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Abstract

Since the first introduction from North America more than a century ago, rainbow
trout (Oncorhynchus mykiss) have rapidly established self-sustaining populations in
major river basins of Patagonia. Many generations later, only the freshwater resident
life history is expressed in the Chubut and Negro rivers of northern Argentinian Pata-
gonia, whereas both the resident and anadromous life histories are found in the Santa
Cruz River of southern Argentina. Despite previous studies that have tried to identify
the sources of these introduced populations, uncertainty still exists. Here we com-
bined data from many single-nucleotide polymorphisms and microsatellite loci in
O. mykiss populations from Argentina and North America to evaluate putative source
populations, gene flow between Argentinian river basins, and genetic diversity differ-
ences between Argentinian and North American populations. We found that popula-
tions from northern and southern Patagonia are highly differentiated and have
limited gene flow between them. Phylogeographic analysis also confirmed that they
have separate origins, with the northern populations most closely related to the
domesticated rainbow trout strains that are raised worldwide and the Santa Cruz
River populations most closely related to North American populations from California
and Oregon that have an anadromous component. In addition, fish with different life
histories in the Santa Cruz River were found to constitute a single interbreeding pop-
ulation. No evidence was found of reduced genetic variation in introduced rainbow
trout, suggesting multiple contributing sources. In spite of these advances in under-
standing, significant questions remain regarding the origins and evolution of the

introduced O. mykiss in Patagonia.
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1 | INTRODUCTION

Rainbow trout and steelhead, the non-anadromous and anadromous
forms of Oncorhynchus mykiss, have a native distribution extending
from the Kamchatka Peninsula in eastern Russia eastward to southern
Alaska and coastal and interior regions of British Columbia,
Washington, California, and northwestern Mexico
(Behnke, 1992).

The parallel evolution of anadromy and residency across different

Oregon,

phylogeographic lineages of O. mykiss has led to a complex network
of populations with anadromous and resident life histories, and has
led to inconsistencies in the delineation of conservation units based
on migratory life-history traits (Clemento et al., 2009). Presently, there
is general consensus that rather than distinct evolutionary lines, the
relationship between anadromous and resident rainbow trout appears
to be more concordant with geography than with life-history strategy
(Clemento et al., 2009; Docker & Heath, 2003; Garza et al., 2014;
McEwan, 2001; Olsen et al., 2006; Pearse et al., 2019). For example,
large genetic differences have been reported between populations of
O. mykiss in some major river systems (Busby et al., 1996; Hendry
et al., 2002). However, within these river systems, anadromous and
resident fish in a given tributary are usually more closely related to
one another than to populations of the same life history in other tribu-
taries and river systems, supporting the view that within a geographic
area, alternative forms share an evolutionary legacy (Allendorf, 1975;
Busby et al, 1996; Currens et al., 1997). Conversely, substantial
genetic divergence has been recorded between non-anadromous/
resident and anadromous trout in areas where the two forms have
been isolated by long-standing natural barriers, allowing for indepen-
dent evolution (Busby et al., 1996; Deiner et al., 2007; Kostow, 2003;
Nielsen et al., 2003). In sympatry, the relationship between steelhead
and resident rainbow trout may vary from complete genetic isolation
to genetically indistinguishable groups (Busby et al., 1996; McPhee
et al., 2007; Narum et al., 2004; Zimmerman & Reeves, 2000).

The complex relationship between anadromous and resident
forms of trout in different river systems has led many authors to pro-
pose that the expression of alternative life histories in O. mykiss, and
in salmonids more generally, is the outcome of interacting genetic var-
iation and environmental factors. Whether an individual migrates or
not depends on a combination of its genetic constitution and specific
environmentally triggered threshold traits (Phillis et al., 2016; Thrower
et al., 2004). This concept also holds true for other salmonid species,
including Arctic charr (Jonsson & Jonsson, 1993), brook charr
(Thériault & Dodson, 2003), Atlantic salmon (Thorpe et al., 1998), and
others (Aubin-Horth & Dodson, 2004; Garant et al., 2002). Because
threshold values for traits that lead to different strategies may differ
among populations, due to environmental selection pressures (Aubin-
Horth & Dodson, 2004) or random genetic drift (e.g, Moczek
et al., 2002; Roff, 1996), the incidence and expression of anadromy
often vary among individuals, populations, and environments. For
example, a relationship has been described between juvenile body size
and the proportions of mature parr and smolts in white-spotted charr

across various latitudes (Yamamoto et al., 1999).
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Historical records reveal rainbow trout propagation and exports
commencing in 1870, when the California Acclimatization Society ini-
tiated artificial propagation in the San Francisco Bay area
(Behnke, 2002). In contrast to the long-standing belief that the
McCloud River was the exclusive source of early hatchery rainbow
trout domestication, the origin of hatchery trout strains is notably
diverse (Behnke, 2002). After the initial domestication of trout from
the San Francisco Bay area, later contributions to hatchery strains
came from Clear Lake, California, and the McCloud River, in 1873 and
1877, respectively (Leitritz, 1970). Interestingly, the initial transloca-
tions of rainbow trout beyond their native range, to New York and
Michigan, occurred in 1874 and 1876, but did not originate from the
McCloud River area (Behnke, 1992; Wales, 1939). However, by 1888,
c. 2.5 million rainbow trout eggs of anadromous and resident stocks
sourced from the Baird Station hatchery on the McCloud River and
coastal rivers in northern California and southern Oregon were
shipped to establish broodstocks in other US hatcheries
(Behnke, 1992, 2002; Busack & Gall, 1980; Leitritz, 1970). Early over-
seas exports of rainbow trout to Japan and Europe occurred in 1877,
and these exports extended to various global destinations, including
Sri Lanka, New Zealand, China, and Argentina (MacCrimmon, 1971;
Stankovi¢ et al., 2015).

