of Introgression

Our results are generally consistent with Nielsen et al. (1999)
and Simmons et al. (2010) in supporting the classification
of Edson, Swamp, Sheepheaven, and Moosehead creeks as
non-introgressed MRRT core conservation streams. As part
of marker discovery, we also included samples from five
other creeks in the Upper McCloud watershed: Dry, Bull,
Cow, Shady Gulch, and Blue Heron. We only used 3—5 sam-
ples from each of these creeks for MRRT diagnostic marker
discovery, but our introgression analyses suggest that fur-
ther genetic investigation of Dry Creek as a candidate core
conservation stream is warranted because we detected no
rainbow trout introgression in our samples. We also found
only minor admixture influence in Bull and Cow creeks and
recommend that additional genetic sampling be performed
to discern whether these creeks should be considered core
conservation streams. Furthermore, in future analyses it is
important to include samples from different reaches of these
creeks; introgression is believed to vary with hydrological
connectivity, accessibility, and the potential for unauthor-
ized stocking (M. Dege, CDFW, pers. comm.).

The unique hydrology and connectivity patterns in the
Upper McCloud River could explain the introgression pat-
terns we observed. In general, we expect lower stream con-
nectivity and isolation from the public to correlate with
lower levels of introgression. The northern streams (Swamp,
Edson, Sheepheaven, and Trout creeks) are the least intro-
gressed and the most isolated. These locations are mostly
disconnected from the mainstem Upper McCloud except
during rare high-flow events (Nielsen et al. 1999) and are
largely on private timber properties (M. Dege, CDFW,
pers. comm.). The only non-introgressed population in the
south is Moosehead Creek. Although Moosehead Creek is
regularly connected by surface flows, a concrete fish barrier
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near its confluence with the Upper McCloud River prevents
fish from ascending into the creek (M. Dege, CDFW, pers.
comm.). The tributaries that are mainly south of the Upper
McCloud River are expected to be introgressed, because
they are connected to the mainstem Upper McCloud River
and may have been stocked with hatchery rainbow trout in
the past. For example, Raccoon and Tate creeks showed
introgression consistent with Simmons et al. (2010). Rac-
coon and Tate creeks lack fish barriers between the main-
stem Upper McCloud River and are easily accessible to the
general public, which may explain the observed higher lev-
els introgression.

We expected that Swamp and Trout creeks, which were
recipients of MRRT from Sheepheaven Creek in the 1970s,
to be genetically similar to Sheepheaven Creek. However,
in the admixture analysis, Trout Creek shows low levels of
introgression (0.098), but Swamp does not (Fig. 3). Prior
to stocking MRRT, there was a rainbow trout eradication
action in Trout Creek which may have been incomplete, or
rainbow trout may have been unlawfully introduced via a
public campground in the Lower Trout Creek. However,
Pittman (2011) reported MRRT as the only salmonid spe-
cies observed in Trout Creek. Although Trout Creek has no
discernable barriers to fish passage, the levels of introgres-
sion are highly dependent on sampling location, with lower
Trout Creek showing patterns of introgression while upper
Trout Creek appears to be more “pure” MRRT (Stephens et
al. 2013). In addition to Trout Creek, Bull and Cow creeks
had low levels of introgression (0.0205, 0.0547, and 0.098
respectively). These creeks are hydrologically isolated from
Upper McCloud River most of the year but may be con-
nected during seasonal or higher flow events, especially in
the lower section of Bull Creek (S. Plemons and M. Dege,
CDFW, pers. comm.) leading to possible introgression with
RBT.

Pure MRRT have three genetic groups

We observed three genetic groups within pure MRRT using
admixture analyses: (1) Sheepheaven and Swamp creeks,
(2) Edson and Dry creeks, and (3) Bull Creek (Fig. 4,
K =4). Overall, our F, results support the observed genetic
clusters so that the genetic differentiation between the two
genetic clusters (Edson and Dry creeks’ pairwise F,, with
Swamp and Sheepheaven creeks, Table 3) are higher than
within clusters’ pairwise F (Edson Creek vs. Dry Creek
and Swamp Creek vs. Sheepheaven Creek, Table 3). Except,
Dry vs. Edson creeks’ F, (0.3262) that is higher than Dry
vs. Sheepheaven creeks’ (0.3005), which may be explained
by the lower genetic diversity in Edson caused by genetic
drift. Sheepheaven and Swamp creeks’ common ancestry on
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the admixture plots is consistent with the fact that Swamp
Creek was historically fishless prior to a translocation of
MRRT from Sheepheaven Creek. Similar to Simmons et
al. (2013), our genetic diversity analysis shows that Swamp
Creek has a slightly lower genetic diversity (O, = 0.000561)
than Sheepheaven (O, = 0.000592) which is expected for
a derived population and consistent with founder effects
(Table 3); they also have the lowest pairwise F  value
(0.1061, Table 3). Similarly, Trout Creek was founded by a
translocation from Sheepheaven Creek and shows a higher
proportion of common ancestry with Sheepheaven and
Swamp creeks than with other introgressed populations.