The introduction of rainbow trout across the geographical gradi-
ent of Patagonia, Argentina, provides an opportunity to evaluate the
establishment of new populations and the maintenance of anadromy
and residency in this species. In Patagonia, rainbow trout were first
introduced in the early 1900s, reportedly from the McCloud River in
northern California, and then later between 1950 and 1970, with
imports from Denmark using strains sourced from secondary and ter-
tiary transfers of rainbow trout within Europe in the late 1800s (see
below, MacCrimmon, 1971; Pascual et al, 2001; Riva Rossi
et al., 2004; Stankovi¢ et al., 2015). These introductions led to the
establishment of self-sustaining populations in the major river basins
of northern Patagonia, the Negro (38° S) and Chubut rivers (43° S),
and in the Santa Cruz River (50° S) in southern Patagonia (Figure 1).
Over 10-25 generations after these introductions, both resident and
migratory (anadromous) life histories are found in the Santa Cruz
River, whereas only the resident life history has been recorded in
northern Patagonian populations (Pascual et al, 2001; Riva Rossi
et al., 2004). In the Santa Cruz River, the anadromous and resident
forms are genetically similar (Pascual et al., 2001), and both forms can
give rise to each other, suggesting a single population with alternative
phenotypes (Riva-Rossi et al., 2007).

Understanding the origins of O. mykiss populations in Argentina
will help to clarify whether current life-history diversity is a conse-
quence of introduction from populations with life-history variation or
whether this variation has arisen de novo in the recipient environ-
ments. Previous analysis of the mtDNA control region indicated that
O. mykiss populations from the Santa Cruz River and northern Patago-
nia derived from different source populations (Riva Rossi et al., 2004).
However, considerable uncertainty exists regarding the origin of the
Santa Cruz River population and specifically if it was established from

a single source in the McCloud River, California, United States, or if it
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resulted from multiple mixed sources, possibly from California or else-
where on the West Coast of North America. In addition, it is unclear
whether the source population(s) consisted only of individuals with a
single life history or with both resident and anadromous life histories
(Behnke, 2002; Nielsen et al., 2005; Pascual et al., 2002; Riva Rossi
et al., 2004).

Here, we survey genetic variation at 93 single-nucleotide poly-
morphisms (SNPs) and 14 microsatellite loci to investigate the evolu-
tionary relationships among and between steelhead and rainbow trout
populations from Argentina and the West Coast of North America.
Because of the differences in migratory life history found among
Argentinian populations and the uncertainty about their origins, we
evaluate if Argentinian populations came from the same or different
ancestral populations from North America and, more specifically,
whether they came from the California Central Valley (where the
McCloud River is located), hatchery strains or other populations from
California and Oregon. We also study gene flow between the popula-
tions of O. mykiss in Argentina, as it may be an important factor to
maintain population structure. In some rivers, the presence of differ-
ent migratory ecotypes is indicative of separate populations, so here
we investigate whether the anadromous and resident ecotypes found
in the Santa Cruz River represent different populations and if they
share ancestral origins. Genotype data from a locus within a large
chromosomal inversion on chromosome Omy5 associated with migra-
tory life-history variation in some steelhead populations (Pearse
et al., 2019) offer further potential insights into the evolution of ana-
dromy in O. mykiss in Patagonia. Finally, when populations are
founded by a few individuals, founder effects and bottlenecks can
produce a decrease in genetic diversity, so we also evaluate whether
introduced O. mykiss populations in Argentina have reduced genetic
variation in contrast with native populations.

2 | METHODS

2.1 | Stocking history

Introductions of O. mykiss in Patagonia started in the early 1900s, mainly
with eggs exported from the United States, but with occasional imports
from Germany and France (Riva Rossi et al., 2004). Within a few genera-
tions of the original introduction, successful populations of presumably
resident trout were well established, and natural reproduction was
observed in every basin in the region where they had been introduced
(Valette, 1922). In the Santa Cruz River, imported rainbow trout presum-
ably from California or Oregon, United States, were stocked between
1906 and 1910, and naturalized populations were well established and
widely  distributed throughout the basin by the 1920s
(MacCrimmon, 1971; Pascual et al., 2001; Riva Rossi et al, 2004;
Valette, 1924). Because trout introductions in the Santa Cruz River
occurred over a decade after the Baird Station hatchery on the McCloud
River had closed (Pascual et al., 2002), Behnke (2002) proposed that the
introduced stock may actually derive from multiple sources from the

McCloud River and various coastal rivers in northern California and

southern Oregon, including the Klamath River, Redwood Creek, Kern
River, and Rogue River, as well as from hatcheries in Caledonia, New
York, and Northville, Michigan, containing different varieties of O. mykiss,
including redband trout, golden trout, and coastal steelhead trout, all of
which were commonly utilized during the early 1900s as broodstock
sources (Behnke, 1992, 2002; Busack & Gall, 1980; Colihueque
et al.,, 2019).

Rainbow trout introductions to Argentina briefly restarted in 1930
from Chile (of German origin, Colihueque et al., 2019) but intensified in
the period 1950-1970, mostly with stocks raised in Denmark. Danish
hatchery rainbow trout stocks also have complex ancestry. The first
translocation of rainbow trout to Europe was when eggs from the Baird
Station were shipped to Paris in 1879 and then to Germany in 1882
(Baird, 1886; Behr, 1882; Clark, 1884). Rainbow trout were then trans-
ferred extensively across Europe, particularly from German hatcheries to
Austria, Bulgaria, Denmark, Poland, Sweden, Switzerland, Russia,
Slovakia, Slovenia, and the Czech Republic (Crawford & Muir, 2008).
Rainbow trout most likely arrived in Danish trout farms from Germany
around 1894. Since then, eggs from the United States, Canada,
New Zealand, and France have been imported to Patagonia
(MacCrimmon, 1971; Stankovi¢ et al., 2015).

These imports were maintained by the Bariloche hatchery in
Argentina, which propagated them extensively throughout Patagonia,
particularly into northern basins (e.g., Negro and Chubut rivers) for
commercial (aquaculture) and recreational fishery purposes, including
stock enhancement of public and private waters. Descendants of the
Danish strain from the Bariloche hatchery were utilized as the brood-
stock source of the Piedra Buena hatchery, a small aquaculture facility
established on the Santa Cruz River in 1991, dedicated to the produc-
tion of trout for human consumption and to a lesser extent for stock
enhancement. These fish were used for trout farming rather than river
stocking, but they were planted in low abundances in small tributaries
of the upper Santa Cruz River basin, including small creeks flowing
into Lake Roca and the De las Vueltas River (R. Hudson, Manager Pie-

dra Buena Hatchery, personal communication).

2.2 | Sample collection

Pelvic-fin clips and scales were taken from adult anadromous
(h = 113) and non-anadromous trout (n = 115) at three sites in the
mainstem Santa Cruz River during March-April 1997, 1998, 2000,
and 2001 (fall in the Southern Hemisphere); September-October
1999, 2000, and 2001 (spring); and May-September 2004 (fall to
spring). In addition, dry pelvic tissue and scale samples were taken
from adult resident trout during the period 1994-2000 from the
Negro (n = 21) and Chubut rivers (n = 18) in northern Patagonia, as
well as Lake Argentino (n = 18), Lake Roca (n = 7), La Leona River
(n =7), and De las Vueltas River (n = 5) in the upper basin of the
Santa Cruz River (Figure 1; Table 1). Fish ecotype (e.g., anadromous,
non-anadromous) was determined using scale pattern analysis
(Pascual et al., 2001; Riva-Rossi et al., 2007). Although Argentina did

not have specific regulations for care or use of nonnative animals in
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FIGURE 1 Geographic locations of

Oncorhynchus mykiss sampling sites in

Argentina. From north to south—Negro 35
River: RNegr, Chubut River: RChub, Las

Vueltas River: RLVue, La Leona River:

LaLeo, Lake Argentino: LaArg, Lake Roca:

LaRoc, Santa Cruz River-Resident: SCRes,

and Santa Cruz-Anadromous: SCAna.

A
o

Latitude

place at the time of this study, all fish capture and handling proce-
dures were approved by the Ministerio de Agricultura, Ganaderia y
Pesca of Rio Negro Province; by the Instituto Provincial del Agua,
Administracién General de Recursos Hidricos of Chubut Province; and
by the Subsecretaria de Pesca y Asuntos Portuarios of Santa Cruz
Province and were conducted using the best-available science and
veterinary practices for minimizing stress and ensuring fish survival.

In addition, to investigate the ancestry and origins of these intro-
duced fish, data from 54 natural and hatchery O. mykiss populations
from the native range (California and Oregon; Table 1) were included

in this study. These samples were collected and analysed as part of

-75 -70 -65 -60
Longitude

studies of population structure and evolutionary history of O. mykiss
throughout the southern portion of their native range (Abadia-
Cardoso et al., 2016; Arciniega et al., 2016; Clemento et al., 2009;
Garza et al.,, 2014; Pearse & Garza, 2015).

2.3 | Microsatellite and SNP procedures

DNA was extracted from all the samples using DNeasy 96 tissue
extraction kits on a BioRobot 3000 (Qiagen, Inc.) following the manu-

facturer's procedures.
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OmyO05 ancestral

% Polymorphic loci

Ag

Sample size Loci typed

Population code

River-sampling site

Hatchery Strains

35

98
93
92

2.0
3.0
2.8
2.9
25

0.36
0.37
0.35
0.29
0.37
0.27
0.29
0.28
0.34

0.37
0.37
0.36
0.31
0.37
0.28
0.30
0.29
0.35

107
106
106
107
107
106
107
107
106

47

ColeM
MtWhE
MtWhL
VirgM

Coleman-Fillmore

54
54
35

24
24
48

Mt Whitney Early-Fillmore

Mt Whitney Late-Fillmore

90
93

Virginia-Fillmore

30

47

WyomM
HCKml

Wyoming-Fillmore

80
87
99
91

2.6
1.7
3.0
3.0

47

Kamloops-Hot Creek

28

47

Moccs

Moccasin Creek-Hot Creek

47

EagiM

Eagle-American River

52

47

ShasM

Shasta-American River
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Note: Reported are the expected heterozygosity (H.), observed heterozygosity (H,), allelic richness (Ag), and percentage of polymorphic loci (%Pl). Chromosome Omy05 ancestral (noninversion) haplotype

frequency was estimated from SNP locus Omy_114448-87. Ag was not estimated for sample sizes <10. NA means not applicable for this parameter for the two populations.

Abbreviation: SNP, single-nucleotide polymorphism.

A total of 93 SNPs and 14 microsatellite loci were used for the
current study, including markers described by different authors
(Table S1). The 14 microsatellite loci were previously optimized for
use in O. mykiss (Garza et al., 2014). Extracted DNA was diluted c.
10:1 and used for PCR amplification using the conditions described by
Garza et al. (2014). PCR products were electrophoresed on ABI
377 sequencers, and microsatellite genotypes were called using Gen-
escan 3.0 and Genotyper 2.1 software (Applied Biosystems, Inc.). All
the SNP loci were genotyped using TagMan 5’-nuclease chemistry
(Applied Biosystems) on an EP1 system, with the SNP Genotyping
Analysis software, version 3.1.1 (Fluidigm Corporation), used to call all
genotypes. All genotypes were checked independently by two people
to ensure correct and consistent calling. The few discrepancies found
between the two calls were resolved by consensus, by re-genotyping,

or by deletion of that genotype from the data set.