Interestingly, the Edson and Dry creek genetic group
was present in most MRRT populations. Thus, this genetic
group appears to be the most common historical genetic
group within MRRT populations rather than the expected
Sheepheaven Creek genetic group (Fig. 4). Sheepheaven
was previously thought to be the “sole representative”
of MRRT (Behnke 1992, 2002). Simmons et al. (2013)
2010also found private alleles specific to Edson and
Moosehead which were not present in Sheepheaven. For the
same reason, it is also surprising that Bull Creek, which has
the same genetic group as Edson, Dry, and Moosehead at
K =3, shows a unique MRRT signature at K=4.

Our results have significant implications for the man-
agement of MRRT. For example, our results suggest that
Sheepheaven Creek is not the only representative of ances-
tral MRRT lineages. Edson and Dry creeks may also rep-
resent a distinct genetic group. In addition, our analyses
show that Edson Creek has the lowest genetic diversity (O,
= 0.000474). This may imply that Edson Creek can benefit
from targeted conservation management such as supple-
mentation from other pure MRRT populations either within
the same genetic group (e.g. Moosehead) if managers want
to preserve the genetic group or from another group if they
want to increase overall genetic diversity. However, Sim-
mons et al. (2013) reported low allelic richness for Edson
and Sheepheaven, and a bottleneck in Sheepheaven based on
microsatellite data. Hence, we need to take into account the
possibility that the observed clusters might have appeared
due to small population sizes experiencing genetic drift
instead of representing distinct historical lineages. There-
fore, additional genetic testing with a broader sampling
distribution within each tributary is warranted to further
refine MRRT conservation efforts for each individual creek.
Furthermore, to prioritize the populations for conservation
purpose based on their adaptive potential, neutral genetic
diversity is not enough and other factors must be considered
such as balancing selection on particular segregating sites,
effective population size, rate of mutation, and the popula-
tions’ adaptive diversity (Messer and Petrov 2013; Kardos
and Luikart 2021; Teixeira and Huber 2021).

Diagnostic and polymorphic markers

We identified SNP loci that are both diagnostic for identify-
ing non-introgressed and introgressed MRRT and loci that
are polymorphic in MRRT. The development of new SNP
type assays will facilitate rapid, consistent genetic typing of
individual fish from both pure MRRT and introgressed pop-
ulations to help inform adaptive conservation strategies and
actions. We found 44 diagnostic loci (21 after validation)
for the entire MRRT population and more than 500 SNP loci
for the non-introgressed MRRT, reflective of their unique,
divergent lineage from RBTG. Although only MRRT), diag-
nostic markers were validated, we would expect a simi-
lar validation efficiency for the MRRT, markers since the
marker discovery methods used for MRRT, and MRRT,
were similar.

Management implications and conclusion

The major goal of genetic monitoring in fish and wildlife
populations is to help maintain adaptive capacity in unique
genetic lineages, providing populations with resiliency
against environmental changes into the future. Introgression
between threatened native and introduced populations can
alter the genetic diversity of native populations and impact
their long-term viability (White et al. 2018; Frankham et al.
2009). The historical and ongoing potential for unauthor-
ized introduction of other rainbow trout has exposed the
naturally isolated, genetically unique MRRT to introgres-
sive hybridization with nonnative rainbow trout subspecies.
Furthermore, MRRT is especially prone to further loss of
genetic diversity through processes inherent to small, iso-
lated populations, such as genetic drift and an accumula-
tion of inbreeding effects. Currently, MRRT only exists in a
handful of small, isolated populations and also in a conser-
vation hatchery program as a captive broodstock, thus mak-
ing an adaptive management strategy a necessity.

Admixture, population structure, and genetic diversity
analyses conducted in this study corroborate previous work
that showed that Edson, Swamp, Sheepheaven, and Mooseh-
ead creeks are not introgressed with hatchery rainbow trout.
While we found three genetic clusters, this represent differ-
ent management options in the case of detected inbreeding
in populations and the necessity of genetic rescue. Beyond
the five populations identified as pure MRRT, we suggest
further investigation of Dry, Bull, Trout, and Cow creeks
with larger sample sizes to further characterize patterns of
introgression and to determine which, if any should be con-
sidered for core conservation stream status.

The monitoring and management of introgressive hybrid-
ization in MRRT core conservation populations should be a
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critical objective of an MRRT management strategy. Cur-
rently, most of the recent hatchery-produced MRRT have
been stocked in the Upper McCloud River. Hatchery-pro-
duced F, juveniles, which were the result of the spawning
of rescued wild adult MRRT were stocked into both Trout
and Moosehead creeks in a one-time event to help restart
the populations following the extreme drought conditions.
Currently, no authorized stocking is occurring in the creeks
with pure MRRT populations, and further stocking activities
will likely be limited to the Upper McCloud River between
Algoma (Upper McCloud River) and McCloud Reservoir
(M. Dege, CDFW, pers. comm.). Overall, the results from
this study will be a valuable resource to assist with future
genetic evaluation and monitoring of MRRT.

Supplementary information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10592-
022-01453-7.
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