2.4 | Population genetic analyses

Within-population genetic diversity at microsatellite and SNP loci was
evaluated using descriptive statistics, including unbiased heterozygos-
ity (Hg), observed heterozygosity (Ho), and the mean number of alleles
per locus, all employing the Microsatellite Toolkit (Park 2001). Allelic
richness (Ar) was calculated using the diveRsity R package (Keenan
et al.,, 2013). The proportion of polymorphic loci is also reported.
Hardy-Weinberg equilibrium (HWE) was also evaluated using Pear-
son's X2 test from the genetics R package (Warnes & Leisch, 2005),
and pair-wise population differentiation for the 62 populations was
quantified for each locus based on average Fst values obtained using
the strataG R package (Archer et al., 2017). Pair-wise linkage disequi-
librium between all the loci was calculated using the genetics R pack-
age (Warnes & Leisch, 2005).

Evolutionary relationships and population genetic structure
between and within native and introduced O. mykiss populations and
hatchery strains were estimated using several methods. Because the
Argentinean populations have been established over a period of only
c. 100 years, which equates to c. 25-30 generations, changes in
microsatellite allele frequencies through mutation (at rates of 10~3-
10~ per locus per generation) are not likely to have a major influence
on allele frequencies compared to the effects of genetic drift. There-
fore, methods that are based on evolutionary models of genetic drift
rather than mutation were favored (e.g., Tessier & Bernatchez, 1999;
Wenburg et al.,, 1998). As such, evolutionary relationships between
the North America and Argentinian populations were summarized
using pair-wise chord distances (Cavalli-Sforza & Edwards, 1967),
which were then used to construct neighbor-joining (NJ) trees with
PHYLIP (Felsenstein, 1993). Bootstrap-consensus trees were built
using 1000 bootstrap replicates to confirm consistency of the tree
structure obtained. All trees were plotted using Dendroscope, version
3 (Huson & Scornavacca, 2012).

Discriminant analysis of principal components (DAPC; Jombart
et al., 2010) was used to identify patterns of genetic relatedness

among populations and performed using the adegenet R package
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FIGURE 2 Neighbor-joining tree of all populations is included in the analysis. Northern Patagonian populations are in red, and southern

Patagonian populations are in blue.

(Jombart, 2008). The Bayesian model-based clustering method from
structure (Pritchard et al., 2000) was used to look for evidence of
admixed ancestry and multiple origins, and to infer population clusters
from the multilocus genotype data of both Patagonian and North
American fish. A series of evaluations were performed using different
numbers of potential genetic clusters (k = 2-6) to guide an empirical
estimate of the number of identifiable genetic groups in Argentina,
under a model assuming admixture and correlated allele frequencies.
The probability of how the data best fit into each number of assumed
clusters was estimated in each case (In probability of the data) without

using any prior population information (USEPOPINFO = 0), so that

individuals were assigned to a cluster based on only their multilocus
genotypic profile. The admixture parameter, a, estimated with each
k value was also estimated. Burn-in was set at 5000, with the next
15,000 iterations used for data collection, and each test yielded a log-
likelihood value of the data (In probability). The ad hoc statistic based
on the rate of change in the log likelihood of the data (Ak) was used
as proposed by Evanno et al. (2005) to accurately determine the level
of structure. Runs were replicated five times at each k value to con-
firm consistency of log-likelihood probabilities. Individuals were
assigned probabilistically to a population based on gi values, or to mul-

tiple populations, if their genotype profile indicated admixture. For
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FIGURE 3 Bootstrap-consensus tree of all populations included in the analysis, with bootstrap support for internal branches of greater than
50% indicated. Northern Patagonian populations are in red, and southern Patagonian populations are in blue.

visualization purposes, CLUMPP (Jakobsson & Rosenberg, 2007) and
Distruct (Rosenberg, 2004) were used to reorder clusters and plot
individual gi values.

One of the SNP loci (Omy_114448-87) is located within an
inverted region of the genome on chromosome Omy5 that is strongly
associated with life history in some O. mykiss populations (Abadia-
Cardoso et al., 2011; Pearse et al., 2014; Pearse et al., 2019). Here,
we use the allele frequencies for Omy_114448-87 to estimate the fre-
quencies of the Omy5 inversion haplotypes for the populations in the
present study.

3 | RESULTS

Newly generated and previously published (Abadia-Cardoso
et al, 2016; Arciniega et al, 2016; Clemento et al, 2009; Garza
et al,, 2014; Pearse et al., 2019; Pearse & Garza, 2015) microsatellite
and SNP data from 2568 fish in Argentina and North America were
combined for this study. The standard descriptive statistics for these

genotypes of 100-107 loci and for all the populations included in this

study are presented in Table 1. Among the North American popula-
tions, the expected heterozygosity (Hg) ranged from 0.12 (Santa Ana-
Coldwater Creek, SACaC) to 0.43 (Gualala River, Guala), whereas the
observed heterozygosity (Ho) ranged from 0.12 to 0.44 at the same
locations. For the Argentinian populations, He ranged from 0.31
(La Leona, LaLeo) to 0.40 (Negro River, RNegr), and Hp values ranged
from 0.32 (Lake Argentino, LaArg) to 0.39 (Chubut River, RChub).

For the native range, microsatellite allelic richness (Ar) ranged
from 1.7 (Moccasin Creek-Hot Creek, Moccs) to 4.2 (Santa Clara-Sta
Paula, SCIPa), and the proportion of polymorphic SNPs ranged from
31 (SACaC) to 100% (Mad River-Canon, MadRC, and multiple popula-
tions from the California Central Valley). For the Argentinean
populations, Ag values ranged from 2.0 (RNegr) to 3.2 (Lake Roca,
LaRoc), and the proportion of polymorphic loci ranged from 60 (LaLeo)
to 92% (Santa Cruz River-Resident, SCRes) (Table 1). Overall, the
values obtained for both Ag and the proportion of polymorphic loci in
Argentinean populations were marginally lower than those obtained
for the native-range populations.

Among the Argentinian populations, test results indicated that

only the Santa Cruz River resident fish had a significant departure
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from HWE correction  for
tests (p < 0.01).

Fst among Argentinian populations showed a high degree of dif-

following  Bonferroni multiple

ferentiation in the northern populations of Patagonia, RNegr and
RChub, from the southern populations in the Santa Cruz River basin
(Table S2). The exception to this is the De las Vueltas River (RLVue)
population, which is also differentiated from all other Santa Cruz River
populations and slightly more similar to the two northern populations.
In contrast, the two northern populations are genetically differenti-
ated from each other, but with a much smaller Fst value between
them, than with the southern populations. Similarly, in the Santa Cruz
River basin, most populations were modestly differentiated, with the
exception of the mainstem resident (SCRes) and anadromous (Santa
Cruz River-Anadromous, SCAna) groups, which were not significantly
differentiated. Fst among all the populations, native and Argentinean,
showed that northern Patagonian populations are more similar to Cali-
fornia Central Valley and hatchery rainbow trout strains, whereas
southern Patagonian populations are more similar to populations from
coastal North America, including California and Oregon.

Genetic differentiation (Fst) among populations within the intro-
duced range was far less than that between introduced and native
populations. Overall Fst among Argentinean populations was 0.061
(p=0), and that between native and introduced samples was
0.189 (p = 0).

NJ tree relationships (Figure 2) were supported by the bootstrap-
consensus tree with bootstrap values greater than 50% (Figure 3).
Both grouped the northern Argentinean populations RChub and
RNegr with the hatchery strains and populations from the Central

Valley of California (with bootstrap values of 99%), whereas the
southern populations from the Santa Cruz River basin—SCRes, SCAna,
LaArg, Laleo, and LaRoc—clustered with natural populations from
northern California and Oregon (with bootstrap values greater than
90%). RLVue was grouped separately from all other Argentinian popu-
lations and was also related to the hatchery strains and Central Valley
populations.

The results obtained using the DAPC analysis (Figure 4) were
consistent with the NJ and bootstrap-consensus tree results. When
looking at all the populations (Figure 4a), the northern Patagonian
populations were grouped with hatchery strains, and the southern
Patagonian populations were grouped with northern California and
Oregon populations, with nominal clustering by one hatchery strain
domesticated from a Canadian source and a McCloud River popula-
tion, and the RLVue fish were grouped with the California Central Val-
ley and the hatchery rainbow trout strains that were domesticated
from California source populations. The DAPC plot for the Argentin-
ian populations (Figure 4b) showed only four different groups, where
the two northern populations (RChub and RNegr) represent different
groups.

The individual-based analysis performed using structure assigned
fish to their population and also identified ancestry (Figure 5). Using
Ak as calculated following Evanno et al. (2005), the greatest rate of
change was found when k = 2, indicating that this level of structure is
the most appropriate to describe Patagonian populations. Also, at this
level we obtained an a = 0.016, indicating that fish in Argentina are
best characterized as essentially from either the northern Patagonia

or the Santa Cruz River basin cluster.
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In general, and regardless of k values, the results indicate that
populations from northern and southern Patagonia have different ori-
gins. Santa Cruz River populations (SCRes and SCAna), LaArg, and
LaRoc seem to share ancestry with populations from northern Califor-
nia and Oregon in the native range, whereas RNegr and RChub popu-
lations have ancestry from the hatchery trout strains. RLVue, as in the
other analyses, was not grouped with the other southern populations,
and its ancestry was closer to the hatchery strains. These results are
consistent with the clusters obtained from the NJ and bootstrap-
consensus trees, as well as the patterns observed on the DAPC plots,
which suggest different origins for northern and southern Patagonian
O. mykiss populations. Even though it is clear that Argentinian popula-
tions constituted two clearly differentiated clusters, separating RNegr
and RChub from the rest of the populations, these results do not
allow us to clearly identify the ancestral populations.

Frequencies of the A (ancestral/anadromy-associated) allele at the
locus Omy_114448-87 were highly variable among populations
(Table 1). Within the native range, ancestral allele frequencies ranged
from 0% to 96% for natural populations and from 0% to 54% for hatch-
ery strains. Frequencies of the same allele in the Santa Cruz basin popu-
lations ranged from 41 (LaRoc) to 56% (SCAna), whereas for the
northern Patagonian populations, the frequencies were 78% (RChub)
and 77% (RNegr), considerably higher than in the hatchery strains.

Linkage disequilibrium (LD) for all the other loci in the Argentin-
ean populations was generally not significant after Bonferroni correc-
tion. However, a modest but significant excess of LD, beyond that
expected due to type 1 error of 0.05, remained in the LaRoc (5.1%)
and Santa Cruz River (8.1%) populations.

4 | DISCUSSION

The principal results that emerged from this study are as follows:
(i) introduced O. mykiss from northern and southern Patagonia had sepa-
rate origins, possibly with different genetic capabilities for anadromy;
(ii) fish with alternative life-history forms (resident and anadromous)
within the Santa Cruz River basin are not genetically differentiated, and
there is high gene flow between them; (jii) low levels of gene flow occur
among basins in Patagonia; and (iv) Santa Cruz River fish may have origi-
nated from multiple sources, as there is not a clear relationship between
them and any potential progenitor population.

The present study confirms the genetic relationships between
populations of introduced O. mykiss in Argentina, as well as relation-
ships with their potential sources from North America. Even so, signif-
icant questions regarding origins and life-history evolution of

Patagonian trout remain.

4.1 | Ancestral origins of rainbow trout in
Patagonia

Combined microsatellite and SNP data demonstrate multiple and sep-
arate sources for the northern Patagonian basins (Chubut and Negro
rivers) and for the Santa Cruz River populations.

sm FISHBIOLOGY

Northern Patagonian populations formed a separate cluster from
the southern populations and were strongly associated with hatchery
rainbow trout strains and with California Central Valley populations.
Southern Patagonian populations from the Santa Cruz River basin, on
the contrary, clustered distinctly from the northern populations and
with populations from coastal basins of California and Oregon in
North America. These potential progenitor populations are comprised
predominantly of anadromous steelhead forms. Although the present
results clearly demonstrate multiple origins for O. mykiss populations
in Patagonia, the lack of clear clustering of Argentinean
populations with any specific native populations does not allow strong
conclusions about the specific ancestral sources. Previous work with
mitochondrial DNA also supported the idea that the Santa Cruz River
populations were founded by a mixture of multiple sources from Cali-
fornia and did not originate from a single source (Riva Rossi
et al., 2004).

NJ trees based on chord distances supported a close genetic rela-
tionship between Santa Cruz River O. mykiss and various populations
from California and Oregon (Figure 2). Fst values were consistent with
this and also supported closer genetic relationships with some Califor-
nia Central Valley populations, notably the McCloud River populations
(Table S2). The NJ tree also suggests an ancestral contribution from
the McCloud River redband trout to the Santa Cruz River population,
a result concordant with previous studies that indicated that this relic-
tual O. mykiss stock, broadly propagated around the world by the turn
of the 20th century and now almost extinct locally, is one of the origi-
nal sources from which anadromous and resident Santa Cruz River
rainbow trout evolved (Pascual et al., 2002; Riva Rossi et al., 2004).
However, the Claiborne Creek-McCloud population is also known to
have been introgressed with nonnative rainbow trout since the Baird
Station closed at the beginning of the 20th century (Simmons
et al., 2010).

Together, these results also confirm Behnke's (2002) suggestion
that the McCloud River was not the only source used in early propa-
gation of rainbow trout in Argentina and, in particular, for the Santa
Cruz River. Indeed, the present study suggests several sources (likely
representing a mixture of anadromous and non-anadromous life histo-
ries) for the Santa Cruz River and supports the idea that anadromous
coastal populations of O. mykiss (e.g., from San Francisco Bay, the
Klamath, Rogue, and/or Willamette rivers; Behnke, 2002) made a sig-
nificant contribution to the genetic foundation of these populations.

42 |
basins

Gene flow among and within Patagonian

NJ trees, the distribution of alleles and genotypes across fish, and the
associated clustering results (DAPC; Figure 4b, structure; Figure 5)
were all consistent with high divergence between northern Patagonia
and the Santa Cruz River, providing strong support for the idea of
independent historical colonization and current geographical isolation
between basins. Tests of genetic differentiation were significant for
most of the between-population comparisons, with the highest signifi-
cant values recovered between northern Patagonian basins and the
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Santa Cruz River, and a low but still significant Fst between
the RChub and RNegr populations (Table S2). These results were also
consistent with the structure analysis that used no prior information
about geographic origin of the samples, which found that the northern
Patagonian populations (RNegr and RChub) formed one group and the
Santa Cruz River populations formed another, with a hypothesis of
two genetic groups present in the eight Argentinian populations
(Figure 5).

In addition, no genetic differentiation was detected between fish
with anadromous and resident life histories within the Santa Cruz
River, with non-significant Fst and close associations on NJ trees and
with clustering methods. Also, both the resident and anadromous fish
from the Santa Cruz River have intermediate frequencies of the
anadromy-associated allele of the migration-associated inversion
polymorphism on chromosome Omy05 (Pearse et al., 2019). This sug-
gests that expression of life-history strategy in this population is
mostly environmental and that individuals of the two types consist of
a single polymorphic population, in agreement with previous studies
(e.g., Liberoff et al., 2014; Riva-Rossi et al., 2007). Consistent with
previous work (Abadia-Cardoso et al., 2016, 2019), the association
between the inversion polymorphism and migratory life history breaks
down in hatchery rainbow trout strains, which is reflected in the rela-
tively high frequency of the ancestral haplotype in the northern Pata-
gonian populations, in spite of their predominant resident life history.

Within the Santa Cruz River, almost all individuals had nonad-
mixed genotypes assigned to the “Santa Cruz” cluster by DAPC and
structure, a result consistent with the lack of clear genetic divisions
between the life-history forms and further indicating that they are not
derived from separate genetic lineages nor from multiple colonizations
by allopatric populations. The one exception is the De las Vueltas
River (RLVue) population, which forms a distinct group from the rest
of the Santa Cruz River populations and shared ancestry with Central
Valley and hatchery rainbow trout strains. This is the furthest upriver
population, separated from the main Santa Cruz River populations by
several hundred river kilometers, and these fish are likely the results
of transplants from the Piedra Buena fish farm at the mouth of the
Santa Cruz River that were released in the area for angling purposes
and kept isolated from downstream locations by an impassable water-
fall (R. Hudson,

communication).

Manager Piedra Buena Hatchery, personal

Two individuals from the main Santa Cruz River populations had
a high degree of ancestry from the cluster of northern Patagonian
populations, derived from hatchery rainbow trout. One resident fish
had entirely hatchery trout ancestry and may have come downriver
from the RLVue population or upriver from the Piedra Buena hatch-
ery. One other resident fish was clearly admixed and may have been a
first-generation hybrid between Santa Cruz River and hatchery par-
ents. The presence of these individuals likely explains the significant
departures from HWE found in the SCRes fish.

Individuals from La Leona (LaLeo) and Lake Roca (LaRoc) also
showed some degree of ancestry from hatchery rainbow trout,
whereas two individuals from RChub had signals of ancestry from fish

similar to those in the Santa Cruz basin. The LalLeo and LaRoc

admixed individuals may reflect introgression with hatchery rainbow
trout from RLVue or other historic introductions.

In contrast, the admixed individuals in the northern populations
may reflect the occurrence of recent introgression of anadromous fish
that migrated to northern Patagonia and hybridized with the resident
trout there, or the presence of ancestry from introduced fish that
were originally hybrids. The structure analysis that includes North
American populations shows that those admixed individuals have
ancestry very similar to the Santa Cruz populations, supporting the
idea that they are the result of anadromous migrants from southern
Patagonia, as other salmonid species introduced in Patagonia have
also expanded their range to the north (Figueroa-Munoz et al., 2023).
Consistent with this idea is the observation of multiple incidental
marine catches of O. mykiss occurring along the Atlantic coast
between the two river estuaries (J. Ciancio, personal communication).

Such introgression could disrupt any local adaptation that has
arisen in these resident populations since introduction or colonization
of these basins. Conversely, gene flow among basins could introduce
new alleles, allowing more phenotypic variation and increases in pop-

ulation fitness.

4.3 | Genetic diversity in Santa Cruz River
rainbow trout

When populations are founded by a small number of individuals from
the same source, founder effects are expected to reduce the genetic
diversity of the resulting populations in relation to their source popu-
lations and theoretically also reduce their capacity to adapt to novel
conditions (Lee, 2002; Sakai et al., 2001). This study found no evi-
dence to support the hypothesis that introduced rainbow trout popu-
lations in northern Patagonian basins and in the Santa Cruz River have
reduced genetic variation due to founder effects during the initial
colonizations.

Heterozygosity levels in the introduced populations were rela-
tively high (Ho = 0.32-0.39) and overlapped completely with the
native populations analysed in this study and those reported else-
where in the literature surveyed at the same loci (Abadia-Cardoso
et al,, 2016; Pearse & Garza, 2015). The high overall genetic diversity
of the introduced populations further supports the idea that Patago-
nian populations were founded by a mixture from multiple North
American sources. Even the northern Patagonian populations that are
genetically similar to, and were founded by hatchery rainbow trout,
have higher heterozygosity than their source hatchery strains.

In contrast, the patterns of allelic variation are more complicated.
The proportion of polymorphic SNP loci (Table 1) is slightly lower in
the Argentinean populations than in most of the North American
populations but overlaps with the less diverse native populations.
However, some of the native populations are those that were used to
ascertain these SNP markers (Abadia-Cardoso et al., 2011), so this
small difference might be entirely due to ascertainment bias
(Albrechtsen et al., 2010). Values of allelic richness (Ag) for Argentin-
ean populations were also slightly lower but still overlapping with
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values obtained for the North American populations. This suggests
that naturalized O. mykiss populations in Argentina do not have lower
genetic diversity due to bottlenecks or founder effects.

In the Santa Cruz River, another potential factor that could have
maintained relatively high genetic variation in the introduced fish is
the coexistence of resident and migratory forms. Different life-history
forms can have different reproductive success in different circum-
stances, and interbreeding between life-history forms might buffer
fluctuations in the effective population size (Ng). For example, if abun-
dance of one life-history form fluctuates widely, whereas that of the
other form is relatively stable, then overall Ng will be stabilized
through time by interbreeding between forms (Araki et al., 2007). In
the Santa Cruz River, where anadromous and non-anadromous forms
interbreed, it could be possible that a genetic compensation for Ng
(and hence genetic variation) exists between life-history forms, in
which the Ng per generation is augmented by the reproductive contri-

bution between life-history forms.

4.4 | Anadromy in the Santa Cruz River rainbow
trout: Evolution or re-creation

The Santa Cruz River rainbow trout has received attention among
evolutionary biologists interested in salmonid conservation, because
initial work postulated that this population may represent a case in
which introduced non-anadromous rainbow trout have developed
anadromy in situ. However, the results from the present study suggest
that Santa Cruz River populations result from an introduction of indi-
viduals from populations with both life-history strategies, resident and
anadromous. As such, it is likely the case that Santa Cruz River fish
have just expressed these life-history strategies in a novel environ-
ment, which was facilitated by the underlying genetic variation and
flexibility present in their ancestral populations. Although it seems
likely that the Santa Cruz River populations were founded by fish
from populations with both resident and anadromous life histories
(Behnke, 2002; Pascual et al., 2002; Riva Rossi et al., 2004), other
questions remain.

First, introduced rainbow trout in Patagonia and the Santa Cruz
River have widely varying physiological, behavioral, and life-history
responses to environmental variables (e.g., Liberoff et al., 2013, 2014,
2015, 2019). To what extent fish from each ancestral source contrib-
uted to the basis and genetic legacy of Santa Cruz River fish is
unknown. However, at the time of initial propagation (the turn of the
20th century), historical runs in the upper McCloud River, one of
the potential sources, sustained both anadromous and resident forms
(Nielsen, 1999). It has been found that in some tributaries of the
Columbia River basin, sympatric steelhead and rainbow trout are
genetically more similar to each other than to their corresponding
forms in other basins (Docker & Heath, 2003; McCusker et al., 2000).
Similar results have been found elsewhere in the North American
range of O. mykiss (Clemento et al., 2009; Pearse & Garza, 2015;
Thrower et al., 2004). Thus, it is likely that diversity of ancestral life-
history forms could have provided the genetic basis for a partially
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migratory rainbow trout population, where a fraction of the popula-
tion expresses an ocean migratory behavior and the rest are resident
(Zimmerman & Reeves, 2000).

In addition, there is documented differentiation between native
and introduced rainbow trout populations in behavioral traits that
may reflect modifications resulting from directional selection in the
new environment. For example, in the Santa Cruz River, anadromous
rainbow trout have apparently evolved increased iteroparity and asso-
ciated post-reproductive survival (Pascual et al., 2001; Riva-Rossi
et al., 2007), traits directly associated with fitness and possibly under
selection (Crespi & Teo, 2002; Fleming & Reynolds, 2004;
Willson, 1997). Although iteroparity is a naturally occurring reproduc-
tive strategy in O. mykiss, its prevalence is highly variable. In pristine
populations from Kamchatka, it is expressed with rates as high as 79%
(Savvaitova et al., 1999). Relatively high rates of iteroparity have also
been reported for O. mykiss populations in rivers from Oregon and
California (Busby et al., 1996). In contrast, much lower iteroparity
rates for hatchery steelhead than for natural-origin fish have been
reported in populations throughout the native range (Abadia-Cardoso
et al., 2013; Hallock, 1989; Keefer et al., 2008), which may explain
such highly variable rates in the different populations studied. Con-
struction of hydropower dams in the United States during the 20th
century has greatly reduced iteroparity rates across native popula-
tions, mainly due to high mortality of downstream-migrating kelts
(Hatch et al., 2004). The existence of highly iteroparous native popula-
tions and the fact that, despite strong selection against downstream
adult passage, iteroparity still remains in several dammed river sys-
tems (Narum et al., 2008) suggest that the potential for expressing
high levels of iteroparity is an ancestral capability of O. mykiss (i.e., a
pre-adaptation) and not a novel adaptation unique to the Santa Cruz
population. Whether selection for changes in iteroparity in Santa
Cruz River steelhead actually occurred and, if so, if it operated directly
on anadromy or indirectly on growth-related threshold traits
(e.g., Thériault et al., 2007; Thorpe et al., 1998) are unknown.

In the Santa Cruz River, the close genetic relationship between
alternative ecotypes and the fact that each type of parent typically
gives rise to fish with both anadromous and resident phenotypes
(Riva-Rossi et al., 2007) suggest a strong role for the environment in
determining the expression of life history in this combined mainstem
population (Liberoff et al., 2013, 2014, 2015, 2019). However,
because the (additive) genetic and environmental influences on the
adoption of the life-history tactic have not been studied for this popu-
lation, it remains difficult to establish whether the life-history strategy
depends on an environmentally cued threshold or constitutes a direct
response to the environment. The estimated frequencies of the Omy5
ancestral haplotype in the Santa Cruz River populations do not indi-
cate a clear association with anadromy, but this may be confounded
by the variable association of the Omy5 inversion with migratory life
history, temperature, and development rate (Nichols et al., 2008;
Pearse & Garza, 2015; Pearse et al., 2019). Evidence from a study of
the early phases of growth revealed that the expression of anadromy
in the Santa Cruz River is linked to fast growth during the first year of

life, whereas residency is associated with slow growth, suggesting that
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alternative forms within this river may result from a body size-based
threshold for life-history determination (Liberoff, 2013; Liberoff
et al., 2013, 2014; Riva Rossi, 2004). In the introduced range, the fit-
ness value of a tactic for a given condition could be very different
from the value in the native range and could also vary along the envi-
ronmental gradient of Patagonia, resulting in differences in the body
size for which anadromy conferred greater advantages and was
selected for in the native range (Riva Rossi, 2004).

Finally, O. mykiss is considered to have one of the most diverse
portfolios of life-history strategies in Salmonidae, including resident,
estuarine, adfluvial, and anadromous ecotypes, and a wide range of
reproductive strategies including precocity, and highly variable rates
of iteroparity (Abadia-Cardoso et al., 2013; Busby et al., 1996; Narum
et al.,, 2008; Willson, 1997). Although there is little doubt that this
complex array of life-history variation contributes to persistence in
environmental conditions that vary substantially in space and time
(Fleming & Reynolds, 2004), there is uncertainty about the potential
for (sub)populations with predominantly resident fish (e.g., above
waterfalls) to generate anadromous migrants. Indeed, loss of anadro-
mous fitness in landlocked resident populations, and the unidirectional
evolution of landlocked populations away from anadromy (Thrower
et al., 2004), raises significant questions regarding the ability of resi-
dent O. mykiss to regain anadromous life history. In light of this and
the results from the present study, it appears most likely that the par-
tially anadromous O. mykiss population in the Santa Cruz River was
founded by a collection of fish from populations with anadromous
and resident life histories that subsequently evolved in the introduced
range in response to the particular environmental conditions of this
river. Conversely, this population may be partly the result of unique
introduction histories, presumably stemming from features of the spe-
cific founding lineages and chance events.

In either case, the apparent distinctiveness of this population
raises questions as to whether the re-creation of anadromous life his-
tory could be a recurring experiment in this river, if for any reason
anadromy is prevented for this population. This question has height-
ened importance due to the construction of two large hydroelectric
dams in the upper and middle portions of the Santa Cruz River that
will block the migratory corridor and impede anadromous adults from
reaching the current spawning grounds located exclusively farther
upstream (Riva-Rossi et al., 2007). In light of this, the Santa Cruz River
O. mykiss population appears to be on the verge of losing the only
trait for which it is unique among introduced trout. Providing ongoing
connectivity between life-history forms in this river, at both the eco-
logical and evolutionary time scales, is particularly crucial to preserve

the full expression of life-history diversity in this population.
